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Abstract

Distributed generation systems based on renewable energy sources, such as photovoltaic, wind
power, fuel cells, and etc. have remarkably increased worldwide as alternatives to the conven-
tional generation systems. The primary energy of the aforementioned sources widely vary in
nature, where it depends on the temperature, irradiation level, wind speed, stored Hydrogen,
etc. Therefore, power electronic interfaces as power conditioning units are required. These
units must assure output power with high quality. In this thesis, the newly proposed impedance
source inverters are used to substitute the conventional two-stage inverters (dc-dc converter and
voltage source inverter). It is confirmed that the proposed topologies come with higher effi-
ciency and reliability as well as lower cost and complexity.

In distributed generation applications, the control algorithm play a crucial role in stabilizing
the whole system under normal operation and fault conditions. This thesis aims to examine
some of the advanced control techniques for the impedance source inverters used in such ap-
plications. In order to improve the output voltage quality,the proportional-resonant controller
is designed instead of the classical PI controller. In addition, a main part of this work deals
with the application of direct model predictive control (MPC) with the impedance source in-
verters. First, direct MPC with long horizon prediction is introduced as a current controller. As
a next step, MPC is examined as a voltage controller when the impedance source inverters are
connected with linear/nonlinear load via an intermediateLC filter. Finally, a variable switch-
ing point predictive current control strategy is proposed and compared with the classical MPC
schemes. It is proven that the performance of the proposed control techniques outperforms the
ones of the conventional linear controllers for the same application.
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Zusammenfassung

Dezentrale Energieerzeugungssysteme auf Basis erneuerbarer Energiequellen wie z.B. Photo-
voltaik, Windenergie und Brennstoffzellenhaben als attraktive Alternative zu konventionellen
Systemen weltweit deutlich zugenommen. Die Primärenergieder genannten Quellen variiert
stark, da sie von Natureinflüssen wie Temperatur, Bestrahlung, Windgeschwindigkeit, gespe-
ichertem Wasserstoff usw. abhängen. Deshalb werden Leistungselektronische Schaltungen
als Power-Conditioning-Einheiten benötigt. Diese Einheiten müssen Ausgangsleistung ho-
her Qualität sicherstellen. In dieser Arbeit wird der Impedance Source Inverter verwendet,
um die konventionellen zweistufigen Wechselrichter (DC-DC-Wandler und Wechselrichter mit
Zwischenkreisspannung) zu ersetzen. Es wird gezeigt, dassdie vorgeschlagenen Topologien
mit höherer Effizienz und Zuverlässigkeit arbeiten, sowie geringeren Kosten und Komplexität
aufweisen.

Bei dezentralen Energieerzeugungssystemen spielen Regelungsalgorithmen eine entschei-
dende Rolle zur Stabilisierung des Gesamtsystems unter üblichen Betriebs- und Störbedingun-
gen. Das Ziel dieser Dissertation ist es, hochentwickelte Regelungsalgorithmen einschlieich
Model Predictive Control für Impedance Source Inverter, im Hinblick auf die Systemleistung
und Effizienz zu untersuchen. Zunächst wird direktes MPC mitlangem Prädiktionshorizont als
Stromregler eingeführt. Im nächstem Schritt wird MPC als Spannungsregler untersucht, wenn
der Impedance Source Inverter über einen LC-Filter mit linearer / nichtlinearer Last verbun-
den ist. Schlieich wird eine prädiktive Stromregelungsstrategie mit variablem Schaltzeitpunkt
vorgeschlagen und mit den klassischen MPC-Schemata verglichen. Es wird gezeigt, dass mit
den vorgeschlagenen Regelungsalgorithmen die Performanz von konventionellen Linearregler
für dieselbe Anwendung übertroffen wird.
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CHAPTER 1

Introduction

1.1 Overview and Motivation

Nowadays, power electronic converters are considered as the enabling technologies necessary
to realize many benefits of distributed generation (DG) systems. In order to increase the out-
put power quality and the reliability of the generation systems, modern control algorithms are
required to be proposed. This dissertation aims to investigate some of these techniques for the
newly proposed family of impedance source inverters utilized in DG applications.

In recent years, DG systems based on renewable energy sources (RESs), such as photovoltaic
(PV), wind power, and fuel cells (FC), have remarkably increased world wide as alternatives
to the conventional generation systems [1–5]. The main reason is the huge increase of the
energy demand in addition to the increased concern about global environmental problems. The
DG systems are able to generate reliable, high quality, and low-cost electrical power because
it saves the cost of the grid expansion and line losses [6–8].DG technologies yield power in
capacities that range from a fraction of a kilowatt [kW] to about 100 megawatts [MW]. Figure
1.1 shows the structure of both the conventional central power generation and DG system. As
can be observed, unlike the centralized generation systems, the DG can make the whole grid
more secure as there is less reliance on any particular part of the system, i.e. when a failure
occurs in one energy source, the others can be used to fill the gap without shutting down the
whole system. Moreover, being based on RESs, the DG systems are considered as environment
friendly.

The main characteristic of RESs is that the primary energy widely varies in nature, where
it depends on the temperature, irradiation level, wind speed, stored hydrogen, etc. Therefore,
power electronic interfaces functioning as power conditioning units are required. These units
must assure an output power with high quality that is able to cope with wide input voltage
variations and meet the required IEEE standards [9]. The cost of power electronic systems
represents a substantial portion of the overall installation cost of the DG applications. Thus,
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these systems should work with a high efficiency in order to reduce the energy cost.

Voltage source inverters (VSIs) have been extensively usedin various power electronic ap-
plications, including among others, distributed generations, energy-storage systems, and unin-
terruptable power supplies (UPS) [10, 11]. However, VSIs feature some limitations and con-
straints [12]. First, the ac output voltage is lower than theinput dc voltage, and for that reason
they can be characterized as buck converters. In order to boost the input dc voltage to the de-
sired dc-link voltage, an additional dc-dc boost converteris needed. Adding the dc-dc boost
converter increases the complexity of the controller, decreases the overall efficiency, and in-
creases the overall cost of the inverter [13–16]. Moreover,to avoid a shoot through (i.e. a short
circuit) between the upper and the lower dc-link rails, a dead time is inserted between the pulses
which in turn increases the distortion in the output current/voltage waveforms.

To overcome the aforementioned limitations of the VSIs, theimpedance source inverters
(ISIs) were proposed. The first topology of the ISIs is Z-source inverter (ZSI) which was pro-
posed in2002 as an alternative to the conventional VSI. The ZSI fulfills the buck-boost function
in a single-stage converter by utilizing a Z-source networkwhich consists of two identical in-
ductors, two identical capacitors, and a diode [12, 17]. By employing an extra switching state,
calledshoot-through state, the ZSI can boost the input dc voltage to the desired dc-linkvolt-
age [18]. This in turn increases the inverter operating range and improves its reliability since
the mis-gating resulting from electromagnetic interference (EMI) does not affect its operation.
In comparison with the traditional two-stage inverter (consisting of a dc-dc boost converter and
a voltage source inverter), the ZSI comes with a better efficiency, simpler design, and reduced
cost [19,20].

The quasi-Z-source inverter (qZSI) was presented as an improved version of the classical
ZSI [21]. It has many additional advantages such as continuous input current and joint earth-
ing of the dc source and the dc-link bus. Moreover, the voltage of one of the quasi-Z-source
network capacitors is significantly reduced resulting in a smaller passive components size [22].
Taking into account the aforementioned characteristics, the qZSI can be considered as an attrac-
tive candidate for several DG applications [23–26]. Later on, other advanced topologies of ISIs
have been proposed in order to improve the overall performance and efficiency, see e.g. [27–32].
Although the efficiency of the latter might be improved, the inverter circuit is more complicated
which requires advanced and sophisticated control algorithms. An experimentally-based com-
parison between the conventional two-stage inverter and qZSI is required to show the latter’s
advantages for the DG applications.

In the last few years, many control algorithms have been presented and implemented with
different topologies of the ISIs, most notably ZSI and qZSI.Most of these control methods are
based on conventional linear control schemes that are combined with pulse width modulation
(PWM) techniques [24,25,33–38].

Using conventional linear control techniques such as proportional-integral (PI) controllers to
control the ISIs appears to be a challenging task. Although the ISIs are considered as single-
stage buck-boost converters, they require two separate controllers for both sides. On the dc side
of the converter, the dc-link voltage is indirectly controlled by adjusting the capacitor voltage
(and the inductor current when needed) of the impedance network. Because of its natural form
as a pulsated voltage, the dc-link voltage can not be directly controlled. At the same time, the
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output current/voltage on the ac side has to be controlled [24,35–37]. This necessitates the pres-
ence of multiple control loops (an outer voltage control loop and an inner current control loop)
which during transients may start interacting with each other. This implies that the controller
parameters have to be carefully tuned in order to avoid a significant limitation in the system
performance in terms of bandwidth, i.e. a considerable engineering effort is required [24, 25].
In addition, the dc side of the qZSI exhibits a nonminimum phase characteristic which requires
much attention in the controller design in order to minimizeits effect on the converter operation
at different operating points.

As an alternative, nonlinear control algorithms such as sliding mode control [39, 40], fuzzy
control [41], and neural network control [42,43] have been applied to ZSI/qZSI. In comparison
with the traditional proportional-integral (PI) based controllers, these algorithms exhibit fast
dynamic behavior at the expense of the increased design complexity.

A control strategy that allows to significantly reduce the control effort involved in the de-
sign stage is model predictive control (MPC) [44]. MPC can handle multiple—and frequently
competing—objectives simultaneously by incorporating the different control loops in one com-
putational stage. Moreover, MPC can successfully tackle constraints that can be explicitly im-
posed on the variables of concern and thus allows the system to operate at its physical limits.
Thanks to these characteristics, MPC is particularly effective when multiple-input multiple-
output (MIMO) systems with complex dynamics are considered, such as many power electronic
systems [45,46]. To further simplify the controller design, MPC in power electronics is usually
implemented as a direct control strategy (also known as finite control set MPC—FCS-MPC), i.e.
the switches of the converter are directly manipulated without requiring a modulator [47–49].
As a result, its implementation is considered to be straightforward, as verified by numerous
works published in the last decade [47,50–56].

Motivated by the above-mentioned advantages of direct MPC, one of the main objectives of
this dissertation is to introduce different direct MPC strategies for one of the ISIs topologies,
namely qZSI. The goals of applying these advanced techniques are to overcome the previously
stated problems of the conventional linear controllers andto improve the converter’s overall
performance.

1.2 Dissertation Contributions

Considering the advantages of the qZSI as an attractive example of the ISIs, this dissertation
aims to propose some advanced control techniques that can comply with the DG requirements.
The main contributions of the dissertation can be divided into two main parts as follows. The
first part is concerned with conventional inverters and control as follows.

� In order to evaluate the newly proposed qZSI, a thorough experimentally-based compari-
son with the conventional two-stage inverter is carried out. The comparison includes the
analysis of the voltage stress on the inverter switches, required active and passive compo-
nents, steady-state and transient performance, and inverter efficiency. In this comparison,
the conventional PI-based controllers are designed for both inverters.

� In UPS systems, regardless the load type, linear or nonlinear, a high quality output voltage
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is desirable. However, the nonlinear output current, introduced by nonlinear loads, results
in a highly distorted output voltage. This is typically the case when PI control is utilized.
To improve the quality of the output voltage, a proportional-resonant (PR) controller is
designed which compensates for selected low-order harmonics. Thus, a regulated sinu-
soidal output voltage is obtained not only for linear loads,but also for nonlinear loads. In
this dissertation, the design and digital implementation of the PR controller are presented
in detail.

The second part of the dissertation contributions deals with the application of direct MPC
with the qZSI by considering the following topics.

� Direct MPC–as a current controller–is designed for the qZSI connected with anRL load.
To improve the closed-loop performance of the converter, a long prediction horizon is
implemented. However, the underlying optimization problem may become computation-
ally intractable because of the substantial increase in thecomputational power demands,
which in turn would prevent the implementation of the control strategy in real time. To
overcome this and to solve the problem in a computationally efficient manner, a branch-
and-bound strategy is used along with a move blocking scheme. These techniques fa-
cilitate the implementation of a long-horizon MPC in real time. It is proved that the
performance of the long-horizon MPC outperforms the performance of both the classical
single-step MPC and the conventional PI control.

� Direct MPC–as a voltage controller–for qZSI connected with linear/nonlinear loads via
an intermediateLC filter is designed. The proposed MPC strategy simultaneously con-
trols both sides of the converter by controlling the output voltage of theLC filter and the
capacitor voltage and inductor current on the dc side. To address time-varying and un-
known loads as well as to reduce the number of measurement sensors required, a Kalman
observer is added to estimate the load current which appearsto be immune to noise. As it
is shown, the proposed algorithm represents an attractive alternative for the conventional
linear controllers.

� A variable switching point predictive current control (VSP2CC) strategy for the qZSI
is proposed and implemented. Unlike the previously presented MPC strategies for the
ZSI/qZSI, with the proposed control scheme, the optimal switch position can be changed
at any time instant within the sampling interval. By doing so,the shoot-through switch-
ing states can be applied for a shorter period of time than thesampling interval. This
results in lower output and inductor currents ripples. It isconcluded that the proposed
method results in lower inductor current ripples and outputcurrent THD compared to the
conventional MPC when operating the converter at the same switching frequency.

All the proposed control methods in this dissertation are experimentally validated in the lab-
oratory based on a low-cost and a low-power field programmable gate array (FPGA) Cyclone
III-EP3C40Q240C8. Moreover, only with minor modifications, all control techniques proposed
for the qZSI can be applied to other ISI topologies.
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1.3 Dissertation Organization

The upcoming chapters of this dissertation are categorizedinto four main parts as follows.
Part I includes chapter2 as a general background on the system under investigation. Firstly,
it addresses the different topologies of the ISIs which havebeen widely used. In addition, it
introduces the utilized modulation techniques with the ISIs including sinusoidal pulse width
modulation (SPWM) and space vector pulse width modulation (SVPWM) strategies. Then, the
conventional linear control and MPC techniques are introduced.

Part II includes two chapters as follows. A thorough comparison is done in chapter3 between
the qZSI and the conventional two-stage inverter. Chapter4 proposes the design and the digital
implementation of the proportional-resonant (PR) controller for the qZSI that can be used with
UPS applications.

Chapters5, 6, and7 compose the third part of this dissertation. These chapterspresent
the application of different MPC algorithms with the qZSI. In chapter5, the MPC with long
prediction horizon is introduced as a current controller, where the qZSI is connected with an
RL load. Chapter6 presents the MPC as a voltage controller for the qZSI connected with
linear/nonlinear loads via an intermediateLC filter. The variable switching point predictive
current control (VSP2CC) is introduced and discussed with the qZSI in chapter7.

Chapter8 provides a brief summary of the whole dissertation and discusses some extended
ideas that can be carried out in the future. Finally, the appendices are introduced in part IV.
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Part I

Theoretical Background
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CHAPTER 2

Theoretical Background

This chapter introduces the impedance source inverters as attractive alternatives to the con-
ventional voltage source inverters (VSIs). First, the limitations of the conventional VSIs will
be discussed. Then, the different topologies of impedance source inverters will be presented.
Moreover, the modified modulation techniques for the proposed inverters will be introduced and
compared with each other. Finally, the conventional control and the advanced control strategies
for the impedance source inverters will be highlighted.

2.1 Impedance Source Inverters

Modern DG systems employ several power electronic converters in order to provide ac power to
loads/grid [10,11]. Based on the number of power processing stages, converters in DG systems
(i.e. PV) can be divided into two main types; single- and two-stage converters [57], shown
in Figure 2.1. In the first configuration, the dc-ac converter, commonly VSI shown in Figure
2.2(a), performs all the control functions, i.e. maximum power point tracking (MPPT) and/or
current/voltage control. However, VSIs feature some limitations and constraints [12]. First, the
ac output voltage is lower than the input dc voltage, and for that they can be characterized as
buck converters. Moreover, to avoid a shoot through (i.e. a short circuit) between the upper and
the lower dc-link rails, a dead time is inserted between the pulses which in turn increases the
distortion in the output current/voltage waveforms. In order to boost the input dc voltage to
the desired dc-link voltage, an additional dc-dc boost converter is needed as shown in Figures
2.1(b) and 2.2(b). However, the dc-dc boost converter increases the complexity of the controller,
decreases the overall efficiency, and increases the overallcost of the inverter [13–16].

2.1.1 Z-Source Inverter

As alternative to the traditional two-stage inverters, ISIs have been paid much attention from the
researchers in the area of power electronics [58]. These inverters are considered as one-stage
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Figure 2.2: Single- and two-stage inverters for DG applications.

buck-boost converters. The first topology of the impedance-source inverters is called Z-source
inverter (ZSI) displayed in Figure 2.3 [12, 59, 60]. By using an impedance network, consisting
of two capacitors and two inductors, and a diode, and including an extra switching state, called
shoot-through state, the input dc voltage can be boosted to the desired dc-link voltage. The
shoot-through state is carried out during a part of the zero state time. The output voltage during
the shoot-through state is still zero; therefore, it does not affect the operation of the PWM
inverter. It is well known that VSI has eight switching states; six active states and two zero
states. However, the ZSI has nine switching states; six active states, two zero states, and the
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Figure 2.3: The classical Z-source inverter topology.

shoot-through state.

Considering these characteristics, the reliability of the inverter is notably improved because
the shoot-through resulted from mis-gating can no longer damage the inverter devices. The
approach of Z-source network can be used for all power conversion methods, namely dc-ac,
ac-dc, ac-ac, and dc-dc conversion.

ZSI has been tested with different DG applications; such as PV [17,61,62]. In these studies,
the one-stage ZSI successfully replaces the traditional two-stage inverter, where the ZSI can
boost dc voltage when needed, perform MPPT, and interface the PV with the grid. In [63], the
ZSI is used with electric vehicle (EV) applications as a bidirectional one-stage converter based
on FC and battery sources.

At steady-state operation, the voltages of the capacitorsC1 andC2, vC1 andvC2, respectively,
are deduced as follows (assuming thatC1 = C2).

vC1 = vC2 =
1− d

1− 2d
vin , (2.1)

whered is the shoot-through duty cycle andiload represents the input current to the inverter
bridge. Moreover, the peak value of the dc-link voltage during the non-shoot-through period is
given by

v̂dc = 2vC1 − vin =
1

1− 2d
vin = b vin , (2.2)

whereb ≥ 1 is the boost factor resulting from the shoot-through period.

2.1.2 Switched Inductor Z-source Inverter

Applying switched-capacitor or switched-inductor or hybrid switched-capacitor/inductor struc-
tures to dc-dc conversion provides the high boost in cascadeand transformerless structures with
high efficiency and high power density [64]. In order to increase the boost factor of the ZSI, the
concept of the switched inductor (SL) technique is integrated into the Z-source network. This
in turn results in producing a higher dc-link voltage for themain power circuit from a very low
input dc voltage. Consequently, a new switched inductor Z-source inverter (SL ZSI) is obtained
as depicted in Figure 2.4 [65].
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Figure 2.4: The switched inductor Z-source inverter.

In steady state, the average capacitor voltages and the peakdc-link voltage (during the non-
shoot-through period) are calculated by

vC1 = vC2 =
1− d

1− 3d
vin , v̂dc = 2vC1 − vin =

1 + d

1− 3d
vin (2.3)

From (2.3), it is pointed out that the boost factor highly increases and the capacitor voltage
significantly decreases in comparison with the classical ZSI (see (2.2) and (2.3)). This means
that by utilizing a very short time for the shoot-through state, high voltage conversion ratios can
be obtained. However, the main drawbacks of this topology are the high voltage stress across
the switches and the very high inrush current [60,66].

Due to the drawbacks of the SL ZSI topology, the improved SL ZSI is presented. This
topology has the same components of SL ZSI, but the SL Z-source network is moved to be in
series with the three-phase inverter as shown in Figure 2.5 [60]. The improved SL ZSI has the
same boost factor of the SL ZSI in addition to high reduction in the voltage stress across the
switches and in the inrush current. The steady state equations for this topology are defined as
follows.

vC1 = vC2 =
2d

1− 3d
vin , v̂dc = 2vC1 − vin =

1 + d

1− 3d
vin (2.4)

Nonetheless, in order to achieve some control algorithms such as the MPPT for PV, the output
current of the PV should be continuous [67], otherwise an input LC filter is required. Because
of the diodeD located in the input circuit of the ZSI, SL ZSI, and improved SL ZSI, the input
current is discontinuous. This leads to a non-efficient power tracking and short PV life time.

2.1.3 Quasi-Z-Source Inverter

The quasi-Z-source inverter (qZSI), shown in Figure 2.6, was presented as an improved version
of the classical ZSI [21]. It has many additional advantagessuch as continuous input current and
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Figure 2.5: The improved switched inductor Z-source inverter.

joint earthing of the dc source and the dc-link bus. Moreover, the voltage of one of the quasi-
Z-source network capacitors is significantly reduced resulting in a smaller passive components
size [22, 24]. Taking into account the aforementioned characteristics as well as its enhanced
efficiency, reduced cost, and simpler design [19,20], the qZSI can be considered as an attractive
candidate for several DG applications, including PV systems [25].

In steady state, the capacitor voltages and the peak dc-linkvoltage are given by

vC1 =
1− d

1− 2d
vin , vC2 =

d

1− 2d
vin , v̂dc = vC1 + vC2 =

1

1− 2d
vin (2.5)

As can be noted from (2.5), the qZSI has the same boost factor of the ZSI. However, the capac-
itor voltagevC2 is highly reduced. The only limitation of the qZSI is that theboost factor is low
in comparison with the previously mentioned topologies, such as SL ZSI and improved SL ZSI
(compare (2.5), (2.3), and (2.4)).

In order to increase the boost factor of the qZSI, an SL cell isintegrated into its impedance
network. The SL cell, which consists of two inductors and three diodes, replaces the output side
inductor as illustrated in Figure 2.7. Thus, the switched inductor quasi-Z-source inverter (SL
qZSI) has been obtained [28]. In steady state, the followingequations are obtained.

vC1 =
1− d

1− 2d− d2
vin , vC2 =

2d

1− 2d− d2
vin, (2.6a)

v̂dc = vC1 + vC2 =
1 + d

1− 2d− d2
vin (2.6b)

As can be seen, the SL qZSI has the same advantages of the qZSI along with higher boost
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Figure 2.7: The switched inductor quasi-Z-source inverter.

factor; therefore, a wide range of voltage gain can be achieved to fulfill the requirements of the
DG-based RES applications.

Based on the same operation principle, other topologies of the ISI have been proposed to
increase the boost factor and/or the overall efficiency, see[27–32].
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Figure 2.9: Simple boost PWM.

2.2 Pulse Width Modulation Techniques

2.2.1 Sinusoidal Pulse Width Modulation

As previously stated, the ISI has an extra switching state; shoot-through state. Accordingly,
the conventional sinusoidal pulse width modulation (SPWM) used with the conventional VSI,
shown in Figure 2.8, needs to be modified in order to insert theshoot-through state into
the switching pattern. According to the literature, there are three SPWM techniques for the
ZSI/qZSI, namely Simple Boost PWM (SBPWM), Maximum Boost PWM (MBPWM), and
Maximum Constant Boost PWM (MCBPWM).

2.2.1.1 Simple Boost PWM

In the SBPWM method, two straight lines are utilized to insert the shoot-through state within
the other switching states. As can be see in Figure 2.9(a), the triangular carrier waveform is
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Figure 2.10: Maximum boost PWM.

compared with these two lines (vp andvn) in order to generate the shoot-through states. When
the carrier waveform is greater than or lower thanvp or vn, respectively, the inverter switches
turn into shoot-through states. Apart from that, the inverter works with the conventional active
and zero states.

In order to efficiently utilize the dc-link voltage, third harmonic injection (THI) is added
to the reference signalsva, vb, andvc as shown in Figure 2.9(b). By doing so, the inverter
modulation index range is extended to2/

√
3 instead of1. This results in a higher boost range

as will be shown in the next chapters.

2.2.1.2 Maximum Boost PWM

In this method, all zero states are turned into shoot-through states, see Figure 2.10(a). As a
result, the voltage stress across the devices can be highly minimized. In addition, Figure 2.10(b)
shows the MBPWM with THI.

The main disadvantage of this method is that the shoot-through duty cycle changes during
the inverter operation which in turn results in high currentripple. In this case, a bigger passive
components size is needed which increases the volume, weight, and cost of the inverter.

2.2.1.3 Maximum Constant Boost PWM

To overcome the problems of the above modulation technique,the MCBPWM technique is pre-
sented, see Figure 2.11(a). This method achieves the maximum available boost while keeping
the shoot-through duty cycle fixed. In Figure 2.11(b), the THI is inserted to fully utilize the
dc-link voltage.

As can be noted from Figures 2.9(b) and 2.11(b), the SBPWM and MCBPWM both with THI
are typically the same and result in similar switching patterns. Table 2.1 shows a comparison of
the SPWM methods. Note thatm denotes the inverter modulation index,Gmax is the maximum
inverter gain, and̂vdc/vin represents the voltage stress on the inverter switches.
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Table 2.1: Comparison of different SPWM techniques for the ZSI/qZSI.

SBPWM MBPWM MCBPWM

Maximum shoot-through duty cycledmax 1−m 1− 3
√
3

2π
m 1−

√
3
2
m

Maximum boost factorbmax
1

2m−1
π

3
√
3m−π

1√
3m−1

Maximum gainGmax
m

2m−1
πm

3
√
3m−π

m√
3m−1

Voltage stresŝvdc/vin 2Gmax− 1 3
√
3Gmax
π

− 1
√
3Gmax− 1

2.2.2 Space Vector Pulse Width Modulation

Motivated by its advantages, such as lower current harmonics, full dc-link voltage utilization,
and high modulation index, space vector pulse width modulation (SVPWM) has been applied
with impedance source inverters [68–70]. For the SVPWM of theZSIs/qZSIs, the shoot-through
time is equally divided into several parts per the sampling interval. According to the literature,
there are four main SVPWM techniques as follows.

The first one called SVPWM with six insertions (SVPWM6). In thistechnique, the shoot-
through vector is equally divided into six parts in one sampling interval and inserted into the
transition moment of switching states, as shown in Figure 2.12(a). Thereby, only one phase-leg
is short-circuited in one switching cycle, where every inverter leg has two shoot-through states
in each switching cycle. In comparison with the traditionalSVPWM, there is no additional
switching transitions, no need of dead time in phase legs, and invariant action time of effective
vectors. These features lead to switching losses identicalto that of the conventional VSI and
higher reliability.

In the second technique, SVPWM with four insertions (SVPWM4),the the shoot-through
time is also divided into six parts in one sampling interval as in SVPWM6, but it only modifies
four switching signals as shown in Figure 2.12(b). The thirdmethod is called SVPWM with
two insertions (SVPWM2). This modulation method divides thedesired total shoot-through
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Figure 2.12: The modified SVPWM techniques for the ZSI/qZSI.Tmax, Tmid, andTmin are the
maximum, medium, and minimum switching times of the three-phase switches, respectively.
Moreover, the six switching timesTmax+, Tmid+, Tmin+, Tmax−, Tmid−, andTmin− are the shoot-
through times resulting from the shoot-through duty cycled.
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Table 2.2: Comparison of different SVPWM techniques for the ZSI/qZSI.

SVPWM6/2 SVPWM4 SVPWM1

dmax 1− 3
√
3

2π
m 3

4
(1− 3

√
3

2π
m) 1

2
(1− 3

√
3

2π
m)

bmax
π

3
√
3m−π

4π
9
√
3m−2π

2π
3
√
3m

Gmax
πm

3
√
3m−π

4πm
9
√
3m−2π

2π
3
√
3

v̂dc/vin
3
√
3Gmax
π

− 1 9
√
3Gmax
2π

− 2 2π
3
√
3m

time into four parts and it only needs to modify two switchingsignals as shown in Figure
2.12(c).

Finally, the SVPWM with single insertion (SVPWM1) is proposed. Compared with the
traditional and former SVPWM methods, this technique just modifies one control signal that
is the upper switch of minimum timing control signal or the lower switch of maximum control
signal. Figure 2.12(d) illustrates the switching pattern for changing the upper switch control
signal.

Based on the maximum boost factor, maximum overall gain of theinverter, and maximum
voltage stress, Table 2.2 summarizes a comparison among thedifferent SVPWM methods.

2.2.3 Comparison

Figures 2.13(a) and 2.13(b) illustrate the difference in performance among the different mod-
ulation techniques. As can be seen, SVPWM6/2 and MBPWM provide the highest maximum
shoot-through duty cycle in comparison to the other techniques. This in turn allows SVPWM6/2
and MBPWM to provide the highest boost factor.

At the same time, both SVPWM4 and SBPWM exhibit higher overall voltage stress on the
inverter switches for most of the gain range. In addition, asshown in Table 2.2, the maximum
overall gain of the inverter with SVPWM1 method is constant asit is independent either on the
inverter modulation index or on the shoot-through duty cycle.

In this dissertation, with the linear controller, I employ both SVPWM6 and THI-SBPWM in
order to result in reduced inductor current ripple and fullyutilization of the dc-link voltage.

2.3 Conventional Linear Control Schemes

Although the ISIs are considered as single-stage buck-boost converters, both sides of them
have to be separately controlled. On the dc-side, the dc-link voltage is indirectly controlled by
adjusting the capacitor voltage (and/or the inductor current) of the impedance network. The
dc-link voltage can not be directly controlled because it isa pulsated voltage as shown in Figure
2.14. In addition, the ac output current/voltage has to be simultaneously controlled. Thus,
multiple control loops of linear controller (an outer, voltage control loop, and an inner, current
loop) are required for both sides of the ISIs. The output of both dc- and ac-side controllers
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2.4. DIRECT MODEL PREDICTIVE CONTROL 21

DC-Side Control

AC-Side Control

PWM Inverter Load
References

Measurements

Measurements

Gating

Signals

Figure 2.15: Linear control scheme for impedance source inverters.

are provided to the PWM technique to produce the gating signals to the inverter. The overall
block diagram of linear controller for the ISIs is highlighted in Figure 2.15. Most of these linear
schemes are based on PI controllers [24,25,33–38].

There are some crucial points that have to be taken into account when designing controllers
for ISIs. First, the output of the dc- and ac-side controllerare correlating to each other which
accentuate a kind of limitation for the control designer. Inother words, the shoot-through duty
cycle (from the dc-side controller) and the inverter modulation index (from the ac-side con-
troller) are related to each other, where their summation should not exceed the highest available
modulation factor (1.15 in case of SVPWM). The interacting between the dc- and the ac-side
controllers should be avoided in order to ensure a satisfying performance for both sides of the
inverter. This implies that the controller parameters haveto be carefully tuned in order to avoid
a significant limitation in the system performance in terms of bandwidth, meaning that consid-
erable engineering effort is required [24,25].

Moreover, the impedance network of the ISI exhibits a nonminimum phase characteristic
which requires much attention in the controller design in order to minimize its effect on the
converter operation at different operating points. This characteristic means that the system
exhibits a reverse-response behavior during transients. For example, when the output power de-
mands increase then the ac side needs to be instantaneously short circuited for a non-negligible
time for the dc-link voltage to remain at the desired level. This prolonged short-circuit situation
of the ac side (which can be interpreted as an instantaneous increase in the shoot-through duty
cycle) causes the capacitor voltage to initially drop and diverge from its reference value. A
controller should be able to bring the voltage back to its predefined value in order to keep the
system stable [71].

2.4 Direct Model Predictive Control

Predictive control is an advanced control method that relays on the physical model of the sys-
tem under control in order to predict its future behavior. Based on the future predictions and
an optimization criteria, the controller decides a sequence of appropriate control actions to
be applied [72]. Although predictive control has a relatively long history with chemical and
process engineering, it has been recently applied in power electronics and electrical drives ap-
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plications [73–75]. Predictive control is mainly classified into three techniques: trajectory-
based predictive control, hysteresis-based predictive control, and model-based predictive con-
trol (MPC) [45].

Over the last decade, model predictive control (MPC) [44] hasbeen established as an attrac-
tive control algorithm for power electronics applications[46,75]. Particularly, the so calleddi-
rect MPC—also referred to as finite control set (FCS) MPC—has been extensively used, thanks
to its design simplicity; the switches of the converter are directly manipulated without requiring
a modulator [45,76–78]. Moreover, MPC, in general, and direct MPC, in particular, have been
proved to be particularly effective when multiple-input, multiple-output (MIMO) systems with
nonlinear, complex dynamics are concerned. The reason is that all the control objectives can
be tackled in one stage since they are incorporated in one performance criterion, i.e. the cost
function.

Considering the complexity of the ISIs and the above mentioned problems of the conventional
control schemes, MPC can be considered as an efficient alternative control strategy. The block
diagram of direct MPC for the ISI is presented in Figure 2.16.

2.5 Summary

In this chapter, different topologies of the impedance source inverters are proposed. Among
others, qZSI is considered as one of the most efficient converter that can be utilized with DG
applications. In addition, the modulation techniques proposed for ISI are discussed and com-
pared with each other. It is found that space vector PWM with six insertions and simple boost
PWM with THI are the most appropriate techniques for the qZSI.Hence, both techniques will
be utilized with PI and PR controllers in the next chapters.

Furthermore, the conventional control methods for the ISIsare presented and discussed,
where the control challenges are highlighted. As an alternative to the conventional linear control
schemes, MPC strategy is introduced.
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Part II

Conventional Inverters and Control
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CHAPTER 3

Comparison of qZSIs and Conventional Two-Stage
Inverters

This chapter presents a thorough comparison between the single-stage qZSI and the conven-
tional two-stage inverter when used in DG-based PV applications. The comparison includes the
analysis of the voltage stress on the inverter switches, required active and passive components,
steady-state and transient performance, and inverter efficiency.

3.1 Motivation

Recently, the qZSI has been widely used with RES, especially with PV generation systems [17,
21,23,24]. Few research works found in the literature focusing on the comparison between the
ZSI and the conventional two-stage inverter based on simulation studies, i.e. [19, 79]. These
works do not consider the performance of each inverter neither the measured efficiency. Never-
theless, the comparison between the qZSI and the conventional two-stage inverter has not been
yet done. Considering the advantages of the qZSI as a single-stage inverter for PV application,
this chapter aims to investigate and compare it with the conventional two-stage inverter.

The comparison is carried out based on stand-alone PV application, where the inverters are
connected with a resistive inductiveRL load via an intermediateLC filter. In order to assure the
system stability, both dc and ac sides of both inverters are simultaneously controlled by the PI-
based control. The dc-side controller manages the boost operation, while the ac-side controller
achieves the dc-ac conversion. The modeling, the theoretical concepts, and the control design
for both inverters are presented and discussed. Moreover, the passive components requirement
and the inverters losses analysis are introduced. Experimental investigations are conducted
to verify the proposed inverter. In order to get high performance with low control volume,
the control algorithms, the transformation, and modulation techniques are implemented on an
FPGA.
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Figure 3.2: Operation states of the dc-dc boost converter.

This chapter is organized as follows. Section 3.2 introduces the conventional two-stage in-
verter. In Section 3.3, the qZSI configuration and modeling are presented. Section 3.4 discusses
the required passive and active components as well as the inverter efficiency, while the con-
troller design is described in Section 3.5. In Section 3.6, experimental results are provided and
analyzed. Finally, the summary is given in Section 3.7.

3.2 Conventional Two-stage Inverter

The configuration of the conventional two-stage inverter isshown in Figure 3.1. It consists of
a dc-dc boost converter and a three-phase two-level VSI. Thetwo-stage inverter is connected
with anRL load throughout anLC filter. The mathematical model of the dc and ac side of the
inverter are derived as follows.

3.2.1 DC-Side Model

As shown in Figure 3.2, the dc-dc boost converter has two operation states; ON and OFF state
when the switchS is closed and open, respectively. Note that the three-phaseinverter is ap-
proximated by a current source with dc currentiload = pvsi

vdc
(VSI instantaneous power divided

by dc-link voltage). As the system model is concerned, the system state vector includes the
inductor current and capacitor voltage, i.e.x = [iL vC ]

T ∈ R
2. The system input consists of
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the inverter input current and input voltage, i.e.u = [iload vin]
T ∈ R

2. Moreover, the capacitor
voltage and the inductor current compose the output vector,i.e.y = [vC iL]

T ∈ R
2.

During ON state (see Figure 3.2(a)), the input voltage charges the inductor, while the capac-
itor voltage feeds the load. Accordingly, the following model is obtained

dx(t)

dt
= A1x(t) +B1u(t) (3.1a)

y(t) = Cx(t) , (3.1b)

where,

A1 =

[

− rs
Ls

0

0 0

]

, B1 =

[

0 − 1
Ls

− 1
Cs

0

]

, C =

[

1 0

0 1

]

,

with rs andRs being the internal resistance of the inductorLs and the equivalent series resis-
tance of the capacitorCs, respectively.

In OFF state (see Figure 3.2(b)), the input voltage and the inductor voltage charge the capac-
itor and supply energy to the load. Thus, the system model is given as

dx(t)

dt
= A2x(t) +B2u(t) (3.2a)

y(t) = Cx(t) , (3.2b)

where,

A2 =

[

− rs+Rs

Ls
− 1

Ls

1
Cs

0

]

, B2 =

[

Rs

Ls
− 1

Ls

− 1
Cs

0

]

.

By utilizing the state-space averaging method, models (3.1)and (3.2) can construct one model
that describes the behavior of the dc-dc boost converters asfollows.

dx(t)

dt
= Ax(t) +Bu(t) (3.3a)

y(t) = Cx(t) , (3.3b)

where,

A =

[

Rs(ds−1)−rs
Ls

ds−1
Ls

1−ds
Cs

0

]

, B =

[

(1−ds)Rs

Ls
− 1

Ls

ds−1
Cs

0

]

,

with ds being the conduction duty cycle of the switchS, i.e. ds = TON/Ts, whereTON is the
conduction time andTs is the sampling interval.
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In order to obtain the small-signal model of (3.3), perturbations are introduced to the system
variables. Thus, the following model is obtained.

dx̂(t)

dt
= Ã(X̄ + x̂) + B̃(Ū + û) (3.4a)

ŷ(t) = Cx̂ , (3.4b)

where(X̄+ x̂) = [ĪL+ îL V̄C + v̂C ]
T ∈ R

2 and(Ū + û) = [Īload+ îload V̄in+ v̂in]
T ∈ R

2. Note
that the variables with capital letters represent the average dc values, while the small letters
denotes the small-signal values. Moreover,

Ã =





Rs(D̄s+d̂s−1)−rs
Ls

D̄s−1
Ls

1−D̄s−d̂s
Cs

0



 , B̃ =





(1−D̄s−d̂s)Rs

Ls

1
Ls

D̄s+d̂s−1
Cs

0



 ,

whereD̄s is the average value of the duty cycle, whiled̂s represents the small-signal value. By
rearranging the state variables in (3.4a), the following system model results

dx̂(t)

dt
=

[

Rs(D̄s−1)−rs
Ls

D̄s−1
Ls

1−D̄s

Cs
0

]

x̂(t)+





Rs(ĪLs−Īload)+V̄in

Ls

Īload−ĪLs

Cs



 d̂s +

[

1
Ls

0

]

v̂in +

[

Rs(1−D̄s)
Ls

D̄s−1
Cs

]

îload .

(3.5)
Then, by applying Laplace transform on (3.5), the transfer function of the capacitor voltage and
the converter duty cycle is obtained as

G(s) =
v̂C(s)

d̂s(s)
=

(1− D̄s)V̄in + (rs + Lss)(ĪL − Īload)

LsCss2 + (RsCs(1− D̄s)− rs)s+ (1− 2D̄s)2
(3.6)

wheres is the complex frequency in the Laplace domain. The transferfunction (3.6) is used to
design and tune the voltage controller of the dc-dc boost converter in Section 3.5.

3.2.2 AC-Side Model

Considering one phase from the ac side, the outputLC filter can be represented by the equiva-
lent circuit shown in Figure 3.3.

By applying Kirchhoff’s Law to the circuit shown in Figure 3.3, the governing differential
equations for phasea can be written as

Lf
diinv,a(t)

dt
= Sa vdc − (iinv,a rf + vo,a + vnN) (3.7a)

Cf
dvo,a(t)

dt
= iinv,a − io,a , (3.7b)
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Figure 3.3: Ac-side equivalent circuit of phasea, with rf being the internal resistance of the
filter inductanceLf .

whereSa represents the switching signal for the upper switch in phase a andvdc is the dc-link
voltage. Similarly, phasesb andc can be expressed by

Lf
diinv,b(t)

dt
= Sb vdc − (iinv,b rf + vo,b + vnN) (3.8a)

Cf
dvo,b(t)

dt
= iinv,b − io,b , (3.8b)

Lf
diinv,c(t)

dt
= Sc vdc − (iinv,c rf + vo,c + vnN) (3.9a)

Cf
dvo,c(t)

dt
= iinv,c − io,c , (3.9b)

whereSb (Sc) represents the switching signal for the upper switch in phaseb (c). Assuming that
the three-phase load is balanced, the following equations apply.

iinv,a + iinv,b + iinv,c = 0 , vo,a + vo,b + vo,c = 0 (3.10)

By summing up (3.7a), (3.8a), and (3.9a), and then substituting (3.10), the voltagevnN can
be described in terms ofSa, Sb, andSc as following:

vnN =
vdc

3
(Sa + Sb + Sc) (3.11)

Substituting (3.11) in (3.7a), (3.8a), and (3.9a) results in

Lf
diinv,a(t)

dt
= −iinv,a rf − vo,a + vdc(Sa −

1

3
(Sa + Sb + Sc)) (3.12a)

Lf
diinv,b(t)

dt
= −iinv,b rf − vob + vdc(Sb −

1

3
(Sa + Sb + Sc)) (3.12b)

Lf
diinv,c(t)

dt
= −iinv,c rf − vo,c + vdc(Sc −

1

3
(Sa + Sb + Sc)) (3.12c)
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Figure 3.4: Ac-side mathematical model in thedq frame.

When the switching frequency is much higher than the output voltage fundamental frequency,
the switching signalsSa, Sb, andSc can be replaced with their respective duty cyclesda, db,
anddc [80]. In order to simplify the model, the three-phase system(abc) is transformed to the
stationary reference system(αβ), and then to the rotating reference frame (dq) by using Clarke
and Park transformation matrices, respectively, i.e.ξαβ = KCξabc andξdq = KP ξαβ, where
ξabc = [ξa ξb ξc]

T is a variable in theabc system,ξαβ = [ξα ξβ]
T is a variable in theαβ system,

andξdq = [ξd ξq]
T is a variable in thedq system.

KC =
2

3

[

1 −1
2

−1
2

0
√
3
2

−
√
3
2

]

, KP =

[

cosωt sinωt

− sinωt cosωt

]

, (3.13)

whereω = 2πf is the angular frequency of the output voltage, withf being the fundamental
frequency. Performingαβ and dq transformations to (3.7b), (3.8b), (3.9b), and (3.12), the
following mathematical model in thedq rotating reference frame is obtained.

Lf
diinv,d(t)

dt
− ω Lf iinv,q + rf iinv,d = vdcdd − vo,d (3.14a)

Lf
diinv,q(t)

dt
+ ω Lf iinv,d + rf iinv,q = vdcdq − vo,q (3.14b)

Cf
dvo,d(t)

dt
= iinv,d + ω vcq − io,d (3.14c)

Cf
dvo,q(t)

dt
= iinv,q + ω vcd − io,q , (3.14d)

The final mathematical model of the ac side (3.14) is drawn andpresented in Figure 3.4.
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3.2.3 Steady-State Analysis

During the steady-state operation and according to the inductor volt-second balance, the average
voltage of the inductor is zero over one complete sampling intervalTs. Accordingly, the dc-link
voltagevdc is deduced as

vdc =
1

1− ds
vin (3.15)

Moreover, the peak ac output voltage is calculated by

v̂o = ms
vdc

2
=

ms

1− ds
· vin

2
= Gs

vin

2
, (3.16)

wherems andGs are the inverter modulation index and the overall voltage gain of the conven-
tional two-stage inverter, respectively.

The minimum voltage stress on the inverter switches is defined as the relationship between the
dc-link voltage and the input voltage when the inverter modulation index is maximum. Assum-
ing that the sinusoidal PWM is employed with the THI, the maximum achievable modulation
index is2/

√
3. Accordingly, the minimum voltage stress is given by

vdc

vin
=

2Gs√
3

(3.17)

3.3 Quasi-Z-Source Inverter

Figure 3.5 shows the configuration of the qZSI. It includes animpedance network, a three-
phase two-level VSI, anLC filter, and anRL load. The qZSI uses the impedance network
and the shoot-through state in order to boost the input voltage to the desired dc-link voltage.
Accordingly, the qZSI has two different operating states, namely shoot-through and non-shoot-
through state as shown in Figure 3.6. The model of the dc side will be introduced in detail;
however, the ac-side model is the same as the one derived previously for the conventional two-
stage inverter in Section 3.2.2.

3.3.1 DC-Side Model

The models of the qZS network will be separately derived for each case, and then averaged
in one model. The state vector includes the inductors current and capacitor voltages, i.e.x =
[iL1 iL2 vC1 vC2 ]

T ∈ R
4. The inverter input current and input voltage are considered as the

system inputs, i.e.u = [iload vin]
T ∈ R

2, while the capacitor voltage and inductor current
compose the output vectory = [vC1 iL1 ]

T ∈ R
2. Due to the symmetry of the quasi-Z-source

network, only one inductor current and one capacitor voltage are chosen as output variables.
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Figure 3.6: Operation states of the qZSI.

3.3.1.1 Shoot-Through State

At shoot-through state, as can be noted in Figure 3.6(a), thecapacitors charge the inductors,
while the diode is cut off. Thus the system model is expressedas

dx(t)

dt
= F1x(t) +G1u(t) (3.18a)

y(t) = Ex(t) , (3.18b)

where,

F1 =













− r1+R2

L1
0 0 1

L1

0 − r2+R1

L2

1
L2

0

0 − 1
C1

0 0

− 1
C2

0 0 0













, G1 =













0 1
L1

0 0

0 0

0 0













, E =

[

1 0 0 0

0 0 1 0

]

.

wherer1, R1, r2, R2, L1, L2, C1, andC2 are the resistances, inductances, and capacitances of
the qZS network, respectively.
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3.3.1.2 Non-Shoot-Through State

During the non-shoot-through state, the input voltage and the inductors charge the capacitors
and supply the load as shown in Figure 3.6(b), where the diodeturns on. Accordingly, the
system model is written as

dx(t)

dt
= F2x(t) +G2u(t) (3.19a)

y(t) = Ex(t) , (3.19b)

where,

F2 =













− r1+R1

L1
0 −1

L1
0

0 − r2+R2

L2
0 −1

L2

1
C1

0 0 0

0 1
C2

0 0













, G2 =













R1

L1

1
L1

R2

L2
0

−1
C1

0
−1
C2

0













.

3.3.1.3 Average State-Space Model

Using state-space averaging, the models (6.5) and (3.19) can be combined in one model. Note
that to simplify the model, we assume thatC1 = C2 = C andL1 = L2 = L. Also, the internal
resistances of the inductors and the capacitors are assumedasr1 = r2 = r andR1 = R2 = R.
Consequently, the model of the qZS network is given by

dx(t)

dt
= Fx(t) +Gu(t) (3.20a)

y(t) = Ex(t) , (3.20b)

where,

F =













− r+R
L

0 −1+d
L

d
L

0 − r+R
L

d
L

−1+d
L

1−d
C

− d
C

0 0

− d
C

1−d
C

0 0













, G =













(1−d)R
L

1
L

(1−d)R
L

0
−1+d
C

0
−1+d
C

0













.

with d being the shoot-through duty cycle, i.e.d = T0/Ts, whereT0 is the shoot-through inter-
val.

In order to drive the small-signal model of the qZS network needed for the controller design,
perturbations are introduced to the system variables. Accordingly, the following expression is
given.

dx̂(t)

dt
= F̃ (X̄ + x̂) + G̃(Ū + û) (3.21a)

ŷ(t) = Ex̂ , (3.21b)
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where(X̄ + x̂) = [ĪL1 + îL1 ĪL2 + îL2 V̄C1 + v̂C1 V̄C2 + v̂C2 ]
T ∈ R

4 and (Ū + û) =
[Īload+ îload V̄in + v̂in]

T ∈ R
2. Moreover,
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.

whereD̄ is the average value of the shoot-through duty cycle, whiled̂ represents the small-
signal value. By rearranging the small-signal model (3.21a), the following model is obtained

dx̂(t)

dt
=


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
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(3.22)
Accordingly, the transfer functions of the capacitor voltage and the inductor current with the

shoot-through duty cycle are given by

G1(s) =
v̂C(s)

d̂(s)
=

(1− 2D̄)(V̄C1 + V̄C2 −R Īload) + (Ls+ r +R)(Īload− ĪL1 − ĪL2)

LCs2 + C(r +R)s+ (1− 2D̄)2
(3.23)

G2(s) =
îL(s)

d̂(s)
=

(V̄C1 + V̄C2 −R Īload)Cs+ (2D̄ − 1)(Īload− ĪL1 − ĪL2)

LCs2 + C(r +R)s+ (1− 2D̄)2
(3.24)

The transfer functions (3.23) and (3.24) are used to design and tune the dc-side controller of the
qZSI in Section 3.5.

3.3.2 Steady-State Analysis

At steady-state operation and according to the inductor volt-second balance, the average voltage
of the inductors over one complete sampling intervalTs is zero. Therefore, the voltages of the
capacitorsC1 andC2, vC1 and vC2, respectively, as well as the currentsiL1 and iL2 of the
inductorsL1 andL2, respectively, are deduced as follows.

vC1 =
1− d

1− 2d
vin , vC2 =

d

1− 2d
vin , iL1 = iL2 =

1− d

1− 2d
iload (3.25)

Moreover, the peak value of the dc-link voltage during the non-shoot-through period is

v̂dc = vC1 + vC2 =
1

1− 2d
vin = b vin (3.26)
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With regards to the ac-side of the qZSI, the peak phase voltage is given by

v̂o = m
v̂dc

2
= mb

vin

2
=

m

1− 2d
· vin

2
= G

vin

2
, (3.27)

wherem andG are the modulation index and total voltage gain of the qZSI, respectively. It can
be noted from (3.27) that the output voltage of the qZSI can bestepped up or down based on
bothd andm.

In order to define the voltage stress on the inverter switches, the simple boost control PWM
for the qZSI is assumed to be utilized in this work. In this case, the relationship between the
modulation indexm and the maximum shoot-through duty cycledmax is given by [81]:

dmax = 1−m (3.28)

By inserting the THI to the PWM technique, the limitation betweenm anddmax can be reduced
as follows

dmax = 1− 2√
3
m (3.29)

Accordingly, the maximum boost factorbmax and the maximum overall gainGmax can be pre-
sented as

bmax =
1

1− 2 dmax
=

1√
3m− 1

, Gmax = mbmax =
m√

3m− 1
(3.30)

Based on (3.30),m can be written as

m =
Gmax√

3Gmax− 1
(3.31)

Thus, the minimum voltage stress on the inverter switches can be deduced from (3.26), (3.30),
and (3.31) as follows

v̂dc

vin
=

√
3Gmax− 1 (3.32)

The voltage stresses of the conventional two-stage inverter and the qZSI are compared based
on (3.17) and (3.32). The result is illustrated in Figure 3.7. The result highlights that up to
voltage gain of2, the voltage stress is lower in case of the qZSI. However, if the voltage gain is
higher than2, the voltage stress is lower with the conventional inverter.

3.4 Required Components and Efficiency

Both inverters are mainly composed of active switches (semiconductor devices) and passive
components (capacitors and inductors). As for the active components, the conventional two-
stage inverter uses an extra active switch in comparison with the qZSI, compare Figures 3.1 and
3.5. This section deals with the required passive components and the losses analysis of both
topologies under investigation.
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Figure 3.7: The relationship between the voltage stress andthe overall gain of the inverters.

3.4.1 Passive Components Requirement

Passive components required for each converter represent significant parts which determine the
inverter size, weight, and cost. In this section, the passive components for both topologies are
designed based on the desired inductor current and capacitor voltage ripples as follows.

3.4.1.1 Two-Stage Inverter

The maximum capacitor voltage ripple occurs in two cases; during the longest zero state and
when the instantaneous output power reaches its peak value.When the longest zero state occurs,
the inverter input currentiload is zero. Throughout this case, if the dc-dc boost converter in its
ON state, the capacitor current is zero (see Figure 3.2(a)).However, during the OFF state, the
capacitor current equals to the inductor current, i.e.

iCa = iL =
Po

vin
, (3.33)

wherePo is the output power. On the other hand, the maximum output power occurs in an active
state and when the output voltage of one of the three-phases reaches its maximum value. In this
case, the capacitor current equals to the inverter input current as follows

iCb = iload = îo cosϕ =
4Po

3ms vdc
cosϕ , (3.34)

wherêio is the peak phase current andcosϕ is the system power factor. From (3.33) and (3.34),
the capacitor voltage ripple is given by

∆vC = (1− ds)
Po Ts

Cs vin
− (

3

4
ms − ds)

4Po Ts

3ms Cs vdc
cosϕ (3.35)

In order to design the inductance for the dc-dc boost converter, the current ripple is given by

∆iL =
vin D̄s Ts

Ls

=
vin(vdc − vin)Ts

Ls vdc
(3.36)
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Table 3.1: System requirements

Parameter Value

Input voltagevin 160V

Dc-link voltagevdc 240V

Capacitor voltagevC1 200V

Peak dc-link voltagêvdc 240V

Desired capacitor voltage ripple < 3%

Desired inductor current ripple < 10%

Output powerPo 2 kW

Load power factorcosϕ 0.9

Modulation index for the conventional invertermc 2/
√
3

PWM carrier frequency for dc-dc-converter 50 kHz

PWM carrier frequency for three-phase inverter 20 kHz

Both (3.35) and (3.36) are utilized to design the required capacitance and inductance for the
dc-dc boost converter.

3.4.1.2 Quasi-Z-Source Inverter

As for the qZSI, during the shoot-through time, the capacitors charge the inductors. As a result
the same current flows through both of them. Hence,

∆vC =
ĪL T0

C
=

Po T0

C vin
, (3.37)

where∆vC represents the desired capacitor voltage ripple. Again, inthe shoot-though interval,
both voltages on the capacitors and inductors are equal, then

∆iL =
V̄C T0

L
(3.38)

where∆iL is the desired inductor current ripple andV̄C denotes the average capacitor voltage.
Since the currents passing through the two inductors of the qZSI are identical and the voltages
across them are the same, they can be built on one core with thesame size of one inductor and
doubled inductance. By doing so, the weight and the size of theqZS network can be highly
reduced.
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Table 3.2: Passive components requirements

Parameter Value

qZS inductanceL1, L2 500µH

qZS capacitanceC1, C2 470µF

dc-dc converter inductanceL 1000µH

dc-dc converter capacitanceC 780µF

3.4.1.3 Case Study

Based on the previous analysis and the system requirements presented in Table 3.1, the passive
components for both inverters are designed. The required inductors and capacitors for the con-
ventional two-stage inverter and qZSI are summarized in Table 3.2. As can be seen, the qZSI
uses comparable inductance and capacitance values with thetwo-stage inverter for the same
input voltage and output power rating. At the same time, the two-stage inverter uses an extra
active switch as previously mentioned.

3.4.2 Inverters’ Losses

The efficiency of any power converter is basically related toits losses. The losses of an inverter
include semiconductor devices losses, passive componentslosses, gate driver and controller
losses. However, the semiconductor devices losses are considered as the significant part of the
total losses. The latter mainly compose of two types, namelyconduction and switching losses
that will be deduced as follows [82]. The voltage drop on the semiconductor device and the
conduction losses are given by

Vce = Ace + Bce icon + Cce i
2
con , (3.39a)

Pcon =
1

2π

∫ γ2

γ1

Vce(ωt) icon(ωt) dcon(ωt) dωt , (3.39b)

whereAce, Bce, andCce represent the coefficients of the conduction losses of the semiconductor
device derived from its data sheet. Moreover,icon is the conduction current anddcon expresses
the conduction duty cycle of the device. On the other hand, the average switching losses in one
cycle is given by

Psw =
fsw
2π

∫ α2

α1

Esw(ωt) dωt , (3.40)

where

Esw = (Asw + Bsw icon + Csw i2con)
vdc

vref
, (3.41)
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Figure 3.8: Bode plot of the dc-dc boost converter with and without PI compensation.

with Asw, Bsw, andCsw denoting the switching losses coefficients obtained from the device
data sheet. Moreover,fsw is the inverter switching frequency andvref is the reference voltage
used for parameters calculation in the device data sheet.

Based on (3.39) and (3.40), the losses of both inverters can becalculated using the data sheet
of the semiconductor devices as will be shown in Section 3.6.2. For this work, the Powerex
IPM PM300CLA060 module is used as a three-phase bridge for theqZSI and VSI. In addition,
the Powerex PM300DSA060 switch is utilized for the dc-dc boost converter. The diodes of the
dc-dc converter and the qZS network are represented by RURG3060.

3.5 PI-Based Controller Design

Both the conventional two-stage inverter and qZSI require two separate controllers for the dc
and ac side. For the dc side, based on (3.6) and (3.23), PI controllers are designed to regulate the
dc-link voltage of the two-stage inverter as well as the capacitor voltage of the qZSI. Figures 3.8
and 3.9 show the Bode responses of the dc-dc boost converter and the qZS network, respectively.
As can be noted, by adding the PI controllers, the systems arestable with sufficient phase
margins.

With regard to the ac-side control, the conventional multi-loop PI controller, shown in Figure
3.10, is utilized for the inverters under consideration. The inner loop is a feedback current
loop (P controller) that provides compensation for the input voltage disturbances and for the
phase delay caused by the outputLC filter. The outer voltage loop, PI controller, generates
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Figure 3.9: Bode plot of the dc side of the qZSI with and withoutPI compensation.
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Figure 3.10: Ac-side controller scheme.

the reference current for the inner current control. Since the PI current control in stationary
αβ coordinates presents non-zero steady state error due to thelack of an integral component
at frequencies different from zero, the PI control in rotating synchronousdq coordinates is
implemented instead. Hence, a phase-locked loop (PLL) is used to compute the instantaneous
angular positionθ of the output voltage required for the transformation from theabc to thedq
frame, and vice versa.

The voltage control schemes of the two-stage inverter and qZSI are shown in Figures 3.11
and 3.12, respectively. The output of the dc-side controller (ds) of the two-stage inverter is
fed to the PWM to generate the switching signal for the switchS of the dc-dc boost converter.
Moreover, the inverter modulation indexms is input to the PWM to output the switching signals
for the VSI. With the qZSI, both the shoot-through duty cycled and the modulation indexm
are delivered to the PWM block in order to generate the switching signals.
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Figure 3.11: Voltage control scheme based on PI controllersfor the two-stage inverter.
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Figure 3.12: Voltage control scheme based on PI controllersfor the qZSI.

3.6 Experimental Evaluation

In order to examine the performance of both inverters under discussion in steady-state and
transient operations, experimental work is conducted at the laboratory.2 kW prototypes of both
the qZSI and the conventional two-stage inverter are designed based on the system parameters
in Tables 3.1 and 3.2. Both inverters are fed from a variable dcpower supply (represents the
PV source) and connected with anRL load (35Ω, 2.5mH) via anLC filter (10mH, 50µF)
as shown in Figures 3.1 and 3.5. The input dc voltagevin is adjusted to160V. The control
algorithms are implemented on FPGA Cyclone III-EP3C40Q240C8.For more details about the
test bench, please refer to appendix C.
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Figure 3.13: Experimental results of the conventional two-stage inverter. The output voltage
THD = 2.01%.

The output voltage referencevo,ref is set to100V. In order not to affect the sinusoidal wave-
form of the output voltage and avoid the interacting betweenthe ac and dc sides of the qZSI,
the capacitor voltage referencevC,ref should be equal to or higher than double the output voltage
reference [24]. Hence, the capacitor voltage reference is chosen to be200V which results in
a 240V peak dc-link voltage (see steady-state analysis presented in Section 3.3.2). As for the
two-stage inverter, the dc-link voltage reference is adjusted to240V in order to be comparable
with the dc-link voltage of the qZSI.

3.6.1 Steady-State Operation

The experimental ac- and dc-side results for the conventional two-stage inverter and qZSI are
shown in Figures 3.13 and 3.14, respectively. As can be observed in Figures 3.13(a) and 3.14(a),
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Figure 3.14: Experimental results of the qZSI. The output voltage THD= 0.63%

both the two-stage inverter and the qZSI generate fully regulated sinusoidal output voltage
waveform. However, the qZSI generate voltage THD of0.63% which is lower than that of
the two-stage inverter (2.01%). This thanks to the qZS network, the output distortion is highly
reduced.

As for the dc-side results, Figure 3.13(c) shows that the dc-link voltage of the two-stage
inverter is well tracked. On the other hand, the capacitor voltage of the qZSI is successfully
regulated along it reference value at200V (see Figure 3.14(c)) resulting in a peak dc-link volt-
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Figure 3.15: Zoomed-in dc-link voltagevdc of the qZSI.
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Figure 3.16: Calculated and measured efficiencies of both presented inverters.

age of240V (see Figure 3.14(e)). Moreover, Figure 3.15 zooms in on thetime axis of the
dc-link voltage of the qZSI. As can be noted, the dc-link voltage is not fixed, where it switches
between a peak value (during the active or zero state) and zero value (during the shoot-through
state). These results are inline with the theoretical analysis introduced in Section 3.3.2.

3.6.2 Inverters Efficiency

In fact, the efficiency test is very crucial in the evaluationprocess for any power converter.
Based on the losses model presented in Section 3.4.2, the efficiency of both proposed inverters
are calculated. Moreover, some experiments are conducted in the laboratory on both inverters
to measure the efficiency under the same input and output operating conditions. In order to get
different output power values, theRL load is changed while keeping the output voltage fixed
at 100V and the input voltage constant at160V. The efficiencies of the inverters are computed
with different output load by

η =
Pout

Pin
=

3/2 vo io cosϕ

Vin Iin
. (3.42)

Figure 3.16 highlights the calculated and measured efficiencies for the conventional two-stage

inverter and qZSI. As can be concluded from the comparison results, the qZSI shows higher
efficiency than the two-stage inverter for the whole operating power range (up to2.1 kW). This
result claims that the single-stage qZSI represents an attractive alternative with reduced cost and
higher reliability and efficiency.
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Figure 3.17: Experimental results of the two-stage inverter under load step-down change.

3.6.3 Transient Operation

The transient performance of both the conventional two-stage inverter and qZSI are tested with
anRL load. The reference value of the output voltage is kept constant to100V, regardless of
the input dc voltage and load value. The transient response of both inverters are examined under
step change in the load value and in the input dc voltage level.
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Figure 3.18: Experimental results of the qZSI under a load step-down change.

3.6.3.1 Load Step Change

In this test, the the resistive part of theRL load is step changed from full load (35Ω) to half
load (70Ω), and vice versa, while keeping the input voltage constant at 160V.

When the load is step changed from full to half load, the corresponding ac- and dc-side results
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Figure 3.19: Experimental results of the two-stage inverter under load step-up change.

are displayed in Figures 3.17 and 3.18 for the two-stage inverter and qZSI, respectively. With
both inverters, the output voltage is well tracked with a small variation during the transient time
as demonstrated in Figures 3.17(b) and 3.18(b). According to thed-component of the output
voltage shown in Figures 3.17(a) and 3.18(a), the output voltage stays within its nominal value
before and after the step change. In the dc side of the two-stage inverter and the qZSI, the dc-
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Figure 3.20: Experimental results of the qZSI under a load step-up change.

link voltage and the capacitor voltage are regulated along their references before and after the
step change as can be seen in Figures 3.17(d) and 4.9(a).

Afterwards, the load is step changed from half to full load. The experimental results for the
two-stage inverter and qZSI are shown in Figures 3.19 and 3.20, respectively. It can be observed
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Figure 3.21: Experimental results of the two-stage inverter under input voltage step change.

that the ac-side performances of the both inverters are comparable; however, the qZSI shows
smaller voltage undershoot as can be seen in Figures 3.19(a)and 3.20(a).

3.6.3.2 Input Voltage Step Change

As previously mentioned, the qZSI proposes an attractive solution for the PV systems. In such
a case, the resulting dc voltage from the PV is not constant, where it changes with the tem-
perature and the solar radiation level during the day. In order to examine the performance of
both inverters under this condition, the input voltage is step-changed from160V to 190V, while
keeping the output voltage reference at100V, the capacitor voltage reference at200V, the dc-
link voltage at240V. The dc- and ac-side results of the two-stage inverter and qZSI are shown
in Figures 3.21 and 3.22, respectively.
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Figure 3.22: Experimental results of the qZSI under input voltage step change.

According to Figures 3.21 and 3.22, the dc-side variables ofboth inverters have comparable
performances. However, the inductor current shows lower overshoot in case of the qZSI than
the two-stage inverter, see Figures 3.21(d) and 3.22(d). Asfor the ac-side, both inverters show
very good transient responses with very short transient times as displayed in Figures 3.21(b)
and 3.22(b). These results highlight the effectiveness of the qZSI as a single-stage inverter for
PV systems.
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3.7 Summary

This chapter conducts a comparison between the conventional two-stage inverter and the newly
proposed qZSI in terms of the voltage stress on the inverter switches, passive components re-
quirements, steady-state and transient responses, and efficiency. In this comparison, both in-
verters are connected to anRL via an intermediate anLC filter. Multi-loop linear PI controllers
are designed in order to achieve output voltage regulation and disturbance rejection.

As it is shown, the qZSI results in lower voltage stress on theswitches than the traditional
inverter when the operating voltage gain is in the range of (1-2). The experimental results
demonstrate that the qZSI exhibits lower output voltage THDand higher efficiency than the
traditional two-stage inverter. The results also point outthe ability of the inverters to respond
quickly to the load and the input voltage change, where the transient and steady state response
are comparable for both inverters. Thus, these results verify the proposed qZSI as an alternative
inverter for DG applications combined with many advantages.
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CHAPTER 4

Proportional-Resonant Controller Design

This chapter proposes the design and digital implementation of a PR controller of the qZSI for
UPS applications as an alternative to the classical PI control. The main goal is to improve the
output voltage quality when the inverter is connected to nonlinear loads.

4.1 Motivation

In UPS systems, regardless the load type, linear or nonlinear, a high quality output voltage in
desirable. However, the nonlinear output current, introduced by nonlinear loads, results in a
highly distorted output voltage. The conventional PI controller designed in the previous chapter
can not solve this problem.

One of the promising control techniques that is recently established for UPS systems is the
PR controller [4, 83–86], in which the classical integral (I) controller is replaced by a resonant
(R) one. First, at the resonant frequency, the PR controller does not exhibit a phase delay. In
addition, by having an infinite gain at the fundamental frequency, the PR controller achieves
robust reference tracking, zero steady-sate error, and fast disturbance rejection [87–89]. One
more advantage of the PR controller is that it is designed in the stationaryαβ reference frame
without a need for multiple transformations from/to the rotatingdq reference frame, as this is
the case for PI controller. This in turn results in a reduction of the controller computational
demand. In order to compensate for selective low-order harmonics, multiple R controllers are
added in parallel to the fundamental control algorithm [90–92]. Thus, in addition to the stated
characteristics of the PR controller, the output voltage distortion can be canceled.

Recently, the PR controller has been applied with the ZSI, i.e. [93, 94]. A point to note
is that in these works the PR controller has been investigated only with linear loads. In this
chapter therefore the PR controller is designed to control the output voltage of the qZSI that
subject to linear/nonlinear load currents. In addition, the capacitor voltage of the qZS network
is adjusted by a PI controller. In order to fully utilize the dc-link voltage while keeping the
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Figure 4.1: The quasi-Z-source inverter connected with anLC filter and a load.

switching frequency low, the SVPWM6 technique, presented inchapter 2, is used to generate
the converter switching signals. In order to examine the steady-state and transient operation of
the qZSI under different loads, experimental results basedon an FPGA are presented to prove
the efficacy of the proposed controller.

This chapter is structured as follows. Section 4.2 introduces the system description. The
proposed control strategy is presented in Section 4.3, while the experimental results are provided
in Section 4.4. Finally, Section 4.5 draws the conclusion.

4.2 System Description

The system under investigation is shown in Figure 4.1. It consists of a quasi-Z-source (qZS)
network, a three-phase VSI, anLC filter, and a load. In this configuration, the load can linear
or nonlinear. The mathematical model derived in chapter 3 will be used here in order to design
the controller for both sides of the converter.

4.3 Controller Design

In this work, both dc and ac sides of the qZSI are separately controlled. The capacitor voltage
vC1 is adjusted to its reference valuevC1,ref on the dc side. On the other hand, the ac-side
controller regulates the output voltagevo of theLC filter along its reference valuevo,ref.

4.3.1 DC-Side Controller

On the dc side, a conventional PI controller is designed to regulate the capacitor voltagevC1 of
the qZS network. As can be observed from the mathematical model derived in chapter 3 that
the qZSI exhibits a right-half plane (RHP) zero which in turn leads to a nonminimum phase
system. This phenomena requires much attention in designing the control parameters in order
to guarantee the system stability [95, 96]. The open-loop system of the dc sideG1(s), is given
by equation (3.23) in chapter 3.
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Figure 4.2: Ac-side controller scheme.

The system parameters arevin = 160V, vC1 = 250V, L1 = L2 = 500µH, C1 = C2 =
480µF, and the switching frequencyfsw = 10 kHz. Based on these parameters, the coefficients
of the closed loop system are calculated. Then, by utilizingRouth-Hurwitz stability criterion,
the PI controller parameters are chosen. To achieve a satisfactory performance [97, 98], the PI
parameters have been tuned in order to meet the stability margins, i.e. a gain margin of10dB
and phase margin of> 45degrees. Accordingly, the PI parameters are chosen asKp = 4e−4

andKi = 0.05.

4.3.2 AC-Side Controller

4.3.2.1 PR Controller Design

As for the ac-side controller, a cascaded control loop is utilized as shown in Figure 4.2. The
inner control loop is a feedback current loop (P controller)that provides compensation for the
input voltage and load disturbances as well as the phase delay caused by theLC filter. The
outer voltage loop, PR controller, generates the referencecurrent for the inner current loop. The
ideal PR controller is given by

GPR(s) = Kpr +
2Krs

s2 + ω2
0

, (4.1)

with ω0, Kpr, andKr being the fundamental angular frequency, proportional coefficient, and
resonant coefficient, respectively.Kpr is designed and tuned in the same way of the proportional
gainKp of the PI controller. However, the ideal resonant (R) controller has an infinite gain at
the frequency ofω0, while it does not give phase shift or gain at other frequencies. This in turn
prevents its implementation in reality. To overcome this problem, thenon-ideal PR controller
is introduced [86,91]

G†
PR(s) = Kpr +

2Krωcs

s2 + 2ωcs+ ω2
0

, (4.2)

with ωc being the cut-off frequency. The PR controller presented in(4.2) acts as a high-gain
low-pass filter which results in a finite gain and a wider bandwidth [89].

In order to clearly show the influence of the PR parameters, i.e.Kpr, Kr, andωc, we assume
that two of the parameters are fixed so that the effect of varying the third parameter can be
noted. As a first step, we assume thatKpr = 0 andωc = 1, Figure 4.3(a) highlights that the
change inKr affects the magnitude of the PR controller, while the bandwidth is unchanged.
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Figure 4.3: Influence of varyingKr, ωc, andKpr on the PR response.

Figure 4.3(b) shows the influence of varyingωc whenKpr = 0 andKr = 1. It can be noted that
both the system magnitude and phase are affected by changingωc.
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Finally, the effect of addingKpr to the controller is investigated as shown in Figure 4.3(c).
By increasingKpr the magnitude increases; however, the system phase decreases. Thus, the
harmonic impedance increases whenKpr increases which results in low harmonic component.
Accordingly,Kpr can be chosen such that high performance reference trackingand disturbance
rejection are obtained.

In order to compensate for selective low-order harmonics (e.g. 5th, 7th · · · ), the following
multi-resonant controller is structured.

GPR(s) = Kpr +
∑

i=5,7,···

2Kriωcs

s2 + 2ωcs+ (iωo)2
, (4.3)

wherei andKri denote the harmonic order and its individual resonant gain,respectively. To
achieve a satisfactory performance, the PR controller is designed with the fundamental fre-
quency in addition to the5th, 7th, and9th harmonics.

4.3.2.2 Digital Implementation of PR controller

In order to implement the PR controller described by (4.3) inreal-time (i.e. in FPGA), it has
to be first discretized. Based on a comparison among several discretization techniques for R
controllers in [99], Tustin transformation technique has been chosen for this work. Due to
its accuracy in most applications, Tustin transformation is a typical choice in digital control
systems, where it achieves infinite gain in open loop and has relatively low steady state error at
fundamental frequency and low order harmonics.

Tustin transformation is achieved by substituting the Laplace variables in (4.3) by 1−z−1

1+z−1 · 2
Ts

,
whereTs is the sampling time. Consequently, the continuous-time domain PR controller in
(4.3) can be written in a discrete form as

GPR(z) = Kpr +
∑

i=5,7,···

n0i − n2i z
−2

d0i + d1i z
−1 + d2i z

−2
, (4.4)

where

n0i = n2i = 4Kri ωc Ts , (4.5a)

d0i = (iωo)
2 T 2

s + 4ωc Ts + 4 , (4.5b)

d1i = 2(iωo)
2 T 2

s − 8 , (4.5c)

d2i = (iωo)
2 T 2

s − 4ωc Ts + 4 . (4.5d)

By computing the controller coefficients in (4.5) at the fundamental and low-order harmonics
(3rd, 5th, 7th, and9th), the PR controller can be implemented in an FPGA as will be shown in
Section 4.4. Based on the analysis presented in Figure 4.3 andinline with the main goal of this
work (to ensure system stability and have a high performancecontroller), the PR parameters are
chosen asKpr = 0.4, Kr1 = 550, Kr5 , Kr7 , andKr9 = 50, andωc = 0.5.
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Figure 4.4: Voltage control scheme based on PR controller for the qZSI.

4.3.3 Overall Control Block Diagram

As a final stage, both the output of the dc-side controller (the shoot-through duty cycled) and
the ac-side controller (the inverter modulation indexm) are delivered to the SVPWM block
in order to generate the gating signals for the inverter switches. In this work, the SVPWM
with six insertion (SVPWM6) is utilized, where the shoot-through time is split into six equal
partitions in one sampling interval and inserted into the transition moment of switching states.
According to [70], in comparison with the sinusoidal PWM techniques, this method results in
lower voltage stress and inductor current ripples as well asachieves a higher voltage gain and
full utilization for the dc-link voltage. The proposed overall control scheme for both sides of
the qZSI is illustrated in Figure 4.4.

4.4 Experimental Evaluation

To investigate the behavior of the proposed PR control strategy for the qZSI configuration shown
in Figure 6.1, several experiments based on an FPGA have beenconducted. Both dc- and ac-
side controllers along with the SVPWM6 modulation technique are implemented in the FPGA
as shown in Figure 4.5. For more details about the test bench,please refer to appendix C.

Some of the system parameters are already defined in Section 4.3.1. The output filter param-
eters areLf = 10mH andCf = 50µF. In addition, the reference output voltagevo,ref is set to
100V. According to [24,25], the capacitor voltage referencevC1,ref should be more than double
of output voltage reference in order not to affect the sinusoidal waveform of the output voltage.
Hence, the capacitor voltage reference is chosen to be250V.

4.4.1 Steady-State Operation

The proposed controller is investigated with a linear load represented byRL (20Ω, 2.4mH)
and a nonlinear load in the form of a three-phase diode-bridge rectifier connected with aCL =
220µF filter andRL = 60Ω load as illustrated in Figure 4.6.
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Figure 4.5: FPGA implementation of PR controller for the qZSI.

CL RL

Figure 4.6: Nonlinear load represented by a diode-bridge rectifier withCL = 220µF andRL =
60Ω.

4.4.1.1 Linear Load

The experimental results of the dc and ac side of the qZSI withthe RL load are shown in
Figure 4.7. As can be observed in Figure 4.7(a), the capacitor voltage effectively tracks its
reference at250V resulting in a peak dc-link voltagêvdc = 340V (Figure 4.7(c)). With regards
to the ac side, Figure 4.7(d) shows that the output voltage isaccurately regulated along its
reference with low THD (1.85%) resulting in a sinusoidal output voltage.

4.4.1.2 Nonlinear Load

Furthermore, the proposed PR control strategy is examined with the nonlinear load. The dc- and
ac-side results are shown in Figure 4.8. The capacitor voltage is regulated along its reference as
can be seen in Figure 4.8(a) resulting in a fixed boosted dc-link voltage of340V .

Despite of the non linearity of the load resulting in a highlydistorted output current (see
Figure 4.8(e)), the output voltage remains sinusoidal witha THD of2.47% (see Figure 4.8(d)).
These results confirm that the PR controller successfully compensates for the desired harmonics.
As a result, the PR controller is able to produce low THD output voltage not only with linear
loads, but also with nonlinear loads.
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Figure 4.7: Experimental results of the dc and ac side of the qZSI. RL load= 20Ω, 2.4mH,
andfsw = 10 kHz. Voltage THD= 1.85%.



4.4. EXPERIMENTAL EVALUATION 61

Time [ms]
0 10 20 30 40

240

250

260

(a) Capacitor voltagevC1
and its reference in [V]

Time [ms]
0 10 20 30 40

3

6

9

0

(b) Inductor currentiL1
in [A]

Time [ms]
0 10 20 30 40

0

200

400

(c) Dc-link voltagevdc in [V]

Time [ms]
0 10 20 30 40

0

100

−100

(d) Three-phase output voltagevo in [V]

Time [ms]
0 10 20 30 40

0

7

3.5

−3.5

−7

(e) Three-phase output currentio in [A]

Figure 4.8: Experimental results of the dc and ac side of the qZSI with nonlinear load.fsw =
10 kHz and Voltage THD= 2.47%.
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Figure 4.9: Experimental results of both sides of the qZSI under a step up change in the resistive-
inductive load.

4.4.2 Transient Response

The transient operation of the PR controller is investigated with a resistive-inductive (RL) and
nonlinear load.

4.4.2.1 Linear Load

In the first case, theRL load is step changed from half load (40Ω, 2.4mH) to full load
(20Ω, 2.4mH), and vice versa. Figures 4.9 and 4.10 show the dc- and ac-side results, respec-
tively.
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Figure 4.10: Experimental results of both sides of the qZSI under a step down change in the
resistive-inductive load.

As can be seen in Figures 4.9(a) and 4.10(a), the capacitor voltages successfully track their
references before and after the step change occurs with small over- and under shoot, respec-
tively. As a consequence, the inductor currents are settledto new nominal values (see Figures
4.9(b) and 4.10(b)). As for the ac side, the proposed PR controller manages to quickly adjust
the output voltage to its reference value after a very short transient time as shown in Figures
4.9(c) and 4.10(c), where Figures 4.9(d) and 4.10(d) depictthe output current waveform for
both cases, respectively. These outcomes emphasize that the PR controller is able to handle the
system dynamics and provide a perfect disturbance rejection.
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Figure 4.11: Experimental results of both sides of the qZSI under a step change in the nonlinear
load.fsw = 10 kHz.

4.4.2.2 Nonlinear Load

The second experiment investigates the proposed PR controller for qZSI under step change in
the nonlinear load. In this case, the load is changed from full load to no load. The experimental
results of both dc- and ac-side variables are displayed in Figure 4.11.

On the dc side, the capacitor voltage is well regulated around its reference value at250V (see
Figure 4.11(a)) resulting in a new nominal value for the inductor current after the step change
occurs, see Figure 4.11(b). On the other hand, the output voltage (in Figure 4.11(c)) shows a
very good performance when the nonlinear load is disconnected att ≈ 40ms as presented in
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Figure 4.11(d). Although the THD of the output voltage increases after the step change, the
output voltage is still a perfect sinusoidal waveform. In UPS system, it is essential to have such
a regulated sinusoidal output voltage waveform under all conditions.

4.5 Summary

This chapter proposes a PR controller of the qZSI connected to linear/nonlinear loads via anLC
filter for UPS applications. The main aim is to improve the quality of the output voltage when
subject to nonlinear loads. This is done by extending the PR controller to also compensates for
selected low-order harmonics (5th, 7th, and9th harmonics). Subsequently, the output voltage is
kept sinusoidal waveform with both linear and nonlinear loads. As for the dc side of the qZSI,
a PI controller is designed to adjust the capacitor voltage.

The performance of the PR controller with the qZSI is experimentally examined based on
FPGA. The experimental results show the effectiveness of the proposed controller both in
steady-state and transient operations with both linear andnonlinear loads. Under all exam-
ined conditions, the output voltage is kept fully regulatedsinusoidal waveform. These results
assure the advantages of the PR controller as a promising control strategy for DG applications



66 CHAPTER 4. PROPORTIONAL-RESONANT CONTROLLER DESIGN



67

Part III

Direct Model Predictive Control





69

CHAPTER 5

Direct Model Predictive Current Control Strategy

This chapter presents a direct model predictive current control strategy for the qZSIs. To im-
prove the closed-loop performance of the converter a long prediction horizon is implemented.
However, the underlying optimization problem may become computationally intractable be-
cause of the substantial increase in the computational power demands, which in turn would
prevent the implementation of the control strategy in real time. To overcome this and to solve
the problem in a computationally efficient manner, a branch-and-bound strategy is used along
with a move blocking scheme. In addition, the conventional PI control based on PWM is de-
signed for the qZSI in order to be compared with the proposed MPC.

5.1 Motivation

Motivated by the complexity of the qZSI and the advantages ofMPC, a few research works
have been recently published focusing on MPC for ZSI/qZSI, see e.g. [100–105]. It is worth
mentioning, though, that in these works MPC is used in its simplest form, akin to a dead-
beat controller. Specifically, a one-step horizon MPC is implemented, the goal of which is to
eliminate the output error as fast and as much as possible within this short horizon. This forces
the controller to take aggressive actions which may cause stability problems. For instance,
short-horizon MPC cannot always deal with the nonminimum phase nature of the dc side of
the qZSI. More specifically, due to the reverse capacitor voltage response during transients, a
sufficiently long prediction horizon is required so that thecontroller can accurately predict not
only that initial adverse system behavior, but also beyond that. In other words, the MPC scheme
should be able to “see” beyond the initial reverse-responsesystem behavior in order to ensure
closed-loop stability.

As a consequence, the short-horizon MPC is not always sufficient to achieve a good system
performance, especially when applied to complex systems such as the qZSI. Recent works, such
as [106–108] have shown that long-horizon MPC can significantly improve the system perfor-
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mance by reducing the current total harmonic distortion (THD). Moreover, apart from a very
few cases (see [109, Chap. 10] and references therein for a short discussion), in the one-step
horizon MPC formulations the switching effort penalization is not taken into account which is
in contrast to the optimal control paradigm [44]. As a result, the switching frequency is not
directly controlled, but merely an upper bound is imposed onit, as defined by the sampling
interval. This implies that the converter operates at the highest achievable switching frequency
which in turn leads to high switching losses. I am aware of only one exemption, namely [100],
in which the switching frequency of the ZSI is directly controlled with MPC. However, this is
not done by penalizing the switching effort, but by adding a switching frequency error term (i.e.
the difference between the converter switching frequency and a desired one) to the objective
function. Therefore, the formulated optimization problemunderlying MPC violates the opti-
mal control paradigm and a smooth transition between consecutive switching transitions is not
guaranteed.

In this chapter a long-horizon direct MPC algorithm—implemented as a current controller—
is adopted to handle the multiple control objectives, i.e. the regulation of the output current, the
inductor current, and the capacitor voltage to their reference values. A discrete-time model of
the converter is derived, on which the controller relies to accurately predict the future behavior
of the system over the whole operating regime. Besides, a longhorizon is implemented so as to
achieve an improved performance and to avoid the issues mentioned above. Nevertheless, since
the computational complexity grows exponentially with thelength of the prediction horizon,
strategies need to be employed that balance the trade-off between the length of the prediction
horizon and the number of computations required. To keep thecomputational complexity mod-
est, a branch-and-bound technique [110] is employed and it is combined with a move blocking
scheme [111] that yields a nontrivial prediction horizon.

This chapter is structured as follows. In Section 5.2, the continuous- and discrete-time models
of the qZSI configuration under investigation are derived. The optimization problem underlying
MPC is formulated and solved in Section 5.3. Next, for comparison purposes, a conventional PI-
based controller is designed in Section 5.4. In Section 5.5 simulation results are presented, and
in Section 5.6 the proposed control strategy is experimentally tested. Section 5.7 summarizes
the chapter.

5.2 Mathematical Model

Figure 5.1 shows the configuration of the qZSI consisting of aquasi-Z-source network, a three-
phase two-level inverter, and anRL load. With the inductors,L1, L2, the capacitors,C1, C2,
and the diodeD, the qZSI manages to boost the input voltagevin to the desired dc-link voltage
vdc. Consequently, the qZSI has two modes of operation, namely buck and boost mode. In buck
mode, the dc-link voltage is roughly equal to the input voltage, where the qZSI works as the
conventional VSI. In boost mode, the qZSI has two types of operating states, namely the non-
shoot-through—comprising of the six active and two zero states of the conventional two-level
voltage source inverter—and the shoot-through states, seeFigure 5.2. Note that in Figure 5.2,
NST stands for non-shoot-through andiST denotes the shoot-through current (i.e. the dc-link
current during the shoot-through state).
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Figure 5.1: The quasi-Z-source inverter connected with anRL load.
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Figure 5.2: Operation states of the qZSI.

Since the qZSI operates in different modes and states, the associated models will be derived
separately. Then, the overall model of the system will be obtained. Note that to simplify the
modeling and to ease the computations, the variables are expressed in the stationary orthogonal
system(αβ) instead of the three-phase system(abc). Therefore, a variableξabc = [ξa ξb ξc]

T

in theabc system is transformed to a variableξαβ = [ξα ξβ]
T in theαβ system throughξαβ =

Kξabc,1 whereK is the Clarke transformation matrix defined in chapter 3.

The system states include the output current, the inductor currents, and the capacitor voltages.
Thus, the state vector isx = [io,α io,β iL1 iL2 vC1 vC2 ]

T ∈ R
6. The three-phase switch position

uabc ∈ U3 is considered as the input to the system, withuabc = [ua ub uc]
T andU = {0, 1}.

Moreover, the input voltage is considered as a disturbance to the system, i.e.w = vin ∈ R.

As far as the output of the system is concerned, the output andthe inductor currents along with
the capacitor voltage are considered as the output variables, i.e.y = [io,α io,β iL1 vC1 ]

T ∈ R
4.

1To this end, the subscript for vectors in theαβ plane is dropped to simplify the notation. Vectors in theabc

plane are denoted with the corresponding subscript.
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5.2.1 Operation in Boost Mode

The boost mode includes two types of operating states; non-shoot-through and shoot-through
state.

5.2.1.1 Non-Shoot-Through State

As can be seen in Figure 5.2(a), at non-shoot-through state the diode is conducting, thus the in-
put voltage source and the inductors deliver energy to the capacitors and the load. Accordingly,
the system model is given by

dx(t)

dt
= F1x(t) +G1uabc(t) +Hw(t) (5.1a)

y(t) = Ex(t) , (5.1b)

where2
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whereR (L) is the load resistance (inductance), andv̂dc is the peak dc-link voltage, see Section
5.2.4.

5.2.1.2 Shoot-Through State

At shoot-through state the input voltage source and the capacitors charge the inductors, while
the diode is cut-off, as shown in Figure 5.2(b). During this state, the load is short-circuited since
the upper and lower switches in at least one of the three phases are turned on simultaneously,

2For a matrixM , M(:,i) denotes itsith column.
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i.e.ux = ūx = 1, whereūx denotes the position of the lower switch in phasex ∈ {a, b, c}. The
converter at the shoot-through state is described by the following expression

dx(t)

dt
= F2x(t) +G2uabc(t) +Hw(t) (5.2a)

y(t) = Ex(t) , (5.2b)

where
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,

andG2 is the zero matrix of appropriate dimensions. It is worthwhile to mention that, as can be
deduced from (5.2), the qZSI in shoot-through state can be considered as an autonomous linear
dynamical system with an external disturbance.

5.2.2 Operation in Buck Mode

In buck mode, the qZSI operates as the conventional VSI basedon eight switching states (six
active states and two zero states). Thus, only the ac side of qZSI is considered for the system
model as follows

dx(t)

dt
= F3x(t) +G1uabc(t) (5.3a)

y(t) = Ex(t) , (5.3b)
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5.2.3 Continuous-Time Model

Models (5.1), (5.2), and (5.3) can be combined in one model that precisely describes the differ-
ent operating modes and states of the qZSI. To do so, two auxiliary binary variablesdaux1 and
daux2 are introduced. Variabledaux1 indicates the state at which the converter operates when in
boost mode, i.e.

daux1 =

{

0 if non-shoot-through state (active or zero state)

1 if shoot-through state
. (5.4)

Since the transition from non-shoot-through state to shoot-through state, and vice versa, is input-
dependent, (5.4) can be written as

daux1 =

{

0 if ux 6= ūx∀ x ∈ {a, b, c}
1 if ∃ x ∈ {a, b, c} s.t.ux = ūx = 1

. (5.5)

Variabledaux2 is used to indicate the operation mode of the converter, i.e.

daux2 =

{

0 if buck mode

1 if boost mode
. (5.6)

The transition from the buck mode to the boost mode (and vice versa) depends on whether the
output current becomes greater (less) than the currentio,bnd that defines the boundary between
the two modes, see Section 5.2.5. Therefore, (5.6) can be written as

daux2 =

{

0 if io ≤ io,bnd

1 if io > io,bnd
. (5.7)

Taking all the above into account, the full model of the converter can be written as

dx(t)

dt
= Fx(t) +Guabc(t) +Hw(t) (5.8a)

y(t) = Ex(t) , (5.8b)

whereF = Fa + daux2Fb, with Fa = F3 and

Fb =


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












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



0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 daux−1
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abc
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(:,1)

C1

(daux−1)uT
abc
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(:,2)

C1

1−daux
C1

−daux
C1

0 0
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abc
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abc
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







,

andG = (1− daux1)G1.

In Figure 5.3 the qZSI represented as an automaton is depicted. As can be seen, the transition
from one condition to another is specified by the auxiliary variablesdaux1 anddaux2 .



5.2. MATHEMATICAL MODEL 75

dx(t)
dt

=dx(t)
dt

=

dx(t)
dt

=

F1x(t) +
G1uabc(t) +

F2x(t) +
G2uabc(t) +

F3x(t) +
G1uabc(t)

Hw(t) Hw(t)

daux1 = 1
daux1 = 1daux1 = 0

daux1 = 0

daux1 = 1 &daux1 = 0 &

daux2 = 1daux2 = 1

daux2 = 0

daux2 = 0

Figure 5.3: The qZSI presented as a continuous-time automaton.

5.2.4 Steady-State Analysis

At steady-state operation, and according to the inductor volt-second balance, the average volt-
age of the inductors is zero over one time windowT1 = n1Ts, with n1 ∈ N

+. Note that
T1 ≈ 1/fsw, with fsw being theaverage switching frequency3. Therefore, the voltages of the ca-
pacitorsC1 andC2, vC1 andvC2, respectively, as well as the currentsiL1 andiL2 of the inductors
L1 andL2, respectively, are deduced as follows, assuming thatC1 = C2 andL1 = L2.

vC1 =
1− d

1− 2d
vin , vC2 =

d

1− 2d
vin , (5.9a)

iL1 = iL2 =
1− d

1− 2d
iload , (5.9b)

whereiload is the load current as shown in Figure 5.2(a). Theaverage shoot-through duty cycle
of the qZSId ∈ [0, 0.5) is defined as

d =
T0

T1

=
n0Ts

n1Ts

=
n0

n1

, (5.10)

whereT0 is the time interval within the time windowT1 for which the load is short-circuited,
i.e. the shoot-through time interval, andn0 < n1

2
, n0 ∈ N

+. Moreover, the peak value of the
dc-link voltage during the non-shoot-through period is

v̂dc = vC1 + vC2 =
1

1− 2d
vin = bvin (5.11)

whereb ≥ 1 is the boost factor resulting from the shoot-through period.

3With MPC the switching frequency is variable and theaverage switching frequency is used to indicate the
operating switching frequency of the converter.
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5.2.5 Boundary Output Current

The output powerPo of the qZSI can be calculated by

Po = 3 vo io cosϕ , (5.12)

wherevo (io) is the output voltage (current) andcosϕ is the system power factor. For the qZSI
vo can be written as

vo =
1

2
√
2
m v̂dc =

1

2
√
2

1

1− 2d
mvin , (5.13)

wherem is the inverter modulation index,d is theaverage shoot-through duty cycle, and̂vdc

denotes the peak dc-link voltage, see the appendix in [112].Considering that the simple boost
control method is used (also utilized with PI control [25]),m can be expressed byd, i.e.m =
1− d. This results in

vo =
1

2
√
2

1− d

1− 2d
vin (5.14)

Then,

Po =
3

2
√
2

1− d

1− 2d
vin io cosϕ (5.15)

The boost functionbf can be deduced from (5.15) as

bf =
1− d

1− 2d
=

2
√
2

3

Po

vin io cosϕ
(5.16)

If bf > 1, then the shoot-through duty cycled is more than zero which means that the converter
should work in boost mode in order to generate the required output current. On the other hand,
bf ≤ 1 indicates that the converter should work in buck mode. The output power can also be
computed byPo = 3 i2o R. Thus, the currentio,bnd that defines the boundary between the two
modes can be written as

io,bnd =
vin cosϕ

2
√
2R

. (5.17)

5.2.6 Internal Control Model

Using forward Euler approximation the continuous-time model derived in Section 5.2.3 is dis-
cretized. Note that Forward Euler approximation is adequately precise when a sampling interval
of one to two tens of microseconds is used. For larger sampling intervals, exact discretization
should be used instead. Hence, the resulting state-space model of the qZSI in the discrete-time
domain is of the form

x(k + 1) = Ax(k) +Buabc(k) +Dw(k) (5.18a)

y(k) = Cx(k) , (5.18b)
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Figure 5.4: Direct model predictive control with referencetracking for the qZSI.

with A = (F + I)Ts, B = GTs, D = HTs andC = E. Moreover,I denotes the identity
matrix,Ts is the sampling interval, andk ∈ N.

5.3 Direct Model Predictive Current Control

5.3.1 Control Objectives

For the qZSI, the control objective is twofold. First, the output currentio should accurately
track its reference valueio,ref. In addition, the inductor currentiL1 and the capacitor voltage
vC1 should be regulated along their reference trajectoriesiL1,ref and vC1,ref, derived from an
outer loop based on a power balance equation. Moreover, the switching losses are to be kept
relatively low, which can be achieved indirectly by controlling the switching frequency. As
mentioned before, theaverage switching frequency is controlled with direct MPC. For simplic-
ity, the wordaverage is dropped in the remainder of the dissertation. Finally, during transients,
the above-mentioned controlled variables should reach their desired values as fast and with as
little overshoot as possible.

5.3.2 Controller Block Diagram

The block diagram of the proposed direct predictive controller with current reference tracking
is illustrated in Figure 5.4. As can be seen, the desirable system performance is achieved by
directly manipulating the inverter switches, without the presence of a modulator. The proposed
MPC algorithm first computes the evolution of the plant over the prediction horizon (i.e. the tra-
jectories of the variables of concern) based on the measurements of the output current, inductor
current, and capacitor voltage. Following, the optimal control action (i.e. the switching signals)
is chosen by minimizing a performance criterion in real time.

5.3.3 Optimal Control Problem

At time-stepk, the cost function that penalizes the error of the output variables and the switching
effort over the finite prediction horizon ofN time steps is written as
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J(k) =
k+N−1
∑

ℓ=k

||yref(ℓ+ 1|k)− y(ℓ+ 1|k)||2Q + ||∆uabc(ℓ|k)||2R . (5.19)

In (5.19)yref ∈ R
4 is a vector encompassing the reference values of the controlled variables (the

output current, inductor current, and capacitor voltage),i.e.yref = [io,α,ref io,β,ref iL1,ref vC1,ref]
T .

Moreover, the term∆uabc(k) = uabc(k)− uabc(k − 1) is added to control the inverter switch-
ing frequency by penalizing the switching transitions. Finally, the diagonal, positive semidef-
inite matricesQ andR ∈ R

4×4 are the weighting matrices4 that set the trade-off between the
overall tracking accuracy and the switching frequency. Note that the diagonal entries ofQ are
chosen such that the tracking accuracy among the three output variables is prioritized. More
specifically, priority is given to the output current by penalizing the corresponding error more
heavily. This is achieved by choosing larger values for the corresponding diagonal entries inQ.
This implies that when more weight is put into the tracking ofthe output current reference, then
the trade-off between the overall tracking accuracy and theswitching frequency is simplified
to the trade-off between the output current THD and the switching frequency of the converter,
given by

fsw = lim
M→∞

1

MTs

· 1
6

M−1
∑

ℓ=0

1

2

(

||uabc(ℓ)− uabc(ℓ− 1)||1 + ||ūabc(ℓ)− ūabc(ℓ− 1)||1
)

. (5.20)

According to (5.20), the switching frequency is computed bycounting the number ofon switch-
ing transitions over a time interval and by dividing this number by the lengthMTs of that in-
terval. Theaverage switching frequency is then obtained by averaging over the6 controllable
switches of the converter. Note that the first term of the summation ||uabc(ℓ)− uabc(ℓ− 1)||1
would suffice if and only if the switches in phasex ∈ {a, b, c} changed position in a complemen-
tary manner, i.e. when the upper switch was on the lower was off (ux = 1 → ūx = 0), and vice
versa (ux = 0 → ūx = 1). However, since both switches in any phase leg can be simultaneously
on, the second term of the summation, i.e.||ūabc(ℓ)− ūabc(ℓ− 1)||1, with ūabc = [ūa ūb ūc]

T ,
is added so that the switching transitions during the shoot-through state are also considered;
the caseux = ūx = 1 is not concealed. By introducing this term, though, the on transitions are
counted twice (once with each term). To compensate for that,the summation is divided by2.

The optimal sequence of control actions is then computed by minimizing the cost func-
tion (5.19) over the optimization variable, i.e. the switching sequence over the prediction hori-
zonU (k) = [uT

abc(k) u
T
abc(k + 1) . . .uT

abc(k +N − 1)]T , i.e.

minimize
U(k)

J(k)

subject to eq. (5.18)

U (k) ∈ U .

(5.21)

with U = U3N . Having found the optimal switching sequenceU ∗(k), only its first element
u∗

abc(k) is applied to the qZSI, whereas the rest are discarded. At thenext time-stepk + 1, the

4The squared norm weighted with the positive (semi)definite matrixW is given by||ξ||2
W

= ξTWξ.
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k + 1

k + 2

. . .. . .. . .. . .. . .. . .

. . .. . .

Figure 5.5: A search tree example for the integer optimization problem (5.21) assuming a two-
step prediction horizon. Note that when the buck mode is considered, each parent node has
seven children nodes, whereas there are eight children nodes per parent node for the boost
mode. Therefore, the number of leaf nodes (i.e. candidate switching sequencesU ) is 7N and
8N for the buck and boost mode, respectively, withN being the number of the prediction steps.

whole procedure is repeated with updated measurements overa one-step shifted horizon, as the
receding horizon policy dictates [44].

5.3.4 Reducing the Computational Complexity

Problem (5.21) is in general computationally demanding dueto the integer nature of the opti-
mization variable. As already mentioned, its computational complexity increases exponentially
with its size, i.e. the total number of candidate solutions for the problem under examination is
8N . Therefore, it is likely that a relatively long prediction horizon—required for an improved
system performance—would result in a problem that is computationally intractable. To reduce
the increased computational burden and to manage to solve the underlying optimization prob-
lem (5.21) in real time in a matter of a few microseconds, heuristics and approximations are
adopted in this work.

5.3.4.1 Branch-and-Bound Algorithm

First, a branch-and-bound algorithm is implemented [110].A depth-first search is performed
on the generated search tree, (see Figure 5.5), the branchesof which are the elements of the
candidate solutions of (5.21), i.e. the elementsuabc(ℓ), ∀ ℓ = k, . . . , k+N − 1 of the switching
sequencesU (k). Hence, the optimal solution is found by exploring each branch of the search
tree as far as possible, i.e. until reaching a dead end or the bottom level, where backtracking
occurs to explore unvisited nodes in higher levels. Having computed a good upper bound as
soon as possible, then suboptimal branches can be pruned at the early stages of the search pro-
cess, thus reducing the number of the candidate solutions. Furthermore, a branching heuristic
is employed to warm-start the optimization procedure by starting from a “promising” branch,
i.e. a branch that would lead to a tight upper bound. In particular, the first explored branch of
the tree is the shifted by one time step previous solutionU ∗(k − 1)—in accordance with the
receding horizon policy—concatenated with the last control actionu∗(k +N − 2).
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5.3.4.2 Move Blocking Technique

To further reduce the computations required, while keepingthe prediction horizon long enough,
a move blocking technique [111], is utilized in this work. The main idea of this technique is
to split the prediction horizon into two segments,N1 andN2, where the total number of pre-
diction steps isN = N1 + N2, with N1, N2 ∈ N

+. The first part of the horizonN1 is finely
sampled with the sampling intervalTs, while the second partN2 is sampled more coarsely with
a multiple ofTs, i.e. withT ′

s = nsTs, wherens ∈ N
+. This results in a total prediction inter-

val of N1Ts +N2T
′
s = (N1 + nsN2)Ts, thus, an adequate long prediction horizon is achieved

using a few number of prediction steps [49, 54]. Using this technique, and in combination
with the aforementioned branch-and-bound strategy, the calculation efforts can be dramatically
decreased as shown in Section 5.5.

5.3.5 Proposed Control Algorithm

In order to show how the overall control strategy works, the proposed direct MPC algorithm for
the qZSI is described in Algorithm 1. The initial values of the arguments areU = [ ], i.e. the
empty vector,x(ℓ) = x(k),uabc(ℓ−1) = uabc(k−1), J = 0, J∗ = ∞, ℓ = k, andm = 0. Note
that functionf is the state-update function (5.18a), where the subscripts1 and2 correspond to
the two different sampling intervals being used (Ts andT ′

s), respectively, as explained in the
move blocking strategy in Section 5.3.4.

Algorithm 1 MPC algorithm
function U ∗(k) = MPC(U ,x(ℓ),uabc(ℓ− 1), J, J∗, ℓ,m)

for eachuabc(ℓ) ∈ U do
U3m+1:3(m+1) = uabc(ℓ)
if ℓ < k +N1 then

x(ℓ+ 1) = f1(x(ℓ),uabc(ℓ))
else

x(ℓ+ 1) = f2(x(ℓ),uabc(ℓ))
end if
yerr(ℓ+ 1) = yref(ℓ+ 1)− y(ℓ+ 1)
∆uabc(ℓ) = uabc(ℓ)− uabc(ℓ− 1)
J = J + ||yerr(ℓ+ 1)||2Q + ||∆uabc(ℓ)||2R
if J < J∗ then

if ℓ < k +N − 1 then
MPC(U ,x(ℓ+ 1),uabc(ℓ), J, J

∗, ℓ+ 1,m+ 1)
else

J∗ = J
U ∗(k) = U

end if
end if

end for
end function
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Figure 5.6: Linear control with PWM for the qZSI.

5.4 Conventional PI-Based Controller With PWM

Before evaluating the performance of the proposed MPC-based current control scheme, and
for comparison purposes, a well-established linear controller is also implemented, see [18, 23,
24] and references therein. The block diagram is depicted inFigure 5.6. As can be seen, PI
controllers are used on each side of the qZSI. The aim of the dc-side controller is to boost the
dc-link voltage. To achieve this, the dc-side controller issubdivided into two cascaded control
loops. In order to have a fair comparison with the proposed MPC strategy, PI controllers are
used to control both the capacitor voltage and the inductor current of the dc side. The outer
loop—the voltage controller—regulates the capacitor voltagevC1 by adjusting the reference of
the inductor currentiL1,ref. The inner loop, i.e. the current controller, regulates theinductor
currentiL1 by manipulating the shoot-through duty cycled. On the ac side, the PI controller
manipulates the inverter modulation indexm in order to achieve tracking of the output current
reference.

In a last step the shoot-through duty cycled and the modulation indexm are fed into the PWM
block which generates the switching signals. As for the PWM techniques for the qZSI, there
are three different methods in the literature: simple boostcontrol, maximum boost control, and
maximum constant boost control [12, 81, 113]. In this work, the simple boost control method
combined with THI is implemented because it introduces constant shoot-through duty cycle
which in turn results in lower inductor current ripples.

5.5 Simulation Results

To investigate the performance of the proposed MPC scheme for the qZSI in both buck and
boost modes, several simulations using Matlab/Simulink have been conducted. The system
parameters arevin = 70V, L1 = L2 = 1mH, C1 = C2 = 480µF, R = 10Ω, andL =
10mH. Based on the desired output power(Po,ref = 540W), the output current referenceio,ref
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(

=
√

2Po,ref

3R

)

is set to6A, while the inductor current reference is equal to7.7A (iL1,ref =

Po,ref/vin). In order to calculate the capacitor voltage reference, the following derivation is used.
First, the output powerPo of the qZSI can be calculated by

Po =
3

2
v̂o îo cosϕ , (5.22)

wherev̂o (̂io) is the peak output voltage (current) andcosϕ is the system power factor which
can be calculated from the load impedance. Thus,v̂o can be written as

v̂o =
2Po

3 îo cosϕ
, (5.23)

Using the output power and current reference values and based on the load value (Po,ref, io,ref,
and theRL load), the desired peak value of the output voltage isv̂o = 64V. In order not to
affect the sinusoidal waveform of the output current and to prevent the interacting between the
dc and ac sides, the capacitor voltage referencevC1,ref should be greater than double the required
peak output voltage [24]. Consequently, the capacitor voltage reference is chosen to be equal
to 150V, i.e. vC1,ref = 2.3 · v̂o. In the remainder of this chapter the capacitor voltage reference
is kept fixed at the aforementioned value in order to keep the peak dc-link voltage constant at
230V, see (5.11).

For the scenarios examined below, the converter operates atthe desired switching frequency
fsw ≈ 5 kHZ, by settingQ = diag(1, 1, 0.1, 0.02) andR = λuI in (5.19), whereλu > 0 is
appropriately chosen, by exploring the trade-off betweenλu and the switching frequencyfsw,
as shown in Figure 5.7. The sampling interval is chosen asTs = 25µs.

5.5.1 Steady-State Performance

First, the effect of the prediction horizon length on the system performance is examined. The
THD of the output currentIo,THD is used as a performance metric. This is considered as a
meaningful and informative metric during steady-sate operation since it quantifies the tracking
performance of the controller.

Table 5.1 summarizes the output current THDIo,THD produced by the presented MPC current
controller in both buck and boost operation modes. Note thatMPC with a prediction horizon
of length1Ts corresponds to the existing and established one-step horizon MPC. Regardless of
the prediction horizon length, the converter operates at a switching frequency offsw ≈ 5 kHz.
This is done by manipulating the weighting matrixR in the cost function (5.19).

As can be seen in Table 5.1, when longer prediction intervalsare implemented the closed-loop
system performance can be significantly improved. In particular, it can be observed that even a
prediction interval of4Ts can be considered long enough to achieve a noteworthy reduction in
the current THD.

To further assess the performance of the proposed MPC strategy, the linear controller pre-
sented in Section 5.4 is examined. Again, the converter operates at a switching frequency of
5 kHz and under the same input/output operating conditions. It is found that the output current
THD value is8.30% in boost mode. The current THD of the proposed MPC with a prediction
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Figure 5.7: The effect of the weighting factor (λu) on the switching frequency for the MPC with
different prediction horizons (1Ts, 3Ts, 5Ts, and8Ts). The measurements are shown as (red)
asterisks, (blue) downward-pointing triangles, (green) upward-pointing triangles, and (magenta)
stars, referring to individual simulation results, when the system was controlled with MPC
with prediction horizon intervals of1Ts, 3Ts, 5Ts and8Ts, respectively. The data points were
approximated using a second degree polynomial.

Table 5.1: Output current THD produced by the proposed MPC scheme depending on the length
of the prediction horizon. The switching frequency is approximately5 kHz.

Length of Prediction Current THDIo,THD%

HorizonNTs Buck Mode Boost Mode

1Ts 13.40 16.09

2Ts 10.06 11.80

3Ts 6.03 6.52

4Ts 4.88 5.01

5Ts 3.45 3.65

6Ts 2.20 2.34

7Ts 1.83 1.99

8Ts 1.29 1.46

interval of3Ts (6.52%, see Table 5.1) is lower than the one with the PI-based controller. These
results confirm that long-horizon MPC definitely leads to better performance than the one with
the conventional PI control.

In a next step, the trade-off between the current THD and the switching frequency is in-
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Figure 5.8: The effect of the weighting factor (λu) on the switching frequency and the output
current THD for the MPC with different prediction horizons (1Ts, 5Ts, and8Ts).

vestigated. The switching frequency of the qZSI varies fromfsw = 3 to fsw = 15 kHz by
changing the value of the weighting factorλu, while keeping the entries ofQ constant. For
each switching frequency, the resultingIo,THD is recorded. The three-dimensional graphs that
show the relationship among the weighting factor (λu), switching frequency (fsw), and output
current THD for MPC with different prediction horizons are shown in Figure 5.8.

To further investigate the trade-off between the current THD and the switching frequency, the
MPC algorithm is implemented with four different prediction horizon lengths (1Ts, 3Ts, 5Ts,
and8Ts). For comparison purposes, the respective THD values produced by the linear controller
are also included. The individual simulations—indicated by markers—are approximated by
second and third degree polynomials in Figures 5.9(a) and 5.9(b), respectively.

Figure 5.9(a) verifies that long-prediction horizon MPC canremarkably decrease the current
THD, especially when the switching frequency is relativelylow. For example, at a switching
frequency offsw = 3 kHz, the current THD of the MPC with1Ts prediction horizon isIo,THD =
19.23%. However, the THD highly reduces to3.15% with an8Ts prediction horizon. On the
other hand, when higher switching frequencies are considered, the improvement in the current
THD is still present. Furthermore, based on Figure 5.9(a) itcan be concluded that MPC with
a prediction interval of3Ts achieves a lower current THD than the PI-based control, and when
the prediction interval extends to8Ts, it notably outperforms it.

This can also be observed in Figure 5.9(b), where therelative current THD (δTHD%) of the
MPC strategy with the aforementioned prediction lengths isdepicted versus the same range of
switching frequencies. The relative current THD of the MPC is normalized to the THD resulting
from the PI-based control and given in percent according to the following expression [108]

δTHD =
THDMPC − THDPI

THDPI
· 100%. (5.24)

Figure 5.9(b) shows that the current THD produced by MPC with1Ts horizon is higher by
up to100% for switching frequencies around7 kHz, compared to that of a PI-based controller.
Increasing the prediction horizon length to8Ts, the MPC produces currents with reduced THD
values by about70− 80% for switching frequencies between3 and15 kHz. These results point
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Figure 5.9: Trade-off between the output current THDIo,THD and the switching frequencyfsw

for the PI-based controller and the MPC with different prediction horizon intervals of1Ts, 3Ts,
5Ts, and8Ts. The data points in (a) were approximated using a second degree polynomial;
those in (b) were approximated by a polynomial function of third order.

out that using MPC with longer horizon effectively improvesthe performance of the qZSI and
introduces better behavior than the traditional PI control.

5.5.2 Discussion on Stability

As mentioned in Section 5.1, the qZSI is a nonminimum system.More specifically, assuming
a linearized model, the shoot-through duty cycle-to-capacitor voltage transfer function contains
a right half-plane zero, implying that the sign of the gain isnot always positive. Physically,
this means that the system exhibits a reverse-response behavior during transients. For example,
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Figure 5.10: Simulation results for a step change in the output current reference with MPC and
a1Ts prediction horizon length.

when the output power demands increase then the ac side needsto be instantaneously short
circuited for a non-negligible time for the dc-link voltageto remain at the desired level. This
prolonged short-circuit situation of the ac side (which canbe interpreted as an instantaneous in-
crease in the shoot-through duty cycle) causes the capacitor voltage to initially drop and diverge
from its reference value. A controller should be able to bring the voltage back to its predefined
value in order to keep the system stable. As far as MPC is concerned, this means that the pre-
diction horizon should be long enough, so that the controller can accurately predict the whole
phenomenon and “see” beyond the initial voltage drop.

In order to show how long-horizon MPC can ensure stability under conditions single-step
MPC fails to do, the following scenario is examined. The desired output power is stepped
up at t = 20ms fromPo,ref = 135 to 1215W. Accordingly, the output current reference is
changed from3 to 9A and the inductor current reference from1.9 to 17.4A (see beginning
of Section 5.5); for this test the capacitor voltage reference is kept fixed at150V. The qZSI is
controlled with MPC with prediction intervals equal to1Ts and5Ts. The simulation results are
shown in Figures 5.10 and 5.11, respectively. In both cases the switching frequency is set to
approximately5 kHz.

As can be seen in Figures 5.10 and 5.11, before the demanded output power change the
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Figure 5.11: Simulation results for a step change in the output current reference with MPC and
a5Ts prediction horizon length.

system behaves almost the same, regardless of the length of the prediction horizon. Nonetheless,
MPC with a prediction interval of5Ts produces lower current THD than single-step horizon
MPC, as expected and explained in Section 5.5.1. When the step change occurs att = 20ms,
MPC with horizon of1Ts fails to track the reference values of the dc- and ac-side variables,
see Figure 5.10. On the other hand, long-horizon MPC managesto follow the changes in the
reference values of the controlled variables and eliminates the resulting errors as fast as possible.

From the above-shown results it can be understood that short-horizon MPC fails to predict
beyond the initial capacitor voltage drop. Thus, it computes a plan of control actions that is
suboptimal; this plan does not suffice to bring the system back to steady-state operation after
its initial reverse response; consequently it becomes unstable. Long-horizon MPC, however,
manages to keep the system stable. The controller predicts within the5Ts prediction horizon
both the voltage drop at the beginning of the transient as well as its subsequent increase, and
thus picks the corresponding sequence of control actions that achieve this.

5.5.3 Robustness Against Parameters Variation

MPC, as a model-based control strategy, relies on an accuratemodel of the examined system
in order to come up with the best possible plan of control actions. MPC schemes for power
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Figure 5.12: Simulation results for MPC and a5Ts prediction horizon length whenR of theRL
load is reduced by50%.

electronics, though, are typically highly robust. The accuracy of the predictions is high since
the models used in power electronics are fairly accurate, atleast compared to other disciplines.
Moreover, the receding horizon policy in MPC adds feedback and provides MPC with a high
degree of robustness to model mismatches and disturbances.To verify this argument, in this
section, the impact of parameter variations on the system performance is examined when MPC
with a5Ts prediction length is implemented.

In the first case, the resistive partR of theRL load is halved; at timet = 20 ms the resistorR
is changed from10 to5Ω. The simulation results for the three controlled variables(the capacitor
voltage, inductor current, and output current) are shown inFigure 5.12. As can be seen, the three
variables track their references effectively. However, the output current distortions become
higher; the THD increases from3.65% to 4.39%, see Figure 5.12(c). In addition, the capacitor
voltage and inductor current exhibit slightly higher ripples, see Figures 5.12(a) and 5.12(b),
respectively.

In the second test, the qZS network inductances (L1 andL2) are changed from their nominal
values of1000mH to 500mH. The simulation results for both sides are shown in Figure5.13.
As can be observed in Figure 5.13(c), the output current remains unaffected by this change on
the dc side, since its THD is marginally increased by2.3%. On the dc side, although the ripples
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Figure 5.13: Simulation results for MPC and a5Ts prediction horizon length whenL1 andL2

of the qZS network are reduced by50%.

of the capacitor voltage and the inductor current are more pronounced, the controlled variables
are still regulated along their references and a zero steady-state error is achieved. These results
confirm that—thanks to the receding horizon policy—MPC withlong-horizon remains robust
to parameter variations in the underlying prediction model.

5.5.4 Computational Burden

Since an increased prediction horizon entails a subsequentincrease in the computational com-
plexity of the MPC algorithm, the latter is investigated in this section. This is done in terms of
the complete switching sequencesU and the nodes being evaluated at each time-step to obtain
the optimal solution.

Tables 5.2 and 5.3 show the average and the maximum number of the sequencesµ and nodes
ν examined as a function of the length of the prediction horizon when the qZSI operates in
buck and boost mode, respectively. To highlight the computational efficiency of the proposed
MPC algorithm, the number of the switching sequences evaluated with the exhaustive enumer-
ation algorithm—typically used in the field of power electronics to solve MPC problems of the
form (5.21) [45]—is also presented.

As can be seen, thanks to the branch-and-bound scheme and themove blocking strategy, the
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GY Table 5.2: Buck mode: Average and maximum numbers of examinedswitching sequencesµ and nodesν depending on the length of the
prediction horizon.

Length of Prediction
Exhaustive Search Proposed MPC Strategy

Horizon

NTs = (N1 + nsN2)Ts N1 +N2 µ ν N1 +N2 avg(µ) avg(ν) max(µ) max(ν)

1Ts 1 + 0 7 7 1 + 0 7 7 7 7

2Ts 2 + 0 49 56 2 + 0 14 23.8 21 28

3Ts 3 + 0 343 399 1 + 1 18.9 27.8 28 35

4Ts 4 + 0 2,401 2,800 2 + 1 29.2 43.5 49 63

5Ts 5 + 0 16,807 19,607 1 + 2 47 53.6 70 84

6Ts 6 + 0 117,649 137,256 2 + 2 59.3 68.6 84 91

7Ts 7 + 0 832,543 960,799 1 + 3 66.8 80.2 98 105

8Ts 8 + 0 5,764,801 6,725,600 2 + 3 79.2 93.1 112 126

Table 5.3: Boost mode: Average and maximum numbers of examined switching sequencesµ and nodesν depending on the length of the
prediction horizon.

Length of Prediction
Exhaustive Search Proposed MPC Strategy

Horizon

NTs = (N1 + nsN2)Ts N1 +N2 µ ν N1 +N2 avg(µ) avg(ν) max(µ) max(ν)

1Ts 1 + 0 8 8 1 + 0 8 8 8 8

2Ts 2 + 0 64 72 2 + 0 16.4 25.3 24 32

3Ts 3 + 0 512 584 1 + 1 23.2 33.4 32 44

4Ts 4 + 0 4,096 4,680 2 + 1 41.7 56.2 64 87

5Ts 5 + 0 32,768 37,448 1 + 2 56.5 75.9 80 100

6Ts 6 + 0 262,144 299,592 2 + 2 78.1 99.6 104 126

7Ts 7 + 0 2,097,152 2,396,744 1 + 3 84.6 111.4 112 147

8Ts 8 + 0 16,777,216 19,173,960 2 + 3 114.2 153.8 152 188
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number of examined sequences is significantly reduced. For instance, for a prediction horizon
of 6Ts total length (by settingN1 = 2, N2 = 2, ns = 2 in the move blocking scheme, see
Section 5.3.4) the maximum number of sequences—which is of importance for a real-time
implementation since it corresponds to the worst-case scenario—is reduced by about99.96%. In
addition, the maximum number of the visited nodes is reducedby about99.95%. The significant
reduction in the required calculations enables the proposed MPC to be implemented in real time
as shown in Section 5.6.

5.6 Experimental Evaluation

Experiments for the qZSI with both the proposed MPC scheme and the linear PI-based con-
troller were carried out in the laboratory. The system parameters are the same as in Section 5.5.
The controllers were implemented on a low-cost, low-power field programmable logic array
(FPGA) Cyclone III-EP3C40Q240C8. To compensate for the time delay introduced by the
MPC controller, a delay compensation strategy is applied [114]. For more details about the test
bench, please refer to appendix C.

5.6.1 Steady-State Operation

The first scenario examined is that of the steady-state behavior of the qZSI when operated at
a switching frequency of≈ 5 kHz, as computed over50 fundamental periods, i.e. by setting
M = 40,000 in (5.20). As far as the MPC scheme is concerned, two different prediction
horizon lengths are tested, i.e.1Ts and5Ts, with the weighting factorλu being0.42 and0.75,
respectively, in order to achieve the desired switching frequency (see Figure 5.7).

Considering the parameters of the PI controllers, they are tuned such that no steady-state
error appears when operating under nominal conditions, while current regulation with as little
overshoot as possible is achieved. By using the concept of averaging, the closed-loop transfer
function of the linearized system is first derived (see [24,37]), and then by utilizing the Routh-
Hurwitz stability criterion, the parameters of the PI controllers chosen. Therefore, the gains of
the dc-side controllers are chosen to bekpc = 0.008 andkic = 0.05 for the outer PI voltage
control loop andkpi = 0.03 andkii = 0.2 for the inner PI current control loop. As for the
ac-side, the control parameters are chosen askp1 = kp2 = 0.05 andki1 = ki2 = 30.

The experimental results obtained with the MPC are shown in Figures 5.14 and 5.15, whereas
those produced by the PI control are illustrated in Figure 5.16.

With regard to the dc side, it can be observed that the inductor current accurately tracks its
reference in all cases examined (Figures 5.14(b), 5.15(b),and 5.16(b)), resulting in a boosted
capacitor voltagevC1 = 150V (Figures 5.14(a), 5.15(a), and 5.16(a)) and a peak dc-linkvoltage
of v̂dc = 230V (Figures 5.14(c), 5.15(c), and 5.16(c)). Regardless of theprediction horizon,
the MPC shows good steady-state behavior with low inductor current ripples. On the other
hand, the inductor current and capacitor voltage ripples are slightly higher with the PI-based
controller.

On the ac side of the converter, the tracking accuracy of the proposed controller is not affected
by the shoot-through state as can be seen in Figures 5.14(d) and 5.15(d) where the three-phase
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Figure 5.14: Experimental results with MPC and an1Ts prediction horizon length. The sam-
pling interval isTs = 25µs andλu = 0.42. The switching frequency isfsw ≈ 5 kHz and the
output current THDIo,THD = 17.05%.
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Figure 5.15: Experimental results of with MPC and a5Ts prediction horizon length. The sam-
pling interval isTs = 25µs andλu = 0.75. The switching frequency isfsw ≈ 5 kHz and the
output current THDIo,THD = 4.65%.
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Figure 5.16: Experimental results with PI-based control. The switching frequency isfsw =
5 kHz and the output current THDIo,THD = 8.95%.
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Figure 5.17: Trade-off between the output current THDIo,THD and the switching frequencyfsw

for the PI-based controller and the MPC with prediction horizon length of1Ts, 3Ts and5Ts.

output currents are depicted along with their references. Furthermore, the MPC with a5Ts

prediction interval produces THDIo,THD = 4.65% (see Figure 5.15(e)), significantly lower
than the one resulting from the1Ts horizon MPC, which is17.05% (see Figure 5.14(e)). This
confirms that increasing the prediction horizon improves the system performance as far as the
output current THD is concerned, as also shown in Section 5.5. With the PI-based controller
the current THD is8.95% (see Figure 5.16(e)) which is notably higher than that of theMPC
with horizon length5Ts. These results are in line with the simulation ones.

It can be concluded that the overall performance of the qZSI is improved with MPC when a
longer horizon is used. By utilizing the branch-and-bound and move blocking techniques, the
computationally burden is reduced and the MPC algorithm canbe successfully implemented
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Figure 5.18: Experimental results for a step change in the output current reference with MPC
and a5Ts prediction horizon length.

in the FPGA. Without adding any outer loops that would complicate the controller design, the
proposed MPC algorithm outperforms the PI-based controller.

5.6.2 Current THD and Switching Frequency

Some experiments were conducted to study the trade-off between the current THD and the
switching frequency of the proposed MPC strategy with prediction intervals equal to1Ts, 3Ts,
and5Ts. For all cases examined,λu was appropriately tuned to obtain the desired switching
frequency.

The results with the MPC and the PI-based controller are illustrated in Figure 5.17(a). Among
the different prediction horizons, it can be noticed that the MPC with a5Ts horizon introduces
the lowest THD values over the whole range of the switching frequencies (from3 up to15 kHz).
As can be seen, the resulting THD is lower than that produced by the linear controller (see
Figure 5.17(a)). Moreover, Figure 5.17(b) displays the relative current THD. It can be concluded
that the experimental results are in agreement with the respective simulation results presented
in Section 5.5.1.
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Figure 5.19: Experimental results for a step change in the output current reference with a PI-
based controller.

5.6.3 Transient Response

The transient response of the proposed MPC strategy is examined with a5Ts horizon and a
switching frequency of5 kHz. Again, for comparison purposes the transient performance of the
PI-based controller is also scrutinized. The transient operation is examined in three cases: with
step change in the output current reference, step change in the input dc voltage, and when the
converter switch from buck to boost mode.

5.6.3.1 Step Change in the Output Current Reference

In this experiment, the desired output powerPo,ref is stepped up from135 to 540W, thus the
output current reference is stepped up from3A to 6A. Accordingly, the inductor current refer-
ence changes from1.9A to 7.7A (iL1,ref = Po,ref/vin). The dc- and ac-side results with the MPC
are shown in Figure 5.18, whereas the respective results with the linear controller are shown in
Figure 5.19.

As can be seen in Figure 5.18(b), when MPC is employed, the inductor current tracks its
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Figure 5.20: Experimental results for a step change in the input dc voltage with MPC and a5Ts

prediction horizon length.

reference both before and after the change in its reference value. Moreover, the capacitor voltage
is kept constant to its reference value of150V (see Figure 5.18(a)). It can be claimed that the
proposed MPC offers a very good transient response with veryshort settling times for both the
capacitor voltage and the inductor current. The dc side of the qZSI shows a good transient
response when controlled with the linear control scheme, aswell, see Figure 5.19. However, in
comparison with the proposed MPC, the PI-based controller shows slower transient response.

As for the ac side of the qZSI, both MPC and PI manage to eliminate the steady-state error
(Figures 5.18(c) and 5.19(c)). Nonetheless, MPC exhibits superior behavior during the tran-
sient.

5.6.3.2 Step Change in the Input dc Voltage

As previously mentioned, the qZSI proposes an attractive solution for the PV systems. In such
a case, the resulting dc voltage from the PV is not constant, since it can change with the tem-
perature and the solar radiation level during the day. In order to examine the performance of
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Figure 5.21: Experimental results for a step change in the input dc voltage with a PI-based
controller.

the proposed MPC strategy under such conditions, the input voltage is stepped up from70V
to 100V, while keeping the output current reference fixed at6A and the capacitor voltage ref-
erence at150V. In accordance with these settings, the inductor current reference changes from
7.7A to 5.4A, whereiL1,ref = Po,ref/vin. The results of MPC and PI control are shown in Figures
5.20 and 5.21, respectively.

As can be seen in Figure 5.20(a), the capacitor voltage remains practically unaffected by
this change in the input voltage, with only a small overshootobserved, whereas the inductor
current quickly reaches its new reference value, see Figure5.20(b). The effectiveness of the
proposed MPC is also verified by the ac-side result (Figure 5.20(c)); as can be seen the output
current exhibits very small fluctuations during the transient time. When the PI controller is
employed, the ac-side response, shown in Figure 5.20(c), iscomparable with the one of the
proposed MPC in terms of the time the transients lasts. However, the capacitor voltage displays
a double overshoot and it takes longer time to return to its reference value, Figure 5.21(a).
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Figure 5.22: Experimental results for a step change in the output current reference (from buck
to boost mode) with MPC and a5Ts prediction horizon length.

5.6.3.3 Buck to Boost Mode Transition

In this test, the output current is stepped up from2A (buck mode) to4A (boost mode). Ac-
cordingly, the inductor current reference changes from1.8A to 4.5A. The experimental dc- and
ac-side results are shown in Figure 5.22.

As can be seen in Figure 5.22(a), the inductor current tracksits reference both before and
after the change in its reference value, i.e. both in buck andboost mode, see also Figure 5.23(a)
where the transient is depicted in more detail. This is thanks to the discrete-time model of
the converter, derived in Section 5.2, which allows for the controller to accurately predict the
system behavior not only over a limited range of operating points, but rather over the whole
operating regime.
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Figure 5.23: Zoomed-in experimental results of Figure 5.22.

As for the ac-side, MPC manages to eliminate the steady-state error (Figures 5.22(c)), with a
very short transient time as shown in Figure 5.23(b).

From the presented analysis, it can be concluded that the proposed long-horizon MPC has
superior tracking abilities for all variables of concern, while it introduces zero steady-state
error, low current THD, and very short transient times. These characteristics indicate an overall
performance improvement of the qZSI.

5.7 Summary

This chapter proposes a long-horizon direct model predictive current control scheme for the
quasi-Z-source inverter connected with anRL load. To achieve an improved system perfor-
mance, as quantified by the output current THD, as well as to ensure closed-loop stability, while
controlling the switching frequency, long prediction horizons are required. However, in such
a case enumeration of all candidate solutions becomes computationally prohibitive. To solve
the underlying optimization problem in real time, a nontrivial prediction horizon—as resulted
from a move blocking scheme—is implemented which, combinedwith a branch-and-bound
technique, allows to keep the computational burden modest.The proposed techniques facilitate
the implementation of a long-horizon MPC in an FPGA.

The simulation and the experimental results verify the superior performance of long-
prediction horizon MPC when compared to the existing one-step horizon MPC as well as
to the established linear PI-based controller. More specifically, the proposed long-horizon di-
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rect MPC exhibits better steady-state behavior with lower output current THD, while, at the
same time, it shows a much faster dynamic response on both sides of the qZSI.
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CHAPTER 6

Direct Model Predictive Voltage Control Strategy

This chapter presents a direct model predictive voltage control strategy for an UPS systems,
consisting of a quasi-Z-source inverter connected to a linear/nonlinear load via an intermediate
LC filter. To address time-varying and unknown loads as well as to reduce the number of
measurement sensors required, a Kalman observer is added toestimate the load current.

6.1 Motivation

Considering the complexity of a UPS system consisting of a qZSI, an LC filter, and a (lin-
ear/nonlinear) load as well as the advantages of the MPC, thischapter presents an MPC strategy
for such applications. The main objective of the controlleris to track the reference output volt-
age under any type of load (linear or nonlinear). Note that MPC for the qZSI has been examined
in [71,103,105,112,115]. In these works, however, MPC is designed as a current controller, i.e.
the main control objective is the regulation of the load current to its reference value. Moreover,
in all cases examined a linear (RL) load is considered. Hence, a voltage-mode MPC strategy
for the qZSI with any type of load has yet to be investigated. At the same time, the control
scheme aims to regulate the dc-side variables (the capacitor voltage and the inductor current) to
their demanded values. To achieve these control goals, a model of the system is derived that ac-
curately predicts its behavior over the whole operating regime. To deal with unknown loads as
well as to reduce the hardware cost, a Kalman observer is designed which accurately estimates
the load current based on the measured inverter current and output voltage.

To investigate the steady-state and dynamic performance ofthe proposed MPC algorithm,
experimental work is conducted based on an FPGA. Finally, tohighlight the benefits of the
presented method, the outcomes of the experiments are compared with those resulted from a
conventional linear voltage control scheme based on PI controllers.

This chapter is organized as follows. In Section 6.2, the mathematical model of the qZSI is
derived. A Kalman observer for the output current is designed in Section 6.3. Next, the proposed
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Figure 6.1: The quasi-Z-source inverter (qZSI) connected with anLC filter and a load.

MPC strategy is described in Section 6.4, whereas the conventional PI-based control scheme is
outlined in Section 6.5. In Section 6.6, the experimental results are presented. Section 6.7 draws
conclusions.

6.2 Mathematical Model

The configuration of the system under discussion is presented in Figure 6.1. It consists of a qZS
network, a two-level VSI, anLC filter, and a load. Note that the model introduced in chapter
5 is different from the one which is presented here as the circuit configurations are different,
compare Figures 5.1 and 6.1.

As previously mentioned, the qZSI operates as the conventional VSI in the so-called non-
shoot-through state (NST), see Figure 5.2(a) in chapter 5, thus the possible switch positions are
eight with six of them being the so-called active states and two the zero states. However, the
qZSI can operate in an additional state called shoot-through state (Figure 5.2(b) in chapter 5).
In that state—besides the above-mentioned switch positions—an additional switch position is
introduced that allows at least one phase leg of the inverterto be short circuited. Thanks to that
additional switch position, the converter is able to boost the input voltagevin to the required
dc-link voltage levelvdc.

Consequently, the qZSI has two modes of operation, i.e. the buck and the boost mode; in buck
mode the converter operates as the conventional two-level VSI (based on the non-shoot-through
switching states that are used with the conventional VSI), whereas in boost mode the qZSI
introduces two operation states, namely the shoot-throughand the non-shoot-through state, see
Figure 5.2.

Again to simplify the computations, the variables in the analysis that follows are expressed
in the stationary orthogonal system(αβ) instead of the three-phase system(abc), i.e. ξαβ =
Kξabc, whereK is the Clarke transformation matrix .

The system states include the output voltage (load voltage)and the inverter current of the ac
side as well as the inductor currents and the capacitor voltages of the dc side. Thus, the state
vector is
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x = [vo,α vo,β iinv,α iinv,β iL1 iL2 vC1 vC2 ]
T ∈ R

8 . (6.1)

The three-phase switch positionuabc ∈ U3 is considered the input to the system, where
uabc = [ua ub uc]

T andU = {0, 1}. Moreover, the output variables include the output voltage,
the inductor current, and the capacitor voltage, i.e.

y = [vo,α vo,β iL1 vC1 ]
T ∈ R

4 . (6.2)

Finally, the load current and the input voltage are treated as disturbances to the system, i.e.

w = [io,α io,β vin]
T ∈ R

3 . (6.3)

The full model of the system configuration, shown in Figure 6.1, can be derived by consider-
ing the different operating modes and states of the qZSI. Thederived models are then combined
in one model which precisely describes the system behavior over the whole operating range.

6.2.1 Boost Mode Operation

As previously stated, the qZSI in boost mode operation has two types of switching states; non-
shoot-through and shoot-through state. The correspondingmodel for each state will be sepa-
rately derived as follows.

6.2.1.1 Non-Shoot-Through State

During the non-shoot-through state (Figure 5.2(a)), the diode is forward-biased, thus the input
voltage source and the inductors charge the capacitors and supply energy to the load. The
converter model is given by

dx(t)

dt
= F1x(t) +Guabc(t) +Hw(t) (6.4a)

y(t) = Ex(t) , (6.4b)

where
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and

G = v̂dc
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,

with Lf (Cf ) being the output filter inductance (capacitance), andL1 (C1) are the inductance
(capacitance) of the qZS network. Moreover,v̂dc is the peak dc-link voltage (see Section 5.2.4).

6.2.1.2 Shoot-Through State

As shown in Figure 5.2(b), in the shoot-through state the input voltage source and the capacitors
charge the inductors, while the diode is cut-off. The systemat the this state is described by the
following expression

dx(t)

dt
= F2x(t) +Guabc(t) +Hw(t) (6.5a)

y(t) = Ex(t) , (6.5b)

where
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6.2.2 Buck Mode Operation

In buck mode, the qZSI operates as the conventional VSI. Thus, only the ac side of qZSI is
considered for the system model as follows

dx(t)

dt
= F3x(t) +Guabc(t) (6.6a)

y(t) = Ex(t) , (6.6b)

where the only nonzero entries ofF3 areF3(1,3) = F3(2,4) = 1/Cf andF3(3,1) = F3(4,2) =
−1/Lf .

6.2.3 Continuous-Time Model

In order to derive an universal model that captures the different modes and states of the qZSI,
as given by (6.4), (6.5), and (6.6), two auxiliary binary variablesd́aux1 andd́aux2 are introduced.
The first variabled́aux1 designates the state at which the converter operates in boost mode, i.e.

d́aux1 =

{

0 if non-shoot-through state

1 if shoot-through state
. (6.7)

The second variablédaux2 denotes the operation mode of the converter, i.e.

d́aux2 =

{

0 if buck mode

1 if boost mode
. (6.8)

The transition from buck to boost mode (and vice versa) depends on whether the capacitor
voltage reference (vC1,ref) becomes greater (less) than the input dc voltage (vin). When the
capacitor voltage reference is higher than the input dc voltage, then the converter operates in
boost mode, otherwise it works in buck mode.

Considering the defined variables in (6.7) and (6.8) with the derived models (6.4), (6.5)
and (6.6), the full model of the converter can be expressed by

dx(t)

dt
= Fx(t) +Guabc(t) + d́aux2Hw(t) (6.9a)

y(t) = Ex(t) , (6.9b)

whereF = Fa + d́aux2Fb, with Fa = F3 and
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.

6.2.4 Discrete-Time Model

The continuous-time model (6.9) is discretized by using forward Euler approximation. Conse-
quently, the discrete-time model of the qZSI is defined as

x(k + 1) = Ax(k) +Buabc(k) +Dw(k) (6.10a)

y(k) = Cx(k) , (6.10b)

whereA = (F + I)Ts, B = GTs, D = HTs andC = E. Moreover,I denotes the identity
matrix,Ts is the sampling interval, andk ∈ N.

6.3 Kalman Observer for the Output current

In order to reduce the hardware cost as well as to address loadvariations, the output current
io is not directly measured, but it is rather estimated by an observer. That observer could be a
very simple one, i.e. one based on the prediction of the output voltagevo as given by (6.10a).
However, such an estimation scheme is susceptible to measurement noise as will be shown in
Section 6.6. Therefore, a Kalman observer is implemented instead which estimates the output
current without deteriorating the system performance. Note that the design of the estimation
loop presented hereafter is motivated by [50].

First of all, the output current needs to be augmented to the output filter model. To do so, the
output current is assumed to be constant since it changes slowly compared with the sampling
interval. Subsequently,

dio
dt

= 0 . (6.11)
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Hence, the observer model can be written as

dxo(t)

dt
= Foxo(t) +Gouabc(t) (6.12a)

yo(t) = Eoxo(t) (6.12b)

The observer model includes the output voltage, the inverter current, and the output current as
state variables, i.e.xo = [vo,α vo,β iinv,α iinv,β io,α io,β]

T ∈ R
6. In addition, the output vector

consists of the output voltage and the inverter current, i.e. yo = [vo,α vo,β iinv,α iinv,β]
T ∈ R

4.
The matricesFo, Go, andEo of the observer model are
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and

Go = v̂dc
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It is worthwhile to mention that the Kalman observer is designed based on the discrete-time
model of the system [116]. Consequently, using forward Eulerapproximation, the observer
model in (6.12) is discretized. The resulting discrete-time state-space representation is given by
the following equations.

xo(k + 1) = Aoxo(k) +Bouabc(k) + ζ(k) (6.13a)

yo(k) = Coxo(k) + υ(k) , (6.13b)

whereAo = (Fo+I)Ts, Bo = GoTs, andCo = Eo. Moreover,ζ(k) = [ζ1(k) . . . ζ6(k)]
T ∈ R

6

andυ(k) = [υ1(k) . . . υ4(k)]
T ∈ R

4 represent the process and measurement noise, respectively.
For simplicity, they are assumed to be independent and with normal probability distributions,
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Figure 6.2: Model predictive voltage control strategy for the qZSI.

i.e.p(ζ) ∼ N(0,Z) andp(υ) ∼ N(0,Υ), where the covariance matricesZ andΥ are assumed
to be constant. Hence, (6.13) can be rewritten as

x̂o(k + 1) = Aox̂o(k) +Bouabc(k) +L (yo(k)− ŷo(k)) (6.14a)

ŷo(k) = Cox̂o(k) , (6.14b)

wherex̂o(k) andŷo(k) are the estimated state and output vectors, respectively, andL (yo(k)−
ŷo(k)) is the Kalman correcting term, withL being the Kalman gain which is computed off-
line [116,117].

6.4 Direct Model Predictive Voltage Control

Figure 6.2 shows the block diagram of the proposed voltage-mode MPC strategy. Based on the
model of the converter (see (6.10)) the system state at stepk + 1 is computed for all admissible
switch positionsuabc. The predicted values are calculated based on the present measurements
and estimates of the ac side (i.e. the output voltage, the inverter current, and the output current)
as well as on the measurements of the dc side (the inductor current and the capacitor voltage).
The switch position (i.e. the switching signals) that results in the best system performance, as
quantified by a to-be-minimized cost function, is then determined anddirectly applied to the
converter.

6.4.1 Control Objectives

The main control objective of the proposed MPC approach is toaccurately regulate the output
voltagevo along its reference valuevo,ref. In addition, the capacitor voltagevC1 and the induc-
tor currentiL1 should track their reference trajectories in order to successfully boost the input
voltage to the desired dc-link voltage. These objectives have to be met while the switching
frequency of the converter is kept relatively low to avoid excessive switching losses.
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Figure 6.3: Linear voltage control scheme based on PI controllers for the qZSI.

6.4.2 Optimal Control Problem

Based on the aforementioned objectives two terms are introduced. The first term relates to
the output tracking error, i.e.yref − y, with yref = [vo,α,ref vo,β,ref iL1,ref vC1,ref]

T ∈ R
4, while the

second term, i.e.∆uabc(k) = uabc(k)− uabc(k − 1), is associated with the switching effort and
it is added to control the inverter switching frequency by penalizing the switching transitions.
As a result, the cost function is

J(k) = ||yref(k + 1)− y(k + 1)||2Q + λu||∆uabc(k)||2 . (6.15)

In (6.15), the diagonal positive semidefinite matrixQ ∈ R
4×4 and the weighting factorλu >

0 are added to adjust the trade-off between the system tracking accuracy and the switching
frequency.

Taking into account the system model (6.10) and the cost function (6.15), the following
optimization problem is formulated and solved in real time at time-stepk.

minimize
uabc

J(k)

subject to eq. (6.10).
(6.16)

The solutionu∗
abc to problem (6.16) is then applied to the converter at time-stepk + 1. At the

next time-step, the whole procedure is repeated with updated measurements and estimates.

6.5 Conventional PI-Based Controller With PWM

In order to evaluate and compare the performance of the proposed MPC scheme, a linear PI-
based control for the qZSI is implemented as shown in Figure 6.3. Multi-loop PI-based con-
trollers are used on each side of the qZSI. The dc-side PI controller aims to regulate the capacitor
voltagevC1 and the inductor currentiL1 of the qZS network by controlling the shoot-through
duty cycled. On the ac side, the controller manipulates the inverter modulation indexm in
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Table 6.1: System Parameters
Parameter Value

Input voltagevin 150V
qZS inductancesL1, L2 1mH
qZS capacitancesC1, C2 480µF

OutputLC filter 10mH, 50µF
RL load 20Ω, 2.5mH

PWM carrier frequency 5 kHz
Sampling intervalTs 20µs

order to control the output voltage. To eliminate the steady-state error on the ac side, the con-
troller is designed in the rotatingdq frame, see Figure 6.3. Hence, a phase-locked loop (PLL)
is used to compute the instantaneous angular positionθ of the output voltage required for the
transformation from theabc to thedq frame, and vice versa.

Both the shoot-through duty cycled and the modulation indexm are delivered to the pulse
width modulation (PWM) block in order to generate the switching signals.

6.6 Experimental Evaluation

To evaluate the performance of the proposed MPC strategy andthe traditional PI-based con-
troller for the qZSI configuration (Figure 6.1), several experiments were carried out in the lab-
oratory. The system parameters are shown in Table 6.1. Both controllers were implemented on
an FPGA Cyclone III-EP3C40Q240C8. For more details about the test bench, please refer to
appendix C.

The output voltage referencevo,ref was set to100V. In order not to affect the sinusoidal wave-
form of the output voltage and prevent the interacting between the ac and dc side, the capacitor
voltage referencevC1,ref should be higher than double the output voltage reference [24]. Hence,
the capacitor voltage reference was chosen to be220V (i.e. vC1,ref = 2.2 · vo,ref). Based on
the required output power(Po,ref), the inductor current reference was computed according to
iL1,ref = Po,ref/vin. For all MPC experiments shown below, the qZSI was operated at a switch-
ing frequency of approximatelyfsw ≈ 5 kHz by choosingQ = diag(1, 1, 0.8, 0.3) and by
appropriately tuningλu in function (6.15). For a fair comparison, the carrier frequency of the
PWM for the PI-based control was set to5 kHz.

6.6.1 Steady-State Operation

The first case to be examined is that of the qZSI connected to a linearRL load, withR = 20Ω
andL = 2.5mH. In a next step, the system behavior is investigated when anonlinear load is
used instead.
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Figure 6.4: Experimental results of the qZSI with MPC for anRL load. Ts = 20µs and
fsw = 5 kHz.



114 CHAPTER 6. DIRECT MODEL PREDICTIVE VOLTAGE CONTROL STRATEGY

Time [ms]
0 10 20 30 40

0

2

4

6

8

10

220

240

100

200

200

300

Inductor currentiL1 in [A]

Capacitor voltagevC1 and its reference in [V]

Dc-link voltagevdc in [V]

(a) dc side

Time [ms]
0 10 20 30 40

0

0

0

2.5

2.5

−2.5

−2.5

−5

−5

50

−50

−100

5

5

100

Three-phase output voltagevoin [V]

Three-phase inverter currentiinv in [A]

Three-phase output currentio in [A]

(b) ac side

Figure 6.5: Experimental results of the qZSI with PI-based control for RL load. Ts = 20µs
andfsw = 5 kHz.
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Figure 6.6: Three-phase estimated output currentio,es in [A].

6.6.1.1 Linear Load

The experimental results of the dc and ac side of MPC and PI controllers with the linear load
are shown in Figures 6.4 and 6.5, respectively. As observed in Figures 6.4(a) and 6.5(a), both
control techniques manage to accurately regulate the inductor current and the capacitor voltage
along their references. As a result, a capacitor voltage ofvC1 = 220V is achieved, while
the dc-link voltage is boosted to the value ofv̂dc = 290V. These results are in line with the
theoretical analysis presented in Section 5.2.4. Althoughboth controllers have a good steady-
state behavior, MPC produces lower current and voltage ripples than the linear controller.

With regard to the ac side, Figures 6.4(b) and 6.5(b) show that the output voltage follows its
sinusoidal reference waveform. MPC produces an output voltage with1.35% total harmonic
distortion (THD), whereas the linear control scheme with1.82% THD. It should be pointed out
that, for the examined case, the MPC algorithm is augmented by an estimation scheme based
on a Kalman observer. The presented results indicate that MPC manages to control both sides
of the qZSI with better overall steady-state performance than the linear PI control.

To demonstrate the effectiveness of the Kalman observer, the output current as estimated by
the Kalman observer and the simple estimation scheme—mentioned in Section 6.3—is shown
in Figure 6.6. As can be seen, the Kalman observer is less sensitive to noise and thus it can more
accurately reconstruct the output current. This remark is also verified by Figure 6.7; with the
Kalman observer the THD of the output voltage is1.35%, i.e. less than that produced with the
simple estimation scheme (1.99%). Moreover, the voltage spectrum of the linear controller is
illustrated in Figure 6.8. As can be observed, this scheme produces lower output voltage THD
than that of MPC with the simple estimation scheme. However,MPC with the Kalman observer
outperforms the conventional linear controller.

Therefore it can be concluded, that the designed estimationloop does not deteriorate the
performance of the MPC algorithm, but, on the contrary, it allows MPC to clearly demonstrate
its benefits to come in surface.
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Figure 6.7: Output voltage spectrum (%) with MPC based on the output current estimation.
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Figure 6.8: Output voltage spectrum (%) with PI-based control: voltage THD= 1.82%.

6.6.1.2 Nonlinear Load

The proposed MPC strategy is examined with a nonlinear load consisting of a diode-bridge
rectifier, anCL filter, and anRL load, see Figure 4.6 in chapter 4. The dc- and ac-side results
are shown in Figure 6.9. The inductor current and the capacitor voltage effectively track their
references (see Figure 6.9(a)) which in turn results in a fixed boosted dc-link voltage. Although
the output current is not a sinusoidal waveform, MPC is capable of producing a sinusoidal
output voltage with relatively low harmonic content (THD =2.75%, see Figure 6.9(b)). These
results indicate that MPC manages to control the output voltage of the qZSI under both linear
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Figure 6.9: Experimental results of the qZSI with MPC for nonlinear load. Ts = 20µs and
fsw = 5 kHz. The voltage THD =2.75%.
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Figure 6.10: Average switching frequency and output voltage THD analysis.

and nonlinear loads, which makes it an excellent candidate for UPS systems.

It is noteworthy to point out that the linear controller in its current form, as shown in Fig-
ure 6.3, does not work properly when a nonlinear load is considered. The main reason is that
the harmonics of the output side need to be compensated for inthe controller design. In this
case, the designed PR controller in chapter 4 could be an interesting alternative.

6.6.1.3 Voltage THD and Switching Frequency

In this section the trade-off between the switching frequency and the resulting output voltage
THD is examined. Before doing so, though, the relationship between the weighting factorλu

in (6.15) and the converter average switching frequency when controlled with MPC is first
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examined. The characteristic that indicates how the average switching frequency changes with
λu is shown in Figure 6.10(a).

Figure 6.10(b) shows the relationship between the switching frequency and the voltage THD
produced by (a) the linear controller, (b) MPC with the simple estimation scheme, and (c) MPC
with the Kalman observer. As can be seen, the voltage THD can be roughly described by a
hyperbolic function of the switching frequency. Although the linear controller produces lower
voltage THD at low switching frequencies (2 and3 kHz) than MPC, the voltage THD produced
by the latter approach are lower for a wider range of switching frequencies (5− 16 kHz). It can
also be observed that in terms of voltage THD, MPC with the Kalman observer outperforms
MPC with the simple estimation scheme over the whole operating range.

6.6.2 Operation During Transients

The transient performance of the proposed MPC strategy and the PI-based controller are tested
with a linearRL load. The reference value of the output voltage is kept constant to100V,
regardless of the load value. In this test, the load is step changed from no load to full load
(20Ω, 2.5mH), and vice versa, while keeping the input voltage constant at150V.

Since the output voltage reference is fixed, the capacitor voltage reference is also kept fixed.
However, the inductor current reference is changed according to the required output power.
Thus, the controller aims to keep both the output voltage andthe capacitor voltage constant as
well as to track the inductor current reference.

6.6.2.1 No to Full Load

First, a step-up change in the load is considered. At time instant t ≈ 10ms the load changes
from no load to full load. Figures 6.11 and 6.13 show the experimental results with MPC and
the linear PI controller, respectively.

As can be seen in Figure 6.11(a), the inductor current with MPC quickly reaches its new
demanded value in2ms, with no overshoots. Moreover, the capacitor voltage effectively re-
mains constant at220V, with small deviations during the transient. The results with the linear
PI controller for the same scenario are shown in Figure 6.13(a). Although the converter settles
at the new operating point, the transient lasts significantly longer compared with MPC, i.e. the
settling time is about22.5ms.

As for the ac side, both MPC and the PI-based controller manage to effectively adjust the
output voltage to its reference value after the load step change occurs, see Figures 6.11(b)
and 6.13(b), respectively. As can be seen, the proposed control algorithm again exhibits faster
dynamic behavior. The presented results indicate the ability of the proposed MPC to effectively
control both sides of the qZSI simultaneously and with shorttransient times.
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Figure 6.11: Experimental results of the qZSI with the MPC under load step change (no to full
load).Ts = 20µs.

6.6.2.2 Full to No Load

Next, the load changes from full load to no load att ≈ 15ms. The results with MPC and the PI
controller are shown in Figures 6.13 and 6.14, respectively.
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Figure 6.12: Experimental results of the qZSI with the PI control under load step change (no to
full load).

As can be observed, when MPC is employed, the inductor current instantaneously decreases
to reach its new nominal value, see 6.13(a). As for the capacitor voltage, this is not affected by
the load change and remains equal to its reference value. On the other hand, when a PI-based
controller is considered, the settling time increases as can be observed in 6.14(a). When, the
step-down change occurs, it takes about35ms for the inductor current to reach its reference



122 CHAPTER 6. DIRECT MODEL PREDICTIVE VOLTAGE CONTROL STRATEGY

Time [ms]
0 10 20 30 40

0

4

6

2

8

10

210

220

230

240

200

Inductor currentiL1 and its reference in [A]

Capacitor voltagevC1 and its reference in [V]

(a) dc-side

Time [ms]
0 10 20 30 40

0

0

0

2.5

2.5

−2.5

−2.5

−5

−5

50

−50

−100

5

5

100

Three-phase output voltagevo in [V]

Three-phase inverter currentiinv in [A]

Three-phase output currentio in [A]

(b) ac-side

Figure 6.13: Experimental results of the qZSI with the MPC under load step change (full to no
load).Ts = 20µs.

value. Moreover, an overshoot in the output voltage (> 50V) is observed (see Figure 6.14(b))
which is not desirable when UPS systems are targeted. Note that—as in the previous case—the
PI parameters are tuned such that any stability issues are avoided.
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Figure 6.14: Experimental results of the qZSI with the PI control under load step change (full
to no load).

Based on the previous discussions, it can be emphasized that the proposed MPC introduces an
attractive control technique for both sides of the qZSI under load change with shorter transient
times and less current ripples than the traditional PI-based control.
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6.7 Summary

This chapter presents a voltage-mode finite control set model predictive control (FCS-MPC)
strategy for UPS applications. The system under consideration consists of a qZSI connected to
a linear/nonlinear load via an intermediateLC filter. MPC manages to simultaneously control
both sides of the converter by appropriately manipulating its switches. On the dc side, the
capacitor voltage and the inductor current of the qZS network are the controlled variables, while
the output voltage of theLC filter is regulated on the ac side. To reduce the hardware costas
well as to address load variations an estimation scheme based on a Kalman observer is added
which appears to be immune to noise.

Experimental results based on an FPGA are included to demonstrate the potential advantages
of the proposed strategy. Based on the presented results, it can be concluded that the proposed
MPC method not only exhibits better dynamic behavior than a conventional linear controller
with shorter settling times, but also it produces lower voltage THD and thus it shows better
performance at steady-state operating conditions.
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CHAPTER 7

Variable Switching Point Predictive Current
Control

This chapter presents a variable switching point predictive current control (VSP2CC) for the
quasi-Z-source inverter. The proposed VSP2CC aims to regulate the current on the ac side
as well as the inductor current and capacitor voltage of the quasi-Z-source network. Unlike
the previously presented MPC strategies for the qZSI, with the proposed control scheme the
optimal switch position can be changed at any time instant within the sampling interval. By
doing so, the shoot-through state can be applied for a shorter time than the sampling interval
which in turn results in lower output and inductor currents ripples.

7.1 Motivation

Due to its fast dynamic response, implementation simplicity, and ability to handle multiple
control objectives, MPC has proved to be an effective control algorithm for the qZSI [71, 105,
112, 115, 118]. In this strategy, based on the control objectives (the regulation of the output
current, inductor current, and capacitor voltage to their reference values as well as control of
the switching frequency), an optimization problem is formulated and solved to find the optimal
control action (switch position). However, the solution tothe optimization problem underlying
MPC is applied for at least one sampling interval. This implies that the shoot-though state can
be applied for more than one sampling interval. Consequently, when the converter operates at
low switching frequency, the shoot-through state is applied for a long time. This leads to high
inductor current ripples and output current THD.

Recently, some techniques have been proposed that include a “modulator” to the MPC
scheme, with a goal to reduce the ripples of the variables of interest (e.g. current, torque, flux,
etc.) [119–124]. This is done by formulating an optimization problem, the solution to which is
the time instant within the sampling interval where the switches of the converter should change
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Figure 7.1: Topology of the quasi-Z-source inverter (qZSI).

state in order for the ripples of concern to be minimized. As aresult, the switch positions that
could lead to high ripples are applied for less time than withconventional MPC, resulting in an
overall improved system performance.

Motivated by the advantages of the aforementioned approaches, this paper proposes a variable
switching point predictive current control (VSP2CC) for the qZSI. In addition to the above-
mentioned control objectives, the proposed scheme aims to reduce the output and inductor
currents ripples by changing the switch position at any point within the sampling interval, thus,
reducing the time the shoot-through state is applied. The performance of the proposed scheme is
experimentally investigated based on an FPGA. The proposedmethod results in lower inductor
current ripples and output current THD compared to the conventional MPC when operating the
converter at the same switching frequency.

The chapter is structured as follows. Section 7.2 introduces the system description. The
proposed VSP2CC strategy is presented in Section 7.3. In Section 7.4, experimental results are
provided and discussed. Finally, the chapter is summarizedin Section 7.5.

7.2 System Description

The system under discussion, consisting of a quasi-Z-source (qZS) network, two-level three-
phase inverter, and anRL load, is shown in Figure 7.1. Depending on the switching state,
the qZSI operates in two different switching modes; shoot-through and non-shoot-through state
(active or zero state). The full model of the system configuration is introduced before in chapter
5. To compute the predictions of the variables of interest, the discrete-time model of the qZSI,
derived in Chapter5, is utilized.

The resulting discrete-time state-space model of the system under discussion is given by

x(k + 1) = Ax(k) +Buabc(k) +Dw(k) (7.1a)

y(k) = Cx(k) , (7.1b)
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with A = (F + I)Ts, B = GTs, D = HTs andC = E. Moreover,I denotes the identity
matrix, Ts is the sampling interval, andk ∈ N. This model is utilized to predict the future
behavior of the qZSI.

7.3 Variable Switching Point Predictive Current Control

7.3.1 Control Objective

The main objective of the proposed VSP2CC strategy is to regulate the output current, inductor
current, and capacitor voltage along their reference values. In addition, the switching frequency
is to be kept relatively low in order to reduce the switching losses. Moreover, the output current
ripples are to be minimized. To achieve these goals, the control algorithm calculates the variable
switching point (VSP) at which the optimal switch position should be applied. The VSP is
calculated such that the squared rms current error of the output current is minimized.

7.3.2 Proposed Control Algorithm

As mentioned, the VSPtz, i.e. tz ∈ [0, Ts) is calculated based on the minimization of the
squared rms error of the output current, wheretz = n

(k)
intzTs, with n

(k)
intz ∈ [0, 1) being the nor-

malized time instant between the time-stepsk andk + 1. Figure 7.2 shows the main concept of
VSP where the slopes of bothα andβ currents are assumed to be constant over one sampling
interval. Accordingly, the squared rms current error (erms2) is given by

erms2 =
1

Ts

(
∫ tz

0

(

iαβ,ref − iαβ(t,uabc(k))
)2

dt+

∫ Ts

tz

(

iαβ,ref − iαβ(t,uabc(k + n
(k)
intz))

)2
dt

)

, (7.2)
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whereiαβ,ref is theαβ current reference. Moreover,iαβ(t,uabc(k)) andiαβ(t,uabc(k+n
(k)
intz)) are

the output currents resulting from the applied switch position and candidate switch positions,
respectively, withz ∈ {1, 2, · · · , 8} denoting the corresponding switch position. Note that
Figure 7.2 shows the current slopes resulting from the applied switch position (i.e.mα1, mβ1)
and only one of the candidate switch positions (i.e.mα2z

, mβ2z
).

In order to minimize (7.2), its derivative is set equal to zero. This yields

tz =
(2 iαβ0 − 2 iαβ,ref + Ts mαβ2z

)(mαβ2z
−mαβ1)

(2mαβ1 −mαβ2z
)(mαβ1 −mαβ2z

)
(7.3)

whereiαβ0 denotes the measuredαβ currents at time-stepk (see Figure 7.2). In addition,
mαβ1 = [mα1 mβ1 ]

T andmαβ2z
= [mα2z

mβ2z
]T are the slopes of the currentsiαβ(t,uabc(k))

andiαβ(t,uabc(k + n
(k)
intz)), respectively.

The following algorithm, executed at time-stepk, is used to calculate the VSP with the cor-
responding optimal switch position.

Step 1:First, it is assumed that the switch positionuabc(k−1+n
(k−1)
int ) applied at time instant

(k− 1+n
(k−1)
int )Ts is also applied at time-stepk. Then, by using the system model (7.1) and the

measured output current, the predicted output current at stepk + 1 (iαβ(k + 1)) is computed.
Hence, the first current slopes can be given by

mαβ1 =
iαβ(k + 1)− iαβ(k)

Ts

. (7.4)

Step 2: Then, the predicted output current is recomputed assuming that the switch position
at time-stepk, i.e.uabc(k), can be anyone of the eight possibilities (six active states, one zero
state, and one shoot-through state). Then, the possible current slopes are calculated as

mαβ2z
=

iαβz
(k + 1)− iαβ(k)

Ts

. (7.5)

Using the current slopes in (7.4) and (7.5), the VSP (7.3) canbe calculated.

Step 3: Based on the computed VSP, the predictions of the state and output variables are
computed at two different time instances. The first predictions are computed atk+ n

(k)
intz , where

tz is used instead ofTs in (7.1). For the second set of predictions atk + 1, the time interval
(Ts − tz) is used.

Step 4: Next, a cost function is formulated as follows

J(k) =
∑

ξ∈S

(

||yref − y(k + ξ|k)||2Q
)

+ λu||∆uabc(k|k)||22 , (7.6)

with S = {nint, 1} andyref = [io,α,ref io,β,ref iL1,ref vC1,ref]
T . The second term is added to adjust

the switching frequency of the converter, where∆uabc(k) = uabc(k)− uabc(k − 1). Moreover,
the weighting factorλu and the diagonal positive semidefinite weighting matrixQ ∈ R

4×4
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Figure 7.3: Variable switching point predictive current control for the qZSI.

are added to set the trade-off between the tracking performance and the converter switching
frequency.

Then, in order to find the optimal switch position and the corresponding VSP, the following
optimization problem is solved in real time

minimize
uabc

J(k)

subject to eq. (7.1).
(7.7)

This yields the pairU ∗(k) =
{

u∗
abc(k + nint), n

∗(k)
int

}

.

Finally, a modulator is used to apply the final switching signals to the converter. The modu-
lator is working on a higher sampling frequency than the one of the MPC algorithm itself. The
modulator first outputs the previously applied switch position uabc(k − 1 + n

(k−1)
int ) until time

instanttz. Subsequently, it applies the new optimal switch postionu∗
abc(knint) until the end of

the sampling interval. At the next time-stepk + 1, the control procedure is repeated with new
measurements. The block diagram of VSP2CC for the qZSI is shown in Figure 7.3.

7.4 Experimental Results

To examine the performance of the proposed VSP2CC strategy for the qZSI configuration,
shown in Figure 7.1, experiments were conducted in the laboratory. For the sake of comparison,
the conventional MPC is also investigated [105]. Both control algorithms are implemented on
an FPGA Cyclone III-EP3C40Q240C8. For more details about the test bench, please refer to
appendix C.

To compensate for the time delay introduced by the proposed and conventional algorithm, a
delay compensation strategy is applied [114]. Concerning the computational demand, VSP2CC
needs higher calculation time than the conventional MPC. Forinstance, the conventional MPC
algorithms is executed in3µs, while the proposed VSP2CC requires5µs. By using an FPGA,
both algorithms can be efficiently implemented.
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Figure 7.4: The effect of the weighting factor (λu) on the switching frequency for both conven-
tional MPC and VSP2CC.

The system parameters arevin = 70V, L1 = L2 = 1mH, C1 = C2 = 480µF, R = 10Ω,
andL = 10mH. According to the desired output power(Po,ref = 315W), the output current
referenceio,ref is set to4A, while the inductor current reference is equal to4.5A (iL1,ref =
Po,ref/vin). In order to keep the peak dc-link voltagev̂dc at180V, the capacitor voltage reference
vC1,ref is set to120V, see the steady-state analysis in Section 5.2.4. The sampling interval used
for the VSP2CC algorithm isTs = 25µs, while it isTsm = 0.25µs for the modulator block.

Furthermore, the converter operates at the desired switching frequencyfsw, by adjustingQ
andλu in (7.6). Figure 7.4 shows how the weighting factorλu affects the operating switching
frequency of the converter with both the conventional MPC and proposed VSP2CC schemes.

7.4.1 Steady-State Operation

The steady-state response of the qZSI is examined with the proposed VSP2CC and the con-
ventional MPC. The operating average switching frequency isadjusted tofsw ≈ 3.4 kHz for
both controllers by settingλu in (7.6) as0.75 and2.6 with VSP2CC and conventional MPC,
respectively.

The experimental results for VSP2CC and conventional MPC are shown in Figures 7.5 and
7.6, respectively. As can be seen, the dc-side variables effectively track their reference values
in both examined cases. The capacitor voltages (Figures 7.5(a) and 7.6(a)) and the inductor
currents (Figures 7.5(b) and 7.6(b)) are regulated along their reference values resulting in the
desired peak dc-link voltage of180V (Figures 7.5(c) and 7.6(c)). Although both controllers
introduce zero steady-state error for both dc quantities, VSP2CC produces inductor current of
about50% less ripple than the conventional MPC.

As for the ac side, Figures 7.5(d) and 7.6(d) show that the output current accurately tracks
its reference with both VSP2CC and conventional MPC. However, VSP2CC produces output
current THD of4.21%, notably lower than the THD with the conventional MPC (12.49%), see
Figures 7.5(e) and 7.6(e).
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Figure 7.5: Experimental results of the dc and ac side of the qZSI with the VSP2CC. The
sampling interval isTs = 25µs and the switching frequency isfsw ≈ 3.4 kHz.
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Figure 7.6: Experimental results of the dc and ac side of the qZSI with the conventional MPC.
The sampling interval isTs = 25µs and the switching frequency isfsw ≈ 3.4 kHz.
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Furthermore, the trade-off between the output current THD and the switching frequency of
the proposed VSP2CC and the conventional MPC is investigated. In this experiment, λu is ap-
propriately tuned to obtain a wide range of switching frequencies. The results are approximated
by a third degree polynomial and shown in Figure 7.7. As can beobserved, the VSP2CC in-
troduces lower THD values than the conventional MPC over thewhole range of the switching
frequencies.

7.4.2 Transient Response

The transient behavior of the proposed VSP2CC and conventional MPC are scrutinized under a
step change in the output current reference. The output current is stepped up from2A to 4A.
Consequently, the inductor current reference is changed from 1.7A to 4.5A, while the capacitor
voltage reference is kept fixed at120V.

The dc- and ac-side results are shown in Figures 7.8 and 7.9 for VSP2CC and conventional
MPC, respectively. With both control schemes, the capacitorvoltages are well regulated along
their reference values, see Figures 7.8(a) and 7.9(a). Additionally, as can be seen in Fig-
ures 7.8(b) and 7.9(b), the inductor currents track their references both before and after the
step change. Although both control schemes introduce very fast transient response, VSP2CC
shows lower current ripples at both operating points.

As for the ac side, the proposed VSP2CC and conventional MPC achieve zero steady-state
error (Figures 7.8(c) and 7.9(c)) with very short transienttime. It is also clear that VSP2CC
delivers lower output current distortion. This verifies thetheory that if the shoot-through state
is applied for less time than the sampling interval, the inductor and output current ripples (as
quantified by the output current THD) can be significantly reduced. As a result, the performance
of the converter can be considerably improved.
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Figure 7.8: Experimental results of the dc and ac side of the qZSI with VSP2CC under a step-up
change in the output current reference.

7.5 Summary

This chapter presents a variable switching point predictive current control (VSP2CC) for the
quasi-Z-source inverter. The proposed algorithm controlsboth sides of the converter, i.e. the
output current on the ac side as well as the inductor current and capacitor voltage on the dc side.
In order to improve the system behavior, VSP2CC changes the (optimal) state of the switches
at that time instant that results in minimal inductor and output current ripples. By doing so, the
switch position that results in high current ripples (i.e. the shoot-through state) is applied for a
shorter time.

The performance of the proposed method and conventional MPCare experimentally inves-
tigated based on an FPGA. Although the proposed algorithm requires higher calculation time
than the conventional MPC, by using high performance and highoptimized FPGA the imple-
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Figure 7.9: Experimental results of the dc and ac side of the qZSI with conventional MPC under
a step-up change in the output current reference.

mentation of the proposed algorithm is possible. It is shownthat the proposed strategy results
in lower inductor current ripples and less output current THD compared with the conventional
scheme when the converter operates at the same switching frequency.
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CHAPTER 8

Conclusion and Future Outlook

This dissertation has examined some advanced control techniques including direct MPC in or-
der to improve the overall performance and efficiency of the impedance source inverters used
with distributed generation applications. The quasi-Z-source inverter has been utilized in this
dissertation as an attractive example of the impedance source inverters. Nevertheless, the pro-
posed control techniques can be applied on any other topologies of the impedance source in-
verters. All the presented control algorithms have been experimentally validated by a low-cost
and low-power FPGA.

8.1 Conclusion

The work done in this dissertation can be briefly summarized in the following points.

� Chapter3 has conducted a thorough comparison between the quasi-Z-source inverter and
the conventional two-stage inverter is conducted in light of the voltage stress on the in-
verter switches, required active and passive components, steady-state and transient per-
formances, and efficiency.

As it has been shown, the qZSI features lower voltage stress on the switches than the
traditional inverter when the voltage gain is in the range of(1-2). In addition, the exper-
imental results demonstrate that the qZSI exhibits lower output voltage THD and higher
efficiency than the traditional two-stage inverter.

� In chapter4, a proportional-resonant controller has been designed forthe quasi-Z-source
inverter in the stationary referenceαβ frame as an alternative to the conventional PI con-
trol. The main goal has been to improve the quality of the output voltage when the
quasi-Z-source inverter is connected with nonlinear loadsvia an intermediateLC filter as
a UPS system. This has been achieved by compensating for selected low-order harmon-
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ics (5th, 7th, and9th harmonics). Thus, a regulated sinusoidal output voltage has been
obtained not only for linear loads, but also for non-linear loads.

The performance of the proportional-resonant controller with the quasi-Z-source inverter
has been experimentally examined. The experimental results have shown the effective-
ness of the proposed controller both in steady-state and transient operations with both
linear and non-linear loads.

� Chapter5 has proposed a direct MPC—as a current controller—for the quasi-Z-source
inverter connected with anRL load. The proposed MPC strategy simultaneously controls
both sides of the qZSI, namely ac output current on the ac sideas well as the capacitor
voltage and inductor current of the dc side. To improve the closed-loop performance of
the converter a long prediction horizon has been implemented. However, the underlying
optimization problem may become computationally intractable because of the substantial
increase in the computational power demands, which in turn would prevent the imple-
mentation of the control strategy in real time. To overcome this and to solve the problem
in a computationally efficient manner, a branch-and-bound strategy has been used along
with a move blocking scheme. These techniques have facilitated the implementation of a
long-horizon MPC in an FPGA.

The simulation and the experimental results have verified the superior performance of
long-prediction horizon MPC when compared to the existing one-step horizon MPC as
well as to the established linear PI-based controller. Morespecifically, the proposed long-
horizon direct MPC has exhibited better steady-state behavior with lower output current
THD, while, at the same time, it has shown a much faster dynamic response on both sides
of the quasi-Z-source inverter.

� In the6th chapter, a direct MPC—as a voltage controller–has been implemented with the
quasi-Z-source inverter connected with linear or nonlinear loads via an intermediateLC
filter. The proposed MPC strategy simultaneously controls both sides of the converter
by controlling the output voltage of theLC filter as well as the capacitor voltage and
inductor current on the dc side. To address time-varying andunknown loads as well as to
reduce the number of measurement sensors required, a Kalmanobserver has been added
to estimate the load current which appears to be immune to noise.

Based on the presented experimental results, it has been concluded that the proposed
direct MPC method not only exhibits better dynamic behaviorthan a conventional lin-
ear controller with shorter settling times, but also produces lower voltage THD. Thus, it
shows better performance at steady-state operating conditions.

� Finally, chapter7 has presented a variable switching point predictive current control
(VSP2CC) for the quasi-Z-source inverter. The proposed VSP2CC aims to regulate the
current on the ac side as well as the inductor current and capacitor voltage of the quasi-Z-
source network. With the proposed scheme, the chosen (optimal) switch position can be
applied at any time instant within the sampling interval. By doing so, the shoot-through
switching states can be applied for a shorter time period than the sampling interval. This
results in lower output and inductor currents ripples.
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The performance of the proposed method and conventional direct MPC have been exper-
imentally investigated based on an FPGA. As it has been shown, the proposed strategy
results in lower inductor current ripples and less output current THD in comparison with
the conventional direct MPC.

In sum, as has been proved by the experimental results, this dissertation has fulfilled the goals
that have been stated in the introduction by providing robust control algorithms that result in an
overall improvement in the converter performance. Thus, the efficiency of the power electronic
converters utilized for distributed generation application can be increased without increasing the
cost of the hardware. In the end, this results in reliable, robust, and secure distributed generation
systems.

8.2 Future Outlook

Finally, I would like to recommend some suggestions for future endeavors in the following
points.

• In the present work, the proposed control techniques have been applied with two-level
qZSI. However, it can be also applied on other topologies of the ISI without major modi-
fications in the controller software.

• Motivated by the advantages of multi-level inverters, the utilized two-level qZSI can be
extended to a three-level structure that can be effectivelycontrolled by MPC algorithms.

• In this dissertation, a branch-and-bound technique and a move blocking strategy are used
to reduce the computational demand of the proposed long-horizon MPC in order to be
implemented in real time. Accordingly, MPC with 5-step prediction horizon could be
implemented, which results in a remarkable improvement in the system performance. In
order to implement MPC with longer prediction horizon, other optimization techniques
have to be scrutinized to reduce the number of computations required.
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Nomenclature

B.1 List of Symbols

Electrical Variables:

iload Inverter input dc current
iC1, iC2 Quasi-Z-source network capacitor currents
iL1 , iL2 Quasi-Z-source network inductor currents
iL1,ref Inductor current reference
iST Shoot-through current
iinv Output inverter current
io,abc Three-phase output currents
io,es Estimated output current
io,α, io,β Output current in stationary reference frame
iα,ref, iβ,ref Output current reference in stationary reference frame
Id, Iq Output current in rotating reference frame
Id,ref, Iq,ref Output current reference in rotating reference frame
Po Output power
Po,ref Output power reference
vo (io) Output voltage (current)
v̂o (̂io) Peak output voltage (current)
cosϕ Power factor
θ Angular position of output current/voltage
vin Input dc voltage
vC1, vC2 Quasi-Z-source network capacitor voltages
vC1,ref Capacitor voltage reference
vL1 , vL2 Quasi-Z-source network inductor voltages
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vdc Dc-link voltage
v̂dc Peak dc-link voltage
vo,abc Three-phase output voltages
vo,ref Output voltage reference
vo,α, vo,β Output voltage in stationary reference frame
vα,ref, vβ,ref Output voltage reference in stationary reference frame
Vd, Vq Output voltage in rotating reference frame
Vd,ref d-component of output voltage reference

System Parameters:

L1, L2 Quasi-Z-source network inductances
C1, C2 Quasi-Z-source network capacitances
Ls (Cs) dc-dc converter’s inductance (capacitance)
Rs (rs) dc-dc converter’s internal resistance of the inductor (capacitor)
R (r) qZS network’s internal resistance of the inductor (capacitor)
D Diode
R (L) Load resistance (inductance)
Lf (Cf ) Output filter inductance (capacitance)
CL (RL) Filter (load) of the nonlinear load
fsw Switching frequency
m QZSI modulation index
ms Two-stage inverter modulation index
d Shoot-through duty cycle
ds Conduction duty cycle of dc-dc converter switch
b Boost factor
bf Boost function
Q, R Diagonal, positive semidefinite weighting matrices
Io,THD Output current THD
Ts Sampling interval
J(k) Cost function
uabc Three-phase switch position
λu Weighting factor

B.2 Acronyms

A Ampere
AC Alternating current
CPLD Complex programmable logic device
DC Direct current
DG Distribution generation
DMPC Direct Model Predictive Control
DSP Digital signal processing
EV Electric vehicle
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FC Fuel cells
FCS-MPC Finite control set model predictive control
FPGA Field programmable gate array
GPC Generalized predictive control
ISI Impedance source inverter
MBPWM Maximum boost pulse width modulation
MCBPWM Maximum constant boost pulse width modulation
MIMO multiple-input multipule-output
MPC Model predictive control
MPPT Maximum power point tracking
NST Non-shoot-through
P&O Perturb and observe
PI Proportional-integral
PLL Phase-locked loop
PR Proportional-resonant
PSO Particle swarm optimization
PV Photovoltaic
PWM Pulse width modulation
qZSI quasi-Z-source inverter
RESs Renewable energy sources
RHP Right-hlaf plane
s Second
SBPWM Simple boost pulse width modulation
SL qZSI Switched inductor quasi-Z-source inverter
SL ZSI Switched inductor Z-source inverter
SPWM Sinusoidal pulse width modulation
ST Shoot-through
SVPWM Space vector pulse width modulation
THD Total harmonic distortion
THI Third harmonic injection
UPS Uninterruptable power supply
V Volts
VSI Voltage source inverter
VSP Variable switching point
VSP2CC Variable switching point predictive current control
W Watt
ZSI Z-source inverter
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APPENDIX C

Test Bench

The used test bench has been built in the laboratory of the Chair of Electrical Drive Systems and
Power Electronics, Technische Universität München. It includes the power electronic converters
and the real-time control system.

Two kW prototypes of the two-stage inverter (dc-dc boost converter and voltage source in-
verter) and the quasi-Z-source inverter were built. The designed inverter prototypes are shown
in Fig. C.1. The three-phase IGBT bridge Powerex IPM PM300CLA060 module is used for
the qZSI and the VSI. In addition, the Powerex PM300DSA060 switch is utilized for the dc-dc
boost converter. The diodes of the dc-dc converter and the qZS network are represented by
RURG3060.
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Inverter board Three-phase bridge

dc-dc converter

(a) Two-stage inverter.
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(b) Quasi-Z-source inverter.

Figure C.1: Inverter prototypes.

The control system consists of an FPGA board in addition to the CPLD board,12 bit/8 chan-
nels DAC board, and12 bit/4 channels ADC board. The FPGA is Cyclone III-EP3C40Q240C8,
with 39,600 logic elements,126 multipliers, and1,161,216 total RAM bits. The main oper-
ating frequency of the FPGA is20 MHz. However, by utilizing the PLL megafunction, other
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Figure C.2: Test bench schematic diagram.

frequencies can be generated for other control purposes (200 MHz for DA converter,100 kHz
for the LCD interface). In this work, the VHDL codes for all implemented control algorithms
were written by myself without using the MATLAB code generation function. By doing so,
long codes could be optimized and fit to the FPGA available space.

The schematic diagram of the complete test bench is depictedin Fig. C.2. A 3 kW variable
dc power supply is used as a main input dc voltage to the inverters. As can be seen, the current
and voltage measurements are introduced to A/D converters and then input to the FPGA, while
the output voltages and currents are converted into analogue signals using D/A converters in
order to be displayed on an oscilloscope. By using new digitaloscilloscopes, the CSV files that
store the experimental data points were generated (CSV file isa comma separated values file,
which allows data to be saved in a table structured format). These CSV files then were saved in
a USB flash drive and then imported into MATLAB to be plotted. Bydoing so, the waveforms
are clearer and one can easily check the plotted signals and/or calculate the corresponding THD
values.

The JTAG interface is used to download the compiled code fromthe host PC into the FPGA.
Moreover, the supervisory control input was used to adjust the main operating mode for the
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Figure C.3: System set-up in the laboratory.

Table C.1: Passive components size

Parameter Value

qZS inductanceL1, L2 500µH

qZS capacitanceC1, C2 470µF

dc-dc converter inductanceL 1000µH

dc-dc converter capacitanceC 780µF

whole controller, i.e. start, stop, reset, etc. Besides, an LCD was used to show the status of
the control system and some internal parameters in the FPGA (e.g. reference values, PI param-
eters, and weighting factors of MPC). The hexadecimal input switches were utilized to adjust
reference values and control parameters in real time.

The complete experimental set-up is displayed in Fig. C.3. The passive components size for
both the conventional two-stage inverter and quasi-Z-source inverter are summarized in Table
C.1.
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