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Abstract

Abstract

Distributed generations (DGs) are expected to be penetrated widely in the future power grid. Vir-
tual synchronous generator (VSG) control can play a vital role in supporting the frequency stability
of such a power grid thanks to its virtual inertia feature. However, there still exist some issues that
can be improved to enhance the capacity of VSG control. For instance, the transient stability of DG
can be significantly improved if VSG control is capable of riding through a short period of transient
disturbances such as balanced and unbalanced voltage sag. Furthermore, the existing VSG control is
mainly designed for the traditional two-level inverter with an energy storage unit. Hence, it is chal-
lenging to implement VSG control in a system without energy storage units such as matrix convert-
ers (MCs), as the inertial power cannot be drawn directly from energy storage elements and instead
needs to be provided by the input power control. In order to solve the aforementioned issues, studies
on the implementation of VSG control using finite control set model predictive control (FCS-MPC)
are conducted. In this dissertation, a novel FCS-MPC based method for VSG with fault-ride-through
ability is proposed for two-level inverter-interfaced DGs, and a novel approach based on FCS-MPC
scheme is introduced for the implementation of VSG controls in indirect boost matrix converter
(IBMC)-interfaced DGs.

This dissertation is organized as follows.

In Chapter 1, the background of the research, concepts of power converter-interfaced DGs, their
existing types of control methods, challenges in these technologies, and the objectives of this re-
search are discussed.

Principles and reviews of the state of the art of VSG control and FCS-MPC scheme are introduced
in Chapter 2 along with their design procedures and control diagrams.

In Chapter 3, the implementation of the two-level-inverter-based VSG using FCS-MPC is pro-
posed. Simulation studies showed that the FCS-MPC based VSG inherits all the properties of the
VSG. Moreover, the FCS-MPC-based VSG allows simultaneous control of voltage and current to
grant the two-level inverter system with current limiting ability.

In Chapter 4, other existing current limiting methods for two-level inverter-based VSGs are in-
troduced, namely, the VSG with multiloop control and the VSG with virtual impedance current lim-
iting. Several simulation and experimental studies validate the superior fault-ride-through capability
of the proposed FCS-MPC-based strategy for both grid-connected and islanded operations in com-
parison with the other existing methods.

The implementation of VSG control in the IBMC-interfaced DGs using FCS-MPC is studied in
Chapter 5. Comparative simulation studies between the proposed control schemes and the existing

method have demonstrated that the proposed grid-forming control scheme offers many advantages



Abstract

over the existing methods, which utilize a grid-following strategy. For instance, the proposed control
scheme can operate in both grid-connected and islanded modes, is able to improve the quality of
current waveforms significantly, and is capable of providing inertial power to the grid by dispatching
active power from the input source. A scale-down experimental study is also conducted to validate
the effectiveness of the proposed control scheme.

The dissertation is concluded in Chapter 6, where future challenges and possible future works are

also discussed.
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Chapter 1

Introduction

1.1 Background

The indiscriminate uses of fossil fuels to supply indefinite demand of the world’s energy have led
to the rapid depletion of these non-renewable resources. Furthermore, the exploitation of them is also
believed to be the leading cause of global warming and climate change [1]. Thus it was perfectly
clear to power engineers and researchers in this field that new ways to generate energy with low
emissions and in a sustainable way are imperative. One possible solution for this problem lies in the
use of renewable energy sources (RES) such as wind and solar powers. This is clearly evidenced by
the global capacity of wind turbines and solar cells, which are increasing annually [2], [3]. However,
the limiting factors for the utilization of renewable resources are their intermittent and unpredictable
nature.

Unlike conventional power generation, these alternative power sources usually require topologi-
cally power-source-dependent power converter in order to transform the energy sources into electri-
cal power and deliver it to the power grid. With the deregulation of utilities and the emerging of
power markets, such power-converter-based-power generators are often operating in parallel with
the utility system and are connected to the utility distribution system near the loads. Such a method
of generation is commonly referred to as “distributed generation” (DG). According to [4], DGs are
expected to increase the reliability of the power supply by providing backup power generation for
local customers, and with increasing penetration percentage of DGs, it is expected that the transmis-
sion loss can be reduced and the transmission/distribution capacity can be relieved. The current par-
adigm in the control of DGs is to extract the maximum possible power from the sources and to dis-
patch it all to the power grid. However, this is only acceptable as long as the capacity of DGs is low
compared to the total capacity of the power grid, as an increasing percentage of DGs penetration in
the power grid implies that a growing number of different power converter topologies and control
techniques are working independently on one another in the system. In this situation, the chance of
unexpected problems arising is high, and the control methodology that worked in the conventional
centralized generation units oriented system might not be working. Hence different control policies

for DGs might be required for the future power system.
1.1.1 Power Converter-Based Distributed Generations

DG refers to a variety of small power generation devices, which are located close to the load,
helping to satisfy the total demand of the system. The typical power sources of DG technologies in-

clude natural gas, diesel-powered reciprocating engines, gas turbines, fuel cells, solar panels, and
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wind turbines. DG technologies are generally less than 100 megawatts (MW) in size and can broadly
be found in a wide range of configurations. Their applications are not only limited to utility power
provider. For instance, distributed power systems can generate electricity in isolation, providing con-
tinuous, intermittent, peak, or even back-up power for on-site energy needs.

Most of DGs are equipped with a power-electronics converter at the output terminal, to convert
the generated power to the desired voltage and frequency. The topologies of power converter used in
these DG systems are naturally dependent on the types and nature of the utilized power sources.
However, giving the objective of DGs to deliver power to the AC-grid, the types of power converters
that suit the application of DGs are typically DC-AC converters such as voltage-source-inverters
(VSI) and multilevel inverter, or AC-AC converters such as matrix converters (MCs) and
back-to-back converters (B2Bs). The several power converters that can be deployed in DG applica-
tions are concluded, as shown in Fig. 1.1. Conventionally, DG systems consist of three-phase
pulse-width-modulation (PWM)-based VSIs or B2Bs, which are employed for power conversion,
grid synchronization, and power quality control [5]. However, bulky and lifetime-limited dc-link
electrolytic capacitors are still often considered as a disadvantage of VSIs and B2Bs. Hence, MCs are
also commonly investigated as a possible alternative configuration for DG Applications. The absence
of the dc-link energy storage element, however, increases the complexity of the control algorithm due
to the coupling of rectification and the inversion stages.

There are various existing control strategies for DGs, which are aiming for difference control ob-
jectives, i.e., active and reactive powers control [6], voltage, and frequency control [7] and etc. For
grid-connected operation, the strategies can be classified into two basic types, namely grid-feeding
control and grid-forming control [8]. Grid-feeding control treats the DGs as current sources, which
are capable of controlling the output active and reactive power by control the amplitude and phase
angle of the current injected into the AC bus. Nevertheless, the grid-feeding control is struggling to
operate in an islanded network because it is not capable of controlling the grid voltage and frequency
by itself. Instead, it commonly depends on the voltage and frequency of the synchronized power
grid. As the percentage of DGs currently remains a negligible part compared with the overall grid
power capacity, grid-feeding control-based DGs are regularly employed with the policy of extracting
the maximum possible power from the sources and delivering it all to the power grid. Voltage and
frequency fluctuation in the system caused by the injected power of DGs will be suppressed by the
rotating mass and inertial response of conventional generators. Thus the system has the ability to
stabilize itself and ride-through faults [9].

Grid-forming control, on the other hand, refers to a control strategy that enables the DG to act as a
voltage source. The grid-forming-based DG is capable of regulating the voltage and frequency at the
output terminal. Such DGs are able to form an independent islanded network and to control their
output frequency to support grid frequency stability actively. However, this control method is conven-
tionally not suitable for parallel operation with other grid-forming control-based DGs or the power

grid. Nevertheless, frequency and voltage control in microgrids supplied by a number of voltage
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Fig. 1.1 General structure of power converter-interfaced distributed generators.

sources connected in parallel can be obtained using the droop control method, as proposed in [10]
and shown in Fig. 1.2(a). In the referred work, the real and reactive power regulation is conducted
according to the characteristics of the parallel operating synchronous generators (SGs). This method
has been developed into a general approach for parallel inverters in microgrids, as studied in [11]—
[18]. Likewise, droop control can be integrated with grid-feeding control. In this case, the droop
characteristic will be utilized to determine active and reactive power command for DGs, as shown in
Fig. 1.2(b). However, as power converter-interfaced DGs become the majority of the grid capability,
the droop control methods cannot provide sufficient rotational inertia to ensure power grid stability
[19]. As a result, the perturbation in the power frequency under the influence of changes in their net
load will become much higher. Hence, in order to prevent an issue of frequency stability arising
from the increasing share of DGs in the future electricity generation system, an approach called vir-
tual Synchronous Generator (VSG) control was proposed in [20]. It stated that by letting the power
electronics interface of the DG unit emulate the behavior of a real synchronous machine, a reaction
similar to that of self-stabilizing synchronous generators to a disturbance in the system could be ob-
served. VSG control can be adopted along with both voltage source control and current source con-
trol. However, the most adopted is the one with voltage source control, as illustrated in Fig. 1.2(c).

In accordance with the past research works of VSG, the results have clearly shown the advantages
of using this concept in DGs to solve issues related to frequency deviations [21]-[27]. However,
despite the success of VSG control, there are some issues for VSG control that still required some
improvement. First, the proposed VSG controls [21]-[27] lack a current control loop, which makes it

sensitive to fault conditions. Although some current limiting methods are proposed for VSG [28],
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Fig. 1.2 Control methods of DGs.
(a) Voltage-source-based droop control. (b) Current-source-based droop control.

(¢) VSG control [27], [19].

[29], the controls are still immature and have a lot of room for enhancement. Second, the studies on
VSG so far are mostly done in the two-level-inverter-based system, and a study on other systems
such as matrix converter is rare despite the many advantages of MCs. The corresponding reason for
this might be the complex coupling between the rectifier and the inverter stages of MCs, which
makes the implementation of VSG rather complicated and demanding. In order to get rid of the

weakness in VSG control and to enhance the capability of the VSG control, a different methodology

to implement VSG control is the subject of study in this dissertation.
1.1.2 Types of Power Converter Control Schemes

Several control techniques have been widely applied to power converters, according to [30].
These include linear and nonlinear controllers, adaptive control, repetitive control, fuzzy control, and

predictive control , as shown in Fig. 1.3. Some of these use a straightforward algorithm such as hys-
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Fig. 1.3 Difference types of converter control schemes

teresis control, while some are generally complex and need relatively high calculation power such as
fuzzy logic and neural network controls. The most commonly used control strategies illustrated in
Fig. 1.3 will be introduced in this subsection. First, hysteresis control uses a comparison of the
measured variable to its reference in order to determine the switching states of the power converters.
Every time the error between control references and measured variables crosses the hysteresis band's
boundary, a significant change in the switching state occurs. However, it has origin in analog elec-
tronics. Hence, in order to implement the control in a digital platform, a very high sampling fre-
quency is required in order to capture the exact moment the error crosses the hysteresis band. More-
over, it generates a variable switching frequency, which might excite the output filter resonance. The
example of hysteresis control is studied in [31].

With the presence of a modulation stage for generating signals of the power converter, any linear
controller can be used with the power converter. The preferable choice is a proportional-integral (PT)
controller. However, the PI control scheme is a single variable control and often requires an addi-
tional coordinate transformation in order to convert the control variables into a DC-form. Hence, a
cascade control structure is required for controlling multiple inputs. This leads to several design
steps and considerations in the process of achieving suitable control methods, which is challenging
for the implementation in some systems such as MCs or multilevel converters. On the other hand,
the rapid development of microprocessors and computer techniques has enabled the possibility of
implementing new control schemes for power converters. These include fuzzy logic control, neural
networks, sliding mode control, and predictive control, just to name a few. Among these emerging
control methods, predictive control shows promising potential for the control of DGs and offers the
possibility of enhancing the capability of VSG control. Although profoundly different approaches

exist within the family of predictive control, all share a standard concept, which is to use the system
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model for the prediction of the future system’s behaviors and to employ an optimization criterion in
order to determine the optimal actuation of the power converter.

One of the most studied predictive control for power converters is a finite control set mod-
el-predictive control (FCS-MPC), owing to its benefits of having a flexible control scheme that al-
lows easy inclusion of multiple control variables, system constraints, and nonlinearities. A number
of control solutions based on FCS-MPC for DG application appeared in the literature [32]-[36].
Compared with the classic linear PI and PWM controller, the MPC offers many advantages, includ-
ing minimizing steady-state errors over a wide target frequency range, minimal harmonic distortion,
fast dynamic response, and maximum dc-link utilization.

Considering the operation of VSG control-based DGs, several controls and regulations need to be
regulated. Some of these are essential to ensure proper operation of DGs and to maintain power sys-
tem stability, like the voltage and frequency control, while others are imposed for security reasons,
like current limitations and voltage restrictions. This characteristic converges in a natural way to the
utilization of FCS-MPC, as it is multiple-inputs-multiple-outputs (MIMO)-based control that has the
ability to control several control variables and constraints at the same time via the inclusion of those
terms in a single cost function. In addition, since the design of any control system must take into
account the model of the system for adjusting the controller parameters, the employment of model
predicting control will only simplify the control system design. This is beneficial for complex sys-
tems such as MCs-interfaced and multilevel converter-interfaced DGs. Furthermore, with practically
all current control strategies being implemented in discrete time, the rapid advancement of the con-
trol platform, and the discrete nature of power converters that require a discrete signal to command
the turn-on and turn-off of their switching devices, the compatibility of FCS-MPC for power con-
verter-based DG are clearly highlighted as shown in Fig. 1.4.

1.2 Research Objectives

As it is discussed in the previous parts of this chapter, the utilization of DGs is a promising solu-
tion for the problem of the ever-growing energy demand and for the reliability enhancement of the
local power supply by providing backup power generation. Currently, the VSG control is a high-
ly-rated control method for power converter-interfaced DGs, as it can provide better dynamic per-
formance and higher inertial response than conventional droop control. Still, other concerns over
grid stability exist for VSG control, as the capacity of the DG-base system keeps increasing com-
pared to the total capacity of the power grid. One of the most critical concerns is the interrupted or
unstable operation in the DG system due to the effect of transient disturbances on the utility grid
since the most frequently adopted VSG control does not have a proper current loop control. Without
a proper countermeasure, the whole grid could suffer from a massive imbalance between the power
supply and power demand. Furthermore, the traditional design of VSG control uses
two-level-inverters as the primary circuit. Such a control design utilizes the measured output power

to determine the frequency command and to generate a virtual inertial response. This is possible be-
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Fig. 1.4 Characteristics of FCS-MPC that makes it a potential solution for improving VSG control

cause the output power of such a system can be drawn directly from the energy storage element, and
the power is dependent on the power angle between DG and the output network. However, for a
conversion system without an energy storage element such as MCs, the output power is dispatched
from the input power control and has no relation to the output network. Hence, it is clear that differ-
ent method to generate virtual inertia is imperative.

In order to resolve the aforementioned issues of the VSG control, a study is conducted in this dis-
sertation with FCS-MPC as a potential solution. FCS-MPC uses the system modeling to predict fu-
ture system states and posses the ability to control multiple control objectives via calculation of cost
function. The main aims of this research can be divided into two.

1. The first aim is to study the state of the arts methods of model predictive control for
grid-connected DG systems, three-phase voltage-source inverters (VSIs) and then to op-

timize theses existing models, in the aspects which are overlooked in the preceding
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works, especially on the power system stability issues that are occurring with the wide-
spread of DG units. This is, for instance, the ability to self-stabilize the power system of
VSG and ride through disturbances.

2. The second purpose of this study is to implement the VSG control in three-phase
MC-interfaced DG using FCS-MPC algorithms as the primary solution. In this method,
the inertial power needs to be dispatched directly from the input power control instead of
the energy storage element.

Detailed discussions in the following chapters are organized as follows. In Chapter 2, the princi-
ples of VSG control and the principle and design procedure of FCS-MPC are introduced. In chapter
3, the implementation and design procedure of VSG in the two-level-inverter-interfaced system us-
ing FCS-MPC is studied. The study also verifies that the VSG control implemented by FCS-MPC
inherits all the properties of PWM-based VSG control to support the power system stability. In
chapter 4, in order to display the superior fault-ride-through ability of the proposed VSG control
over other existing methods for inverter-based VSG control, namely the VSG with multiloop control
and the VSG control with virtual impedance current limiting, comparative studies between
FCS-MPC-based control and existing control are conducted with simulation and experiment results.
In chapter 5, the existing control schemes for the indirect matrix converter, along with its advantages
and disadvantages, are discussed. In response to that, a novel VSG control for indirect matrix con-
verters using FCS-MPC is proposed as an improvement over the previous controls. The proposed
control is able to generate a less distorted current waveform than the existing control method while
providing inertial power through the control of the rectifier side of MC. In the opinion of the author,
the study would be of value and interest for the future power generation system whom DGs will
highly penetrate, as the modified VSG control not only can provide the frequency stability support
but is dealing with the interrupted/unstable operation in the DG system due to the effect of transient
disturbances. Furthermore, with the study on implementing VSG control with a complex system
such as matrix converter, a new possibility for a more topologically diverse DG system will be

opened up.
1.3 Conclusion

In this chapter, the background of the research in this dissertation was introduced. Main concepts,
such as power converter-interfaced DG and its control strategy, were explained. As mentioned in the
chapter, the VSG control has gained a lot of attention from power engineers, as it has a substantial
effect on supporting the frequency stability of the power system thanks to its inertia support feature.
However, there exist some significant issues and challenges that require improvement. In order to
achieve that, various types of existing control schemes for power converters are discussed. Among
theses, model predictive control has the characteristics that converge in a natural way to the imple-
mentation in the digital platform. The ability of FCS-MPC to achieve multiple control objectives are

also very beneficial for the enhancement of VSG control capability regarding the issues discussed in

-8-



Chapter 1  Introduction

this chapter. Finally, the main research objectives of this dissertation were presented to give the

readers a better understanding of the purposes of this research.
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Chapter 2
Principles of Virtual Synchronous

Generator and Model Predictive Control

2.1 Introduction

Until recently, the main concerns on grid-connected RES have been with voltage and current trip
limits and synchronization to the frequency of the grid. However, the growing share of DER in the
electricity generation mix worldwide forces the RES-fed power generation system to adapt itself to a
whole new situation in the electricity network, for instance, the system becomes vulnerable to volt-
age and frequency deviations due to the lack of system inertia. The use of a distributed energy stor-
age system (DESS) with the concept of VSG control has proven to be one of the most attractive so-
lutions for this problem. However, due to the nature of the control method, which uses the combina-
tion of output voltage and current with outer and inner control loops, proportional-integral regula-
tors, and PWM modulators, the degree of freedom in control objectives is mostly limited. Model
predictive control (MPC), on the other hand, offers advantageous over its counterpart by allowing
many system variables and constraints to be included in the control targets. On top of that, the direct
use of inverter states to determine system solution means a modulator can be eliminated from the
control scheme. In this chapter, the principles and the design procedure of VSG and MPC control
will be introduced, beginning with the principle of VSG control shown in Section 2.2. In this section,
existing types of VSG control, including the basic VSG control scheme proposed by Ise Laboratory,
Osaka University, are also discussed in detail. Then, the concept of MPC scheme, in general, and the
FCS-MPC, from which the control methods in this dissertation are developed, will be introduced in

Section 2.3 and Section 2.4, respectively.
2.2 Principles of Virtual Synchronous Generator Control

The basic concept of VSG control is to create virtual inertia in the power circuit by emulating the
behavior of SGs. The well-known swing equation of SGs (2.1) is used to create rotational inertia in

VSG using the relation between output power P,,, and the input power P;,.
dw
Py = Pyt = J —dt’” + D(wp, — wy), (2.1)

where w, is the angular frequency of the bus, w, is the rotor angular frequency of a SG, ] is the
moment of inertia of rotating mass, and D is the damping factor of the damping power introduced
by the damp winding, which depends on the power angle § and SG impedance parameters. For the

case of a round-rotor SG [1], D can be determined, as shown in (2.2).
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T”dX’d(X,d _ X”d) L, T”qX,q (qu _ Xllq)
" ! 2 n 6 + 2
X"q(X'q + Xiine) X" (X' + Xiine)

where Vs is the amplitude of bus voltage, Xj;,. is the line reactance, X'y, X" 4, X'q, X", are

D =VZ, cos? 6|, (2.2)

the d-axis and g-axis transient and sub-transient reactance of the SG, respectively, T"'; and T"
are the d-axis and g-axis sub-transient short-circuit time constant of the SG, respectively. Knowing
that (2.2) is only valid if mechanical losses are neglected, and the rotor flux linkage is fixed. The
latter is not valid if the automatic voltage regulator (AVR) is applied. However, (2.2) can still be
used to obtain an approximate value.
The shaft power of SGs is usually regulated by a governor, as described in the following equation.
Pp =Py — kp(wm — wp) (2.3)
where Py is the set value of active power, k), is the droop coefficient, w, is the nominal frequen-
cy. With (2.1), the rotational inertia is created with the injecting inertial power, which is drawn from

the kinetic energy reservoir W stored in the rotating mass (2.4)
1
W= 5 J (2.4)

Considering (2.1), the exchange of inertial power and the generation of the inertial response can
be explained as follows. If Py, > P,,:, W, increases, then W increases. This implies that the sur-
plus generated power will be absorbed by the rotating mass in order to prevent the rise of power
frequency according to P-f droop characteristic. On the other hand, if P;, < Py, w,, decreases,
then W decreases. In this case, the inertial power from the rotating mass will be fed into the power
system in order to compensate for the temporary power shortage and to oppose the reduction of
power frequency.

Using the swing equation as the main idea, different types of VSG control are proposed in the lit-
erature. In this dissertation, the propose FCS-MPC-based VSG control was developed from the VSG

control proposed by Ise Laboratory, which will be introduced in the following.

2.2.1 Overview of VSG Control Scheme Developed by Ise Laboratory of Osaka

University

First, the VSG control developed by the research team from Ise Laboratory based on [2] will be
introduced. The concept of VSG control is to emulate the characteristics of SGs. Thus It can be reg-
ulated using the well-known frequency and droop mechanism similar to the control of SGs. The
mechanism of droop frequency and droop voltage is conducted according to the exchange of active
and reactive powers between the SGs and the conventional grid. For instance, when the active power
demanding increases, the speed of the prime mover drops. The speed regulation system of the prime
mover will then increase the mechanical power. The phenomenon is recreated by the “Governor
Model” block, shown in Fig. 2.1, using the mechanical frequency of rotors (w,,) to obtain the shaft

power (P;,) of a SG, as shown in (2.3).
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Likewise, the regulation of reactive power Q flowing out of the SG can be realized by defining the
voltage droop coefficient as the ratio of the required change of reactive power to the change of volt-
age, as done by the “Q Droop” block shown in Fig. 2.1. The V — Q droop controller can be

expressed as
Qref =0Qo— kq(Vout —Eyp) (2.5)

where E, is the nominal voltage, Qs is the reactive power command, Qq is the set value of
reactive power, and kg isthe V — @ droop coefficient.

As illustrated in Fig. 2.1, a PI controller is used to track the error between the output reactive
power and the reference value (Qrer) to obtain the output voltage amplitude command. A 20 Hz
first-order low-pass filter is applied for Q,,; in order to eliminate the ripples in measured output
power. The function of this PI controller is similar to the automatic reactive power regulators (AQR)
of the SG, in which the electromotive force (emf) is controlled by regulating the field current.
Therefore, the output voltage amplitude command can be considered as the virtual internal emf E
of the VSG.

In order to share the active and reactive power according to the ratings of DGs without communi-
cation, the droop coefficients should be designed proportionally to the capacities of each DG unit.
Additionally, to resolve the problems of oscillation of active power during a disturbance and errors
in reactive power-sharing as discussed in [3], two major control blocks are added into the enhanced
VSQG, i.e., the “stator reactance adjuster” and the “bus voltage estimator”. The function of the stator
reactance adjuster is to produce extra inverter output impedance to match the impedances between
parallel-connected DGs in order to eliminate oscillation during a loading transition. This extra im-
pedance will be called the “virtual impedance” of the inverter. The virtual impedance is realized by
multiplication of the output current and the virtual stator inductor in the stationary frame, as shown

in Fig. 2.2. The “bus voltage estimator”, shown in Fig. 2.3, compensates the line voltage drop, and

QOU:
QD ) Qref+ )

, Q Droop Pl Energy
| Stadtor Vi Storage
mpeaance » PWM [ — AndDG

o P, Adjuster sources
I?flvedrnler > Swing T.' y

oae Equation ourr Tout

Function T
PDT A 4
A
y AC bus
Wy Poys

Vius M Measurement

Estimator | Tools
Lour Vout Qe

Fig. 2.1. The primary control diagram of VSG control developed by Ise laboratory
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s +

Fig. 2.2 “Stator Impedance Adjuster” block
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Fig. 2.3 “bus voltage estimator” block

uses the estimated bus voltage as input for the V-0 droop box in both parallel DGs to ensure proper
reactive power-sharing between DGs. Finally, the output voltage of the PWM inverter V., is
obtained.

As this VSG control operates as a voltage source, it can be classified as a voltage-source-based
method, it can operate independently, in a microgrid, and can be connected to the power grid direct-
ly, and no change of control is needed during operation mode transitions. Hence, VSG control can be
classified as a voltage-source-based grid-forming control [4]. However, the primary VSG control
developed by Ise laboratory requires a phase-locked loop (PLL) to provide the measured output fre-
quency in order to create the damping power P,;for the block “Swing Equation”, as follows.

Py =D(w, — w,), (2.6)

This reliance on the PLL can be removed when the pole placement method is adopted to provide
an ideal damping effect without any frequency measurement, as proposed in [5]. With this method,
the damping power will be determined by the measured output power and w,, according to equa-

tion (2.7), instead of obtaining from the measured frequency wp;;, as done in (2.5).
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Fig. 2.4 The control diagram of VSG control with the pole placement method.
Pd:_kxw(wm_wo)_kxppout_TPd 2.7)

where ky,, kyp, ky; are the feedback gain of virtual rotor frequency, output active power, and the
integral term of P; , respectively. The tuning of these parameters is done according to [5] and will
be omitted in this work. The modified control diagram of VSG control with the pole placement

method is illustrated in Fig. 2.4.
2.2.2 Other Existing Types of Virtual Synchronous Generator Control

Apart from the VSG control developed by Ise Laboratory, a number of different VSG controls ex-
ist in the literature. According to [6], the VSG control schemes proposed in the literature can be cat-
egorized into three main groups based on the nature of the output reference from the VSG.

(1) Current references-based VSG control

The first group utilizes current references from VSG [7]. This method allows a quite natural im-
plementation of high order electrical models of the SG since inverters are controlled to generate the
currents that would result from a real SG. However, the control will rely on grid synchronization by
a PLL and cannot operate in stand-alone mode.

Another example of the current reference-based VSG control is the one from the VSYNC project
under the 6" European Research Framework program, which is the first research team trying to use
virtual inertia control for inverters [10], and their control methods have been developed through
[11]-[19]. It can be concluded that this control scheme is a current reference-based VSG control as a
current control loop is applied at the output terminal. A PLL unit is used to detect the frequency of
the grid and to provide angle reference for the dg-transformation.

(2) Voltage references-based VSG control

Another possible approach is to utilize the voltage references from VSG [8] - [9]. The group,
which uses this approach, can be referred to as “voltage references from VSG.” Although only a re-

duced-order model of the SG can be applied in this approach, the utilizing voltage command allows
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this VSG to function in stand-alone mode. In order to enhance the controllability, a classical cas-
caded control scheme of voltage and current control can also be utilized in the control methods of
this group, as shown in [20]-[21]. However, to ensure stability in all operating conditions, tuning of
PI has to be done appropriately, which can be challenging when a number of DGs are connected to-
gether [21].

(3) Power references-based VSG control

The last group emulates the inertia response by tracking the grid frequency without implementing
any SG model [10]. The group is called “power references from VSG,” as current reference corre-
sponding to a given power reference is used to command the DG. However, the control also relies on
a PLL and cannot operate independently.

In this dissertation, the approach with voltage references from VSG is preferred, as the re-
duced-order model of SG was proved to be enough to provide the frequency support to the grid [3]
and smooth transition between grid-connected and islanded modes is ensured in DG controlled by

voltage references-based VSG control.

2.3 Model Predictive Control for Power Electronics

The born of predictive control can be traced back to the 1960s when the author of [22] presented
the idea of precalculation of the plant’s behavior via mathematical model and used these values to
determine optimum actuating variables. After the introduction of the idea, it had to wait for almost
20 years until interest in this field started to surge. The first-ever considered predictive control
scheme was proposed in 1979 under the name "Dynamic Matrix Control" (DMC) [23]. DMC was
conceived to tackle the multi-variable constrained control problems for the oil and chemical indus-
try. In 1987, an alternative concept of the predictive controller, known as Generalized Predictive
Control (GPC), was introduced by [24]. While the original DMC formula was completely determin-
istic and did not include any explicit disturbance model, GPC was developed more to the stochastic
aspect. The GPC approach is traditionally not suitable for multi-variable constrained systems, which
are commonly encountered in power electronics and drive systems. Thus an extension is required
when GPC is to be used for multi-dimension systems, which adds up complexity to the control
scheme. For this reason, DMC has more impact on industry compare to its counterpart [25]. The
initial research on Model Predictive Control (MPC) is also characterized by an attempt to understand
the operation of DMC. Predictive control was first proposed for the control of electrical drives and
power converter in the 1980s. Holtz published a predictive method to control the armature current of
the DC machine fed by the line-commutated converter [26] and a predictive controller for the current
of AC-machine [27]. After 1990, many publications on the topic were released. Nevertheless, they
are mostly enhancement or a combination of one another. Categorized by operation principle, they
can be broadly grouped into trajectory-based, hysteresis-based, and model-based predictive control.
Well-known control schemes such as Direct Self Control (DSC) and Direct Mean Torque Control
(DTMC) belong to the trajectory-based method, while Direct Torque Control (DTC) or Direct Power
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Control (DPC) could be seen as a hysteresis-based predictive controller. The concepts of trajecto-
ry-based and hysteresis-based methods are very similar. One is an attempt to force the system into a
predefined trajectory, while the other tries to keep the value of the control parameter within a toler-
ance band. Model-based predictive control, on the contrary, uses an entirely different concept. Un-
like the hysteresis- and trajectory-based method, which uses only the current system state, to predict
the future controlled value of the system, MPC takes both the past and the actual values into account.
According to the predefined cost function, optimal actuating variables can be determined under the
consideration of multiple controlled variables and constraints.

The principle of model predictive control was introduced for industrial control applications in the
1970s after the first ideas of this strategy have already been published in 1960 by Emeljanov. Tradi-
tionally, this method had been mainly used in a slow process industry such as chemical plants and oil
refineries due to its high computation demand. MPC does not denote a particular control algorithm,
but rather a whole family of controller types. The common characteristic of all these controllers is
the principle of determining an optimum value for the actuating variable by using an explicit model
of the system. The basic structure of MPC can be summarized as follows [28]:

(1) Predict the future behavior of the process state/output with a system model.

(2) Compute the future input signals on line at each step by minimizing a cost function under
inequality constraints on the manipulated (control) and/or controlled variables.

(3) Apply on the controlled plant only the first of the vector control variable and repeat the
previous step with new measured input/state/output variables.

In the area of electrical drive and power converter, due to its high sampling frequency, an intuitive
approach to reducing the computational load for solving optimal control problems is required, for
instance, by using a fixed number of iterations in each sampling step. This is possible in power con-
verter-based system due to the discrete nature of power converters, which means the number of ac-
tuation of the system is limited to the number of possible switching states of the converter. Alterna-
tively, the computational load can be reduced by using the previous solution for a warm-start of the
optimization algorithm in order to successively reduce the suboptimality of the predicted trajectories.

Apart from GPC, model-based predictive control can be separated, according to [29], at least into
three classes:

(1) Finite control set model predictive control (FCS-MPC): FCS-MPC takes advantage of the
inherent features of the converter, which can only produce eight different switching states
by turning on and off the gates for each leg of the converter. This control approach uses
the converter switching states as control variables directly. Thus it is also known as direct
model predictive control. The introduction of this kind of control approach in the field of
power converters control was first done by [30]. Thereafter, there has been a number of
works, which present such control schemes for various power converters and drives.

(2) Two-configuration Predictive Control (2PC): 2PC consists of applying successively two

configurations of the power converter during a computation step; one of these configura-
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tions leads to null voltages. The principle of such a control scheme reads as follows. In
the first step, the future values of load currents are calculated, assuming that null voltages
are applied during the whole next sampling period (the free response). Then, an active
state of the converter is selected and the response based on this state, for instance, the
values that the controlled values would reach if this converter configuration were applied
for the whole sampling period will be computed (the force response). Finally, from these
calculated values, one can acquire the time in which the null voltage and active configu-
ration should be applied in one period so that the actual actuating values are as close as
possible to the desired values. There are a number of variations of this approach, but the
concept is always as described. The works based on this method are, for example, [31].
(3) PWM Model Predictive Control (PPC): The third class of the predictive control approach
calculates the voltages required to reach the desired point after one period and remains
there. Then, a pulse-width modulation (PWM) is used to translate these desired voltages
into switching orders. This method is also noted as "dead-beat control" by some works.
PPC operates with six configurations per sampling period. Hence, the required actuating
values could be precisely reached. The works, which are occupied with this method, have
been presented in [32].
Furthermore, a number of novel MPC strategies are proposed in the literature, which combines the
concepts of the three classes of MPC mentioned previously, such as "continuous control set MPC" or
"modulated MPC" [38], [39]. Although these methods offer clear advantages over FCS-MPC, for
instance, the reduction in ripple and a fixed switching frequency, similar to 2PC and PPC MPC, the
tuning of cost function’s weighting parameters of such methods are a lot more complicated than
FCS-MPC when multiple variables are considered in the controllers. Hence, FCS-MPC is viewed as

an optimal solution for improving VSG controls in this work.
2.4 Finite Control Set Model Predictive Control
2.4.1 Principle and System Model

The basic ideas of FCS-MPC are based on the use of a system model to predict the future behav-
ior of the system variable. The system model is a discrete-time model which can be expressed in the
state-space model form:

x(k + 1) = Ax(k) + Bu(k) (2.8)
y(k) = Cx(k) + Du(k) (2.9)

The optimal actuation will be selected among these predictions based on a predefined cost func-

tion that represents the desired behavior of the system. The cost function is a function of the refer-

ences, future states, and the future actuation, which can be defined with the following equation.
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Fig. 2.5 Functional Principle of FCS-MPC

J(k) = f(x(k + 1), u(k)) (2.10)

In other words, MPC is an optimization problem that consists of minimizing the cost function J.
For each sampling instant, the controller will employ the optimal actuator in the converter. Then at
the next sampling instant, the new measured data will be utilized to obtain a new optimal actuation.
This is called a receding horizon strategy. Giving the fact that the number of actuators (switching
states that a converter can switch into) is finite, the number of forecasts that need to be made is lim-
ited to this number, and thus, the algorithm is called finite control set MPC. The working principle of
FCS-MPC can be summarized in Fig 2.5.

In order to design FCS-MPC, the discrete-time models of the systems, and the modeling of the
power converters with consideration of its possible switching states need to be obtained. The former
models differ for different topologies and applications, and thus, they will be discussed along with
the systems under study in chapter 3 and chapter 5. The latter, on the other hand, depends on the
types of converters alone. The fundamental elements of power converters are the semiconductor
switches, which can be simplified as an ideal switch with only on and off states. Hence, the total
number of switching states of a power converter is equal to the number of possible combination of
states of each switch, which can be described with N = x¥, when x is the number of possible states
of each leg of the converter, and y is the number of legs of the converter. Nevertheless, the states that
result in undesired system conditions such as short-circuits must be removed from the set of possible
switching stats. Utilizing the corresponding voltage or current, which is produced by each of the
possible switching states and the system model, a prediction for the future system behavior can be
conducted. In order to give a clearer understanding of this topic, examples of modeling of voltage

and current source inverter will be discussed in the next subsection.
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(1) Example of Voltage Source Converter

The circuit configuration of a three-phase voltage source converter is shown in Fig. 2.6. As seen
in the figure, either one of the power switches of each leg of a converter (for instance either S; or
S,) is allowed to turn on at any time to prevent the short circuit from occurring to the DC-link. Thus,
taking into account that the number of possible states of each leg of the converter is 2 and the num-
ber of legs is 3, the converter can generate 23 equal to eight possible different switching states as

listed in Table 2.1, where the switching signal S,, S, and S, can be defined with equation (2.11)

1 if an upper switch on and a lower switch off

Save = {0 if an upper switch off and a lower switch on 2.11)

The converter voltage corresponding to these switching signals is determined by Clarke’s transfor-

mation.
1 1
|t~z g
- _ v
0 — —— cn
2 2
Ubn Uen
V., ——
2 | Yan 2 2
vaﬁ = g \/g \/g (213)

Considering Fig. 2.7, it can be concluded that if we converse the values of v,y, vyy, and v y
and vg,, Vpy, and v, with Clarke’s transformation, their values in afS-frame are actually equiva-

lent. Hence equation (2.13) can be written as follows.

SyVae  SVy
R -
Vap =3 v3 V3 (2.14)
| - SoVac == ScVac ]

when V. is the dc-link voltage and vy, vy and v,y are the phase-to-neutral voltage and can be

described as a function (2.15) of S;, S, and S,.

TABLE 2.1 Switching States and Voltage Vectors

S Sy Se Voltage Vectors
0 0 0 Vo
1 0 0 A
1 1 0 v,
0 1 0 Vs
0 1 1 Vs
0 0 1 Vs
1 0 1 Ve
1 1 1 v,
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Fig. 2.6 Three-phase Voltage Source Converter
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Fig. 2.8 Space Voltage Vectors Representation

Van = Sanc
Vpn = SpVac (2.15)
Veny = ScVac

Considering the configuration in Fig. 2.6, equation (2.12), and the possible switching states in
Table 2.1, using Clarke’s transformation, the converter voltage (v,,5) in ap-coordination for each

switching state can be determined with equation (2.16).

2
Vys,ap = § (Van + avpy + a? Ven) (2.16)

where a is the unitary vector, which represents the 120° phase displacement between the phase.

Therefore, the converter voltage produced by the eight possible switching states of the converter can
be represented in ap-coordination with space voltage vector V,—V,, as shown in Figure 2.8. This
representation is known as space vector representation, where {Vy,V,, Vs, V,, Vs, Vs } represent six
active switching states of the rectifier, while V, and V, indicate the cases when all three upper

power transistor switches are all turned on, or all turned off, which causes a short circuit in three legs

P
o sy T
[ w f'r&,,‘ ¥ ¥
dc T Al > i(jg‘ . v
B e ‘r—(‘.s:f.__ YY\ *
c = *

y

™
1
N

o T

Fig. 2.9 Three-phase Current Source Converter
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Fig. 2.10 Space Current Vectors Representation

of the converter. Hence, these two voltage vectors are called zero voltage vectors. Each of these
voltage vectors will be used as input actuators for the prediction of MPC.

(1) Example of Current Source Converter

The circuit configuration of a three-phase current source converter is shown in Fig. 2.9. Similar to
the case of voltage source converter, the number of possible switching states that the converter can
generate is limited, as concluded in Table 2.2. For active vectors denoted as I; — I, the current
source converter uses six unidirectional switches in two converter’s legs: one in the upper part
(switches 1, 2, 3) and second in the lower part of the bridge (switches 4, 5, 6). The switches are cho-
sen in such a way, as concluded in Table 2.2. Three passive vectors (zero vectors) are denoted as

I; — Iq. In this case, both upper and lower switches of one of the three converter’s legs are turned on

TABLE 2.2 Switching States and Current Vectors

ON ] ' ] Current

SWITCHES K e E Uew Vectors
51,56 Iac 0 —lac Vac L
S5, 56 0 lac I Vac I,
52,54 —lgc lac 0 Vpa I
53,54 —lqc 0 Iac Vea I
S3,55 0 ~lae lac Ves Is
51,55 lac ~l4e 0 Vas I
51,54 0 0 0 0 I;
S5, S5 0 0 0 0 Ig
S3, S 0 0 0 0 Iy
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at the same time. The generated current I; — Iy can be displayed in space current vectors represen-
tation, as illustrated in Fig. 2.10. The converter current (i.;) in af-coordination for each switching
state can be determined with equation (2.17).

2[1

. "2 E]fA
lcs,aﬁ _gl (_3 /_3 |:zBl (217)
0 7 —ZI

Therefore, each of the converter current produced by the nine possible switching states of the current

source converter can be used as input actuators for the prediction of MPC.
2.4.2 Types of Cost Function

A cost function is a tool to analyze performance or to define the operating range of the controller.
It allows multiple control objectives to be considered at the same time, which is a unique advantage
of MPC. This cost function may consist of several types of control terms. The most common terms
that can be included in a cost function will be introduced as follows:

(1) Reference following

The most common expressions in a cost function are the ones that represent references
following. These terms can be expressed generally as the error between the predicted
value and its reference, as can be seen in the following equation.

g1 = (x" — x(k + 1))? (2.18)
where g, is reference following cost function, x* is the reference value and x(k + 1)
is the predicted value. An absolute error can be used instead of a squared error. However,
when two or more different terms are included in the cost function, a squared error repre-
sents a better reference following. Alternatively, an integral value of error for one sam-
pling period is also a promising choice, as cost function considers the trajectory of the
variable between the instant k£ and the instant k+/, which leads to more accurate reference
tracking. A reference following cost function can be used alone or together with other
types of control terms.

(2) Actuation constraints

The actuation constraint is a term that represents the control effort of a power converter,
which is related to the voltage or current variations, the switching frequency, or the
switching losses. For example, if one wants to minimize the magnitude of the difference
between the previously applied voltage vector v(k-1) and the voltage vector to be applied
v(k), the actuation constraints are often used together with the reference following cost
function as shown in the following cost function.

92 =91+ Allv(k — 1) —v(R)l (2.19)
where g, is the actuation constraints and A, is a weighting factor that allows the im-

portance of control effort to be adjusted.
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(3) Hard constraints
Although model predictive control can achieve direct control of output variables without
the need for inner control loops, the uncontrolled internal variables can reach values that
are outside their allowed range. In order to prevent this from happening, limitations can
be included as an additional term in the cost function. For example, a hard constraint to
ensure that DC-voltage is always positive can be defined as follows.
108,  upc(k+1)<0
9s 2{ 0, upc(k+1)>0
(2.20)

where g, is the actuation constraints. The hard constraint is also customarily used

together with the reference following cost function
2.4.3 Weighting Factor Design

Although no weighting factors are necessary for the cost function when only one type of variable
is controlled, to fully utilize the advantage of MPC, multiple objectives control is preferable. This
can be done simply by introducing the additional control terms in the cost function. However, as the
number of terms in the cost function increases, the adjustment of the weight parameters is not a
straightforward task, especially when they are of a different nature. Each additional term in the cost
function has a specific weighting factor, which is used to tune the importance of that term related in
relation to the other control targets. These parameters have to be appropriately designed in order to
achieve the desired performance. This problem is still an open topic in literature. Different solutions
have been thoroughly analyzed, and several approaches have been proposed [33]-[37]. Among these,
[33] offers basic guidelines to reduce the uncertainty and improve the effectiveness of the tuning
stage are presented in this section, depending on the nature of the different terms involved in the
formulation of the cost function.

(1) Cost function with a second (less important) term

According to [33], this is the easiest case for weighting factor adjustment since the system can be
first controlled using only the primary control objective or term. This can be very simply achieved
by neglecting the secondary terms forcing the weighting factor to zero, 1, = 0. Hence the main
idea of the tuning procedure is to convert the cost function with a second term into a cost function
without weighting factors. Then, in order to establish the tradeoff between the first term and the
second term, it is necessary to establish measurements or figures of merit that will be used to evalu-
ate the quality achieved by adjusting the weighting factor. Once the measures are defined, evaluate
the system behavior with simulations starting with A, = 0 and increase the value gradually. Record
the corresponding measures for each value of A,. Stop the increments of A,, once the measured
value for the second term has reached the desired value for the specific application, or keep increas-
ing, until the primary variable is not controlled properly. Then plot the results and select values of

the system that fulfill the requirements for both variables.
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(2) Cost functions with equally important terms

According to [33], a difficulty in this kind of weighing gains tuning is the different nature of the
variables. For example, when controlling torque and flux in an adjustable speed drive application
with a nominal torque and flux of 25[Nm] and 1[Wb] respectively, the torque error can have differ-
ent orders of magnitudes making both variables not equally important in the cost function, affecting
the system performance. Thus the first step is to normalize the cost function. Once normalized, all
the terms will be equally important, and now, A, = 1 can be considered as a starting point since the
second term is as important as the first term in this control system, thus 4, = 0 is not allowed.
Usually, a suitable A,, is closely located to 1. The second step is the same as with the previous pro-
cedure, i.e., measurements or figures of merit have to be defined, and they will be used to evaluate
the quality achieved by the weighting factor. The last step is to perform the branch and bound algo-
rithm. When a small interval of weighting factors has been reached, meaning by a small interval, that
there are no significant differences in the measures between the upper and lower bounds of the in-
terval, then the weighting factor has been obtained. More explanation regarding this tuning method

can be found in [33].
2.5 Conclusion

In this chapter, the principles and types of VSG, including the one that is developed by the re-
search team of Osaka University, are introduced. Then, the brief introduction to MPC control for
power electronics applications is presented. Besides, this chapter focusses on one of the predictive
control methods that belonged to the MPC family, namely the FCS-MPC, since it is selected as the
primary control algorithm in this dissertation. As seen in section 2.4, the principle of FCS-MPC, the
examples of how to obtain system model from voltage and current sources converters, along with the

guideline of how to design the weighing parameters, are presented in detail.
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Chapter 3
Implementation of FCS-MPC-Based VSG

Control for Inverter-Interfaced DGs

3.1 Introduction

The results of the past research works have clearly demonstrated that the VSG-based DGs can
contribute to the creation of inertia and damping effect and solve issues related to frequency devia-
tions [1]-[7]. Moreover, VSG control can be integrated with droop characteristics. Thus, such VSG
control inherits the advantages of droop control [8], for instance, proper load sharing among paral-
lel-connected DGs, and smooth transition between grid-connected and islanded modes [9]. Still, with
the growing importance of DGs, it is beneficial to study the control concept of VSG under various
conditions, for instance, power quality and fault management, as it is very well-known that inverter
current should be limited during short-circuit faults and overload conditions. Otherwise, semicon-
ductor switches can be damaged because of their low thermal inertia [10]-[11]. Since VSI-based
DGs are usually used in a voltage-controlled mode, where voltage and frequency are regulated at the
DG terminal, they often lack the capability to limit current. Although a multiloop control structure
regulating current and voltage can be utilized, the cascade structure of the multiloop control often
leads to a slow dynamic response of the controller. This is a limiting factor for overcurrent limiting
function, which should act immediately right after disturbances occur in order to prevent the over-
current from damaging any sensitive devices in the DG system.

In recent years, finite control set model predictive control (FCS-MPC) has been presented as an
attractive alternative for the control of power converters because it has a flexible control scheme that
allows easy inclusion of multiple control variables, system constraints, and nonlinearities. Previous-
ly, some control solutions based on FCS-MPC for DGs appeared in the literature; for instance,
FCS-MPC strategies for a grid-connected operation are proposed in [12]-[16]. Conclusively, several
benefits of the MPC scheme can be observed, including being simple to apply in multivariable sys-
tems, the possible inclusion of constraints, straightforward control law, and fast dynamic response.
Among these, the effective multiple-input-multiple-output (MIMO) control of FCS-MPC and the
fast dynamic response are highly attractive for achieving overcurrent prevention ability. The multi-
variable system of the controller allows the inclusion of both voltage and current control into a single
control loop. This grants the controller with the ability to limit overcurrent without a transition be-
tween normal and overcurrent mode. The fast dynamic response of FCS-MPC can also be consid-

ered the main advantage over other PWM-based methods. Additionally, the existence of voltage
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outer loop control in af-axis can assist in dealing with nonlinearity and distortion in current and

voltage waveform under the effect of transient disturbance [17].
3.2 The Proposed FCS-MPC-Based VSG Control
3.2.1 Overview

The overall control diagram of the proposed control is shown in Fig. 3.1. It is composed of the
FCS-MPC, the VSG control, and the current command parts. The FCS-MPC uses a mathematic
model of the system to predict the system variables and to evaluate the optimal switching states for
VSI. The FCS-MPC part will be explained in subsection 3.2.2, whereas the VSG control with the
pole place method part is adopted from [18], as already discussed in subsection 2.2.1. In this part, the
voltage command variables of the VSG are determined. In order to accomplish the FCS-MPC
scheme with both voltage and current control, a current command need to be provided. This com-

mand is generated from the current command part, as explained in subsection 3.2.3.
3.2.1 System Model

The model of the system with the inverter side inductor and filter capacitor of a LCL filter depict-
ed in Fig. 3.2 is utilized to forecast the voltage and current output of the system. This model can be
described in af-frame with capacitor dynamics equation (3.1) and inductance dynamics equation
(3.2).

dv
C—==ir—i, 3.1)
________ VSGControl __ _____ Distributed
|
: y MPC Control Scheme Generator
: Ey Stator |
| "| VSG control - Impedance i R _ —
| ™ 9 Adjuster Vap Evaluation Optimal
IL_—_—_—_____ — e of Switching
I Ey 9, Positive : - CO:F State
| Pou, Convert sequence  H——— — N unction
: Qe extraction : U ap
l P i*aﬁ T | jvt(kd)' . <;
| ref > i . i
L| | [current command” | "/ 82 % || pregictive | | " A
_b :
— Power meter Vig=V;; Model HH
V. :;
ia
Bus

Fig. 3.1 Control Diagram of the purposed FCS-MPC-Based VSG Control
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iy _

L = v~ v, (3.2)

T T .. 9T , .. qT
where v, = [vc_a vc_ﬁ] , V= [vm Vi,ﬁ] , iy = [lf_a lf“g] and i, = [lo_a lO,B] are output volt-
age, inverter voltage, inductor current, and the output current. These equations can be rewritten as

follows (3.3):

dx
— = Ax + Bv; + B,i, (3.3)
dt
1
: [0 0 L 0] 1 0 [0 0]
lf’a o 0o o -1 L | 0 0 |
l L 1 1
where x = vf'ﬁ A= 0 0 0 ,B=|0 7| and Bd=|_E 0
c,a —
' 0 0 1
Ve,g |C | 0 _1
¢ lo 1 0| lo ()J | CJ
c

A discrete-time model of the system derived from (3.3) for a sampling time T, can be expressed

in (3.4), as explained by [38].
x(k+1)=Agx(k) + Bqvi(k) + Bgqi,(k) (3.4)

where A, = e4%5,B, = fOTS eA"Bdrand By, = OTS e B dr.
From (3.4), it can be seen that the future values v.(k + 1) and if(k + 1) can be determined

according to each possible input voltage v; (k).
3.2.1 Current Command Generation

With the MIMO system, FCS-MPC can embed voltage and current into a single loop control, as
depicted in Fig. 3.1. In order to achieve this, the current reference needs to be provided for the
controller. The current command can be determined by considering the relationship between the
inverter phase voltage, line currents, and the capacitor phase voltage, as shown in Fig. 3.2. It can be

described in a stationary frame or af-frame with Eq. (3.5).

Viap = Veap T irap(Rr + (X f + Xs)) (3.5)
where v; o is inverter phase voltage, if g the filter current and v qp is the capacitor voltages. Let

Xs denote the virtual stator reactance, X, r the filter reactance and Ry denote filter resistance.

ic i

te—> YV ____— .
Inverter i
. " 1 y Gﬂd
side side

i —_ c

. ® -

Fig. 3.2 Control Diagram of the purposed FCS-MPC-Based VSG Control
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Unlike the previous VSG controls, the voltage command in the FCS-MPC scheme is used to con-
trol capacitor voltage instead of inverter voltage, and thus, the voltage drop in the filter inductance
has to be compensated in the voltage command. This can be achieved by adding Ly to the virtual
impedance (L) in the stator impedance adjuster. Hence the total virtual impedance in FCS-MPC’s
case becomes Xg = w(Lg + Lis). If we consider the v;4g in (3.5) to equal the voltage command
of VSG control without virtual impedance, the currents references iz and iz can be expressed as

illustrated in Eq. (3.6) and they will be used as the current command for FCS-MPC.

*

la] Eycosbn,] vc,a}
[i;]‘y{[Eosinem] [ocs) 56

X
where Y = RS], E, is internal emf reference and 6, the phase angle reference from
f

;[ Ry
Re2+x5% | — X
VSG. The overcurrent limiting can be fulfilled by merely limiting the magnitude of currents references
iz and ig.

In order to balance the power-sharing between parallel inverters, the stator impedance adjuster
was added to VSG control. In this block, the product of output current and virtual impedance is
added to the voltage command, as demonstrated in Fig. 3.1 However, in the event of unbalanced
short-circuit faults, the output current becomes imbalanced. This unbalance distorts the voltage
command and thus generates a non-sinusoidal current in the DG. Unlike other presented control
methods, FCS-MPC uses a control loop in af-axis. Since the inverter current is controlled to track
the current reference, as discussed in the previous section, the current control has the ability to sup-
press distortion in current as long as current reference remains sinusoidal. This can be accomplished
by removing negative-sequence from current reference. For this purpose, the method proposed in
[19], referred to as second-order generalized integrator (SOGI) bandpass filter (BPF) depicted in Fig.

3.3, is considered in this work. According to [20], the positive-phase-sequence vectors can be ex-

tracted with the following equations.
i () = [1.(0) — a ()] (37
ig® () = [t(D) + qia (©)] (3.8)
where iqp (p)(t) are the amplitudes of positive-phase-sequence voltage vectors, 45 is the funda-
mental component of  i,p ® (t) , q is a phase-shift operator in the time-domain which obtains the

quadrature-phase waveform (90-degrees lag) of the original in-phase waveform. Hence, the new

current command can be derived from (3.7) and (3.8).
3.2.2 Cost Function

Contrarily to classical control schemes, the presence of the cost function allows FCS-MPC to take
into account a number of control goals, and to control different state variables simultaneously.

Therefore, it is highly vital to select the cost function properly. For the control of VSI-based VSG, the
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control system is set to track the voltage and current reference(v” , s and i",p) simultaneously. This

can be achieved by defining the cost function (3.9).
g= (vc,aﬁ(k+1),pu - v*aﬁ,pu)z + (if,aﬁ(k+1),pu - i*a[i,pu)z (3~9)

where V5 5y = [v*a v*ﬁ]T is the reference vector of the capacitor voltage in the per-unit system,
i*(p)aﬁ,pu = [i*a i*[;] T is the reference vector of the inductor current in the per-unit system,
Veap(k+1) = [va vﬁ] Tis the predicted capacitor voltage and lrap(k+1) = [ia iB]T is the
predicted inductance current. Additionally, weighting factors can be included in the cost function to
tune the importance between the overcurrent-limiting effect and active/reactive power control. (Power
control is prioritized when a larger weighting factor is selected for voltage reference tracking, and

smaller weighting factor works contrariwise.)
3.2.3 Virtual Voltage Vectors for Harmonic Reduction

One of the problems of FCS-MPC is the low degree of freedom in switching instances compared
to PWM. While PWM-based control uses an explicit solution of the system to calculate the switch-
ing instances of the inverter, FCS-MPC can only change its switch state once within a sample period
after the calculation is done. Furthermore, a constant switching frequency is not guaranteed in
FCS-MPC, as the change of switching state in each sampling is determined from the cost function
process. These result in a variable switching frequency or large ripples with a broad harmonic spec-
trum.

In order to alleviate these problems, the idea of virtual vectors was proposed in [21] and [22].
Virtual vectors are generated as a linear combination of the discrete physical states of the inverter.
However, unlike [21] and [22], 24 extra virtual vectors in addition to the 7 switching states, are gen-
erated. Totally, 31 voltage vectors are utilized for predictive control, as demonstrated in Fig. 3.4.
This number was selected based on the computational capability of available hardware, as a higher
number of virtual vectors would bring the total computational time closer toward 25% of the modu-
lation period. This would result in an inaccurate generation of some of the virtual vectors, as ex-

plained later in this section. The extra switching states grant more freedom to the switching instances

i (1) soe1 =+ c2

iq(t)) | ) >
1/2 BP Filter |9'a

¢ &

g

;
. B
ig(t) SOGI £
=12 BP Filter | 9'B

Fig. 3.3 Structure for extracting positive sequences based on SOGI-BPF.
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L

KT, (K+1)T, KT, (K+1)T,
(a) (b)
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[ 1
[

KT, (K+1)T, KT, (K+1)T,

(c) (d)

Fig. 3.5 Modulation of interpolated switching states; (a) switching states v;. (b) switching states v;;. (c)

switching states v;. (d) switching states v;s

of FCS-MPC. The switching states V0, VI, V2, V3, V4, V5, and V6 in the figure represent the physi-
cal switching states of an inverter, as explained in section 2.4. When a combination of these real

vectors is applied in a switching sequence for a specific time quantity, new virtual vectors can be
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generated. This can be further explained with the diagram in Fig. 3.5 It illustrates the virtual switch-
ing states V7, V13, and V15, for which each of its virtual states is implemented by modulation of the
two nearest physical switching states (i.e., VI and V2) or one physical state and one zero vector (i.e.,
V1 and V0). For instances, switching states J'/3 results from applying VI for 75% of the modulation
period (Ts), whereas V0 is applied for 25% of the period. Similarly, switching states /7 can be cre-
ated by applying V1 and V2 for 50% of the modulation period each, and switching states V15 is gen-
erated when V0 is applied for 75% and V1 is applied for 25% of the period, respectively. The same
principle goes for the creation of the rest of the virtual vectors. By doing so, the inverter has three
more possibilities to change its state at 25%, 50%, or 75% of the modulation period instead of al-
ways switching at the end/start of the modulation period. Hence, switching instances of FCS-MPC
becomes more flexible, and harmonic caused by switching frequency can be reduced in exchange of
higher calculation time since 31 sets of inverter voltage vectors (including one zero voltage vector)

are used during prediction instead of eight in the conventional method.
3.2.4 Filter Resonance

The average switching frequency of FCS-MPC is challenging to determine in advance since it
depends not only on the sampling frequency but also on the inverters operating point. Hence, the
spread harmonic spectrum of FCS-MPC might contain components at the resonant frequency of
LCL-filter at a certain point of operating. However, this will result in resonance, only when, no more
than one of the three states of the filter (inverter current (if(s)) for predictive direct current control
[23]-[27]) is directly controlled, whereas two other states, i.e., grid side inductor current (i, (s)) and
capacitor voltage (v.(s)), are indirectly controlled by the first state and thus highly dependent on
filter impedances.

As most of the previously presented FCS-MPC-based grid-connected DGs utilize the sin-
gle-input-single-output (SISO) system-based predictive direct current control or predictive power
control strategies [23]-[27], only if(s) is directly regulated. To avoid resonance, distortion in the
other states of the filter such as v.(s) needs to be indirectly restrained through if(s) reference.
This can be achieved by an active damping strategy based on virtual resistance (VR), which has been
applied to the FCS-MPC based grid-connected VSI with some success [26], [27]. Nevertheless,
problems may occur as soon as v.(s) is distorted by harmonics, which cannot be dampened by VR.

My proposed FCS-MPC, on the other hand, utilizes MIMO system to control both v,.(s) and
if(s) simultaneously. This is different from conventional cascade control of voltage and current,
where settling time of the inner loop has to be significantly faster than the settling time of the outer
loop. Therefore, at the resonance frequency where v.(s) and if(s) are oscillating with the same
dynamics, the control of the outer loop is not fast enough to provide damping effect. Contrarily, the

multivariable control of FCS-MPC is conducted at the same bandwidth. This ensures that the regula-
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tion of v.(s) can damp the distortion caused by the harmonics of i¢(s) and the control of if(s) is
able to reduce the disturbance caused by the harmonics of v.(s). Additionally, only two degrees of
freedom exist out of the three states of the LCL-filter since i,(s) is a function of v.(s) and if(s).
Hence, by controlling both degrees of freedom of the LCL-filter, the frequency response between the
filter states is no longer influenced by its impedance alone. Thus the uncontrolled resonant energy
oscillation between the inductances and the capacitance is effectively avoided. This concept has been
successfully applied in grid-connected AC/DC-converters, as proposed in [28]-[31]. A similar con-

cept was also proposed in [32].
3.2.5 Issue of Stability

Stability analysis of FCS-MPC has been until recently relatively undeveloped despite its success
in a variety of power electronics applications. One of the main reasons is due to the fact that the
MPC strategy, in general, does not provide an explicit solution of the system. This makes character-
izing the resulting closed-loop performance a highly complex task [33]. Alternatively, a capable sta-
bility analysis method was proposed based on the Lyapunov stability theory in [34]. Instead of a
closed-loop performance study, the work suggested that practical stability can be established by con-
sidering the cost function of the optimal problem as a candidate Lyapunov function. A similar con-
cept was proposed later on in [35]-[36], and it was concluded that the cost function of FCS-MPC
could be designed to obtain the desired performance while guaranteeing the practical stability of the
power converter. In this work, stability analysis was not conducted as it is not the focus of my re-
search. Nevertheless, stability issue is considered one of the most important open problems for
FCS-MPC and the prior studies in [34]-[36] can be used as references to carry out further research

on this topic.

3.3 Simulation and Discussion

In order to verify whether the ability of VSG control is inherited by the FCS-MPC-based control
scheme, the simulation of the test circuit, shown in Fig. 3.6, is conducted. The simulation parameters
are concluded in Table 3.1. The proposed control scheme is tested under both grid-connected and
islanded operations. First, DG1 and DG2 are connected at the bus and to the grid. A sudden change
of grid frequency from 60 Hz to 59.7 Hz has been simulated when the system operates in the
grid-connected mode with a power reference of 5 kW at 7= 2 s. For a real power system, the fre-
quency will never change instantaneously, but this case is simulated to study a worst-case scenario
of frequency disturbance. Then DGs are disconnected from the grid at 7 = 4 s. Finally, during the
islanded operation, the load will change from 5.1 kW, 0.2 kvar to 7.3 kW, 0.6 kvar.

The simulation results are shown in Fig. 3.7. From Fig. 3.7 (a), it can be seen that during
grid-connected operation, the two DGs are sharing active and reactive power properly according to

their ratings throughout the operation. When grid frequency decreased at 7= 2 s, the overshoot of
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TABLE 3.1 SIMULATION PARAMETERS

Parameter Value Parameter Value
Shasel 5kVA M; 4s
Shase2 2.5kVA Xgq 0.9pu

Ey = Vyria 200V Xso 0.9pu

Wo = Wgrig 376.99 rad/s Qo 0 pu
P§; 1 pu
POLE PLACEMENT PARAMETERS

Parameter Value Parameter Value
ky 20 pu kv 156.2718 pu
kexp 14.36193 pu ki 110.1699 pu

active power can be observed in Fig. 3.7(a) for both DGs. This implies that the reduction in grid

frequency is releasing inertial energy from the VSG, resulting in a power injection to the grid in or-

0.50Q, 30 pH B1
YV YV — -
] A AAA —1 =~ Load
a'a'a) Y —— —
25mH | | | 400pH
DG1 TIT
ouF )32
B2
T A a'a'a) -
] T A - VYV - * Gr|d
amH | _ | 800uH
DG2

Fig. 3.6. Simulation circuit diagram

der to slow down the change of grid frequency. This is different from droop characteristics because
in case of droop control, although power will increase due to the decrease in frequency. No over-
shoot will be observed. At time 7 = 4., the two DGs are disconnected from the grid. The active and
reactive power, shown in Fig. 3.7(a), and output amplitude, shown in Fig. 3.7(b), indicate that the

DG can smoothly transit from grid-tied operation to islanded operation. As illustrated in Fig. 3.7(c).
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Fig. 3.7. Simulation results of the proposed control in grid-connected and islanded mode under normal

condition

the frequency outputs of DGs are slowly changing, which indicates the inertia response of the VSGs.

The same phenomena can be observed at 7= 6 s. when loading changes from 5.1 kW, 0.2 kvar to 7.3

kW, 0.6 kvar. Furthermore, the output amplitudes of DGs are maintained around the nominal values

throughout the operation. Hence, It can be concluded that the proposed FCS-MPC-based VSG con-

trol inherits all the properties of VSG control.
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3.4 Conclusion

In this chapter, a FCS-MPC-based control scheme is presented for a three-phase inverter with an
output LCL filter, beginning with the design procedure for FCS-MPC and the integration of VSG
control into FCS-MPC control. The open issues of FCS-MPC, such as stability analysis and har-
monic reduction, are also discussed in this chapter. Finally, the simulation results of the proposed
control under the normal operating condition are presented. Results show that the proposed scheme
can operate in both grid-connected and islanded modes while achieving proper active and reactive
power sharing, proper control of output voltage, and virtual inertia feature to slow down frequency
deviation during load transitions and grid islanding. Hence, it is confirmed that the proposed
FCS-MPC-based VSG control inherits all the properties of VSG control. The proposed control is
also capable of a current limiting ability since the multivariable control of voltage and current is

achieved. This statement will be verified in Chapter 4.
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Chapter 4

Comparison between FCS-MPC and Other
Existing Methods for VSG Control-Based
Inverter Regarding Fault-Ride-Through
Ability

4.1 Introduction

Although the results of the past research works have clearly demonstrated that the VSG-based
DGs can contribute to the creation of inertia and damping effect and solve issues related to frequen-
cy deviations [1]-[6], still, other concerns exist over grid stability under the massive DG penetration.
One of the most critical concerns is the interrupted operation in the DG system due to the effect of
transient disturbances on the utility grid. Without a proper countermeasure, the whole grid could
suffer from a massive imbalance between the power supply and power demand. According to the
Japanese grid code [7], the requirements for the power conditioner of low voltage ride through
(LVRT) or fault ride-through (FRT) from 2017 stated that for fault duration within 1 s and voltage
drop larger than 20 % of rated voltage, the DGs have to remain connected. This indicates that in such
an event of a fault, the DGs must not be tripping. Nevertheless, unlike a conventional generator,
semiconductor switches in the inverter-based DGs system cannot tolerate overcurrent conditions due
to their low thermal inertia [8]. Therefore, it must quickly detect the fault and prevent overcurrent in
the inverter and equipment connected to the grid.

Yet, the LVRT ability of the VSG-based system has not been thoroughly analyzed. For instance, a
current restraining method under balance voltage sag was presented in [9] based on control mode
switching. However, it faces a challenge of managing the transition between normal mode and
overcurrent mode during and after fault condition, especially against the case of asymmetrical volt-
age sag, where the current becomes oscillatory under unbalanced condition. A method based on vir-
tual impedance to limit the current of VSG during the fault event was proposed in [10], despite that,
only the case of balance voltage sag was presented, and thereby, there is doubt over the ability of this
method against unbalance voltage sag since the proposed VSG are prone to unbalance and nonline-
arity due to the absence of output voltage control loop. In [11], the evaluations of voltage sag con-
sequences and of a current-suppressing strategy were conducted for both symmetrical and asymmet-
rical voltage sag, however only the case of mild voltage sag (over 0.9 pu) was studied in the pre-

sented work. Recently, a grid-connected based DG that utilized voltage references provided by VSG
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to achieve current control via virtual admittance is proposed in [16]. Although the control is able to
cope with unbalanced faults, since the issue of overcurrent-limiting was not explicitly addressed, it is
undetermined whether the dynamic response of the method in [16] is quick enough to deal with
overcurrent condition. Another way to accomplish overcurrent limiting in VSG is to use multiple
loop control of voltage and current, and the current limiting can be done in the current loop by only
limiting current reference as proposed in [12]. However, to ensure stability in all operating condi-
tions, tuning of PI has to be done appropriately, which can be challenging when a number of DGs
are connected together [20]. Windup and waveform clipping is also the disadvantages of this method
[14]. Furthermore, when multiloop control is connected to another voltage source, the control has a
problem with active and reactive power regulation during and after disturbance, as shown in [15].
Reference [14] also indicates that maintaining stability after disturbances and exiting current limiting
are other issues for multiloop control. In literature, there also exist other types of current limiting
strategies, which can be accomplished in the voltage control loop. These current-limiting methods
are typically accomplished by reducing the voltage magnitude when the current exceeds a threshold
[17], or by a current-limiting proportional-integral (PI) controller [18]. Adopting these methods in
VSG control, however, could lead to another shortcoming as a complicated strategy for entering and
exiting overcurrent mode is required.

In this chapter, a comparative study in simulations and experiments between the FCS-MPC based
VSG with simultaneous control of voltage and current in a single control loop and two existing con-
trol schemes with the current limiting ability for VSG control, namely multiloop VSG control [13]

and VSG with virtual impedances current limiting [10].

4.2 The Multiloop VSG Control
4.2.1 Overview

Multiloop control uses an outer voltage loop that provides the current reference to an inner current
loop. The control has an inherent current limiting ability due to the use of current regulators. Limit-
ing inverter current magnitude in multiloop is relatively simple; however, maintaining stability is
challenging, particularly when multiloop control connects to dissimilar voltage sources such as syn-
chronous generators [20] and grid [21]. Reference [21] also demonstrated that the use of simple cur-
rent reference saturation limiters might cause instability in the event of unbalanced voltage sag since
the current reference saturates and the voltage controller may lose control, as the inverter and gener-
ator frequencies diverge, and the system becomes unstable.

A multiloop VSG with a cascade structure of voltage and current control loops is presented in Fig.
4.1 The controller comprises inner and outer control loops. An inner control loop is designed to con-
trol the filter current, while an outer control loop is designed to control the inverter output voltage.
Both voltage and current control loop are implemented in the synchronous reference frame

(dg-coordinates). The voltage magnitude reference and frequency are given by the power generation
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Fig. 4.1 The control diagram of multiloop VSG control

part of VSG control presented in Chapter 3. As depicted in Fig. 4.1, the controller aligns the g-axis
with the output voltage by setting the d-axis voltage reference (v}) to zero and the g-axis voltage
reference (v,) to the desired voltage magnitude. The outer loop then uses the references to control
the output voltage in dg-coordinates (v44) and provides the current reference (iy,) to the inner cur-
rent loop system via PI controllers to control the output current (i44), as shown in Fig. 4.1. The out-
put of the inner controller is limited by the modulation limit of the PWM and the dc-bus voltage,
while the output of the outer voltage controller is the current reference, which is limited by the cur-
rent rating of the semiconductors within the inverter. The current reference saturation limiters set at

+/ = 1.06 pu [20] (/;mag = V1.062 + 1.062 = 1.5 pu).
4.2.2 Current Controller Tuning

For low order controlled plants without time delay, the modulus optimum is often used in the
conventional analog controller tuning when the controlled system has one dominant time constant
and other minor time constant. This method is widely used because of its simplicity and fast re-
sponse. According to [13], for tuning the parameters of the inner loop current controllers in Fig. 4.1,
the delay effect of the converter pulse-width modulated (PWM) operation must be considered. By
approximating the effect of the PWM with a first-order transfer function and assuming feedforward
of the measured voltages and ideal decoupling of the d- and g-axes, the open-loop transfer function

h¢c,aq for the current controllers can be approximated with (4.1) [22], [23].

1 1
: : 4.1
1+T,5 Ry (1+Tys) @.1)

kic
hcc,dq (S) ~ (kpc + T)

where k,. and k;. are PI controller parameters of the inner loop of multiloop control and R, is
the filter resistance in per-unit. According to [13], the time constants T; for the filter inductor and

T, for the delay approximation of the PWM are approximated with (4.2), as shown in the following:

. L
1= %

R
. 1 4.2)
" 2fiw
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when L is the filter inductor and f;,, is the switching frequency. Based on the open-loop transfer
function in (4.1), the PI current controller gains can be selected according to the modulus optimum
(MO) criterion commonly applied for current controllers in drives and grid-connected converters
[22], [24]. This tuning technique corresponds to pole cancelation in the open-loop transfer function,
and to a gain selecting to achieve critical damping of the resulting closed-loop transfer function.

According to the technique, kp. and k;. can be determined by (4.3)

= L
pC_Z—Tv
R (4.3)
iC_ZTV

It is clearly seen from (4.3) that the PI controller parameters and, thus, the current controller

bandwidth is directly limited by the switching frequency.
4.2.3 Voltage Controller Tuning

From the cascaded structure shown in Fig. 4.1, it is clear that the tuning of outer loop control
gains is constrained by the bandwidth of the inner loop current controllers. According to [13], for the
sake of simplifying, the closed-loop current controllers can be approximated by a first-order transfer
function [23]. Assuming an ideal decoupling of the d- and g-axes, the open-loop transfer function of

the voltage controllers can be expressed by (4.4).

k~) 1 1

h ~ (k +—=)- - :
ve,dq (S) pv S 14+ Teq,ccs Tﬂs (4 4)

when k,,, and k., are PI controller parameters of the outer loop of multiloop control and the time
constant T,, .. representing the closed-loop current controller and the integral time T4 of the filter
capacitor are defined by (4.5), where Cy,, is the filter capacitor in per-unit and w, is the nominal

output frequency.

Teq,cc = 2T,
C 4.5
o =2 @)

Since the open-loop transfer function of the voltage controller (4.4) already has two poles at the
origin, an alternative criterion to tune the controllers in this condition is given by the symmetrical
optimum criteria. The symmetrical optimum criterion ensures maximum phase margin at the cross-
over frequency of the open-loop transfer function. The tuning of PI controller gains ky, and k;,

can be expressed as follows.

T,
pv
Teqcc (4.6)
o Ta
v a3Tzeq,cc
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where ‘a’ is a design parameter that relates the tuning of the PI controller to the damping factor ¢ of
the closed-loop transfer function, as given by [23], [24]. The damping factor can be changed by var-
ying ‘a’. So the value of ‘a’ can be chosen for the condition fulfilling desired performance. Accord-
ing to [13], the conventional tuning approach requires a sufficient difference in the bandwidth be-
tween the outer voltage controller and the inner current controller. Traditionally, this is ensured by
increasing the value of a until the bandwidth of the voltage controller is at least one decade below

the current controller bandwidth.

4.3 The Virtual Impedance Current Limiting Method
4.3.1 Overview

Originally, virtual impedance is used to adjust the power-sharing between DGs. However, this
impedance can also be used to limit overcurrent, as suggested in [14]. The idea is to increase virtual
impedance proportional to the size of the current magnitude when the current magnitude exceeds a
predefined value. This increased impedance will reduce the voltage command and thus preventing
overcurrent. if the current magnitude is lower than this threshold, then the virtual impedance will be
reverted back to the original value. A VSG control with virtual impedance current limiting is pre-
sented in Fig. 4.2. The control diagram is similar to the VSG control presented in subsection 2.2.1

except that the “Stator Impedance Adjuster” block is modified to achieve current-limiting ability.
4.3.2 Virtual Impedance

In order to achieve the current-limiting ability, the inverter’s output impedance will be increased
during an overcurrent condition. By increasing the output impedance, the voltage reference is re-
duced and thereby preventing the voltage controller from commanding an excessively large current
reference [25]-[27]. Unlike multiloop control, where the current limiter is embedded in the current

control loop, the virtual impedance adjuster can be integrated into the voltage reference controller,
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Fig. 4.2 The control diagram of VSG control with virtual impedance current limiting

-51 -



Chapter 4 Comparison between FCS-MPC-Based VSG Control and Other Existing Methods

Fig. 4.3 “Stator Impedance Adjuster” block
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Fig. 4.4 Virtual stator impedance calculator

and hence, the current-limiting ability can be achieved without actually controlling current.

In the VSG control scheme, constant virtual stator inductance (L;g) is generated by the “Stator
Impedance Adjuster” block as illustrated in Fig. 4.3. This inductance exists to assist in transient ac-
tive power-sharing and system damping increasing [28]. In the VSG control with virtual impedance
current limiting, the transient virtual stator impedance AZ;;=AR;s+wAL; is also generated in addi-
tion to L;5o for the purpose of DG overcurrent limiting during a fault event as proposed in [14].
Hence, the overall virtual inductance (L;5) becomes Lj;= Ljgo +ALjs. The effect of increased im-

pedance to reduced peak current can be easily understood with the following equation.

Vo = Imax\/ARlsz + ((")Lls)2 (4.2)

where V, is the magnitude of inverter output voltage during fault and I, is the desired maxi-
mum allowed current magnitude. If the voltage drop is constant, I,,,, becomes smaller as stator
impedance increases. The increase in impedance was achieved by adding AZ;; to the original virtual

impedance. The value of AZ|¢ is defined according to (4.3)-(4.4) and Fig. 4.4.

ARy = maX{Kz(io,rms - Ithres)r 0} 4.3)
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AL = AR;(X/R) (4.4)

where K, is limiting gain, and X /R is the current limiting virtual impedance ratio. According to
(4.3) and (4.4), if the output current (i, ) exceeds the predefined threshold value(lypyes), AZjg
proportional to the amount of overcurrent will be applied to the VSG. In this strategy, by using the
amount of overcurrent to generate extra output impedance, the control will enter the current limiting
mode automatically once overcurrent occurs, and it will exit the mode as soon as the overcurrent

condition ceases to exist.
4.3.3 Setting Current Limit Gain

Suitable values of K, and X/R should be chosen corresponding to the level of fault. According
to [14], the voltage drop V, should equal the voltage magnitude command during the event of faults.
This can be ensured by determining K, and X/R that generates the desired V, according to equa-
tion (4.2). More explanation can be found in [14]. It should be noted that the parameter K, is de-
termined according to the amount of voltage drop. However, in the real system, different kind of
disturbance exists, and it is hard to foresee precisely how significant the voltage drop will be. This
makes the tuning of this limit gain complicated in practice. If the gain is too small, current limiting
will fail. On the other hand, if the gain is too large, the amount of drop in voltage command gener-
ated by virtual impedance could surpass the magnitude of the original voltage command. This can

lead to instability in the control system.

4.4 FRT-Ability Comparison Between Existing Methods and
FCS-MPC-Based Method via Simulations Results

In order to evaluate the current limiting ability of each control method, the test circuit, illustrated
in Fig. 4.5, is simulated in PSCAD/EMTDC for each method in grid-connected operation, and simu-
lation and experiment are conducted for all three methods in islanded mode. DG1 has a rating of 5
kW, while DG2 has a rating of 2.5 kW. Passive LCL filters were used in both DG1 and DG2. The
filter inductances are designed such that the voltage drop across the inductor is around 0.08 pu for
the inverter side and 0.02 pu for the grid side. The capacitance C is then calculated to set the cut-off
frequency of the filter much lower than the switching frequency. The same design was applied to all
three control schemes. The virtual impedance X is selected as 0.9pu in this simulation to suppress
non-sinusoidal current injection. A sampling frequency of 18 kHz was utilized for PWM based con-
trol schemes, whereas a sampling frequency of 40 kHz was selected for MPC in order to acquire a
mean switching frequency around 14 kHz, which is at the same level as the switching frequency of
the PWM control scheme (18 kHz). In order to justify the current limiting-ability of the control, peak
current is expected to be lower than 2pu (40A for DG1 and 20A for DG2) throughout the operation.
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Fig. 4.5. Simulation circuit diagram

TABLE 4.1
CONTROL PARAMETERS
VSG
Parameter Value Parameter Value
Shaser 5kVA M; 8s
Shase2 2.5kVA Xsq 0.9pu
Viated 200V X, 0.9pu
Wo = Wgrig 376.99 rad/s
Multiloop
Kpo1 0.2857 Timn 0.0025
Ky i1 0.125 Ty 0.04
Kp 2 0.2857 T; 02 0.0025
Ky 0.2 Ti iz 0.04
Virtual impedance
K, 1.75 Kz 0.5

Important simulation parameters are listed in Table 4.1.
4.4.1 Grid-Connected Operation

For grid-connected mode, the load connected to the system is 6.6 kW+ 0.6 kVar. Py 441 and
Po,ag2 are set at 5 kW and 2.5 kW, respectively, while Qrefl and Qref2 are both set to OkVar. The

events of a three-phase to ground fault and a line-to-line fault were simulated across the bus, as
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shown in Fig. 4.4, while the fault resistance is set to 0.8 Q. The fault occurs at 7= 2.5 s and it is au-
tomatically cleared at 7= 2.7 s. The active and reactive powers of DG1 and DG2 in the event of a
three-phase fault are displayed in Fig. 4.6, for which the existing control schemes and the proposed
control strategy are implemented. The active and reactive powers of multiloop control VSG, pre-
sented in Fig. 4.6(a) clearly indicate that the controller is incapable of restoring the power control
after the fault is cleared. The reason for this might be the slow dynamic response of the cascade
structure of multiloop control, which is unable to track the grid voltage after the fault is cleared be-
cause there is some phase difference between the output voltage of DG and grid and the voltage con-
trol. As for the VSG control with virtual impedance current limiting and the proposed
FCS-MPC-based control shown in Fig. 4.6(b)-(c), the controllers are able to restore power control

right after the fault clearance. Fig. 4.7 presents the current waveforms of DG1 and DG2 in the event
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Fig. 4.6. Simulation of active and reactive power of grid-connected DG1 and DG2 in the event of a
three-phase fault. (a) Multiloop control VSG. (b) VSG with virtual impedance current limiting. (c)
FS-MPC based VSG
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of a three-phase fault for all three control schemes under study. It can be deducted from the figures
that all three controllers are capable of current limiting in the event of a three-phase fault. The
waveforms of active and reactive power of DG1 and DG2 in the event of a line-to-line fault are il-
lustrated in Fig. 4.8. Similar to the case of a three-phase fault, multiloop control failed to restore
power control after fault clearing due to the low dynamic response of cascade control, while VSG
control with virtual impedance current limiting and the proposed FCS-MPC-based control are able to
restore power control properly. Fig. 4.9 presents the current waveforms of DG1 and DG2 in the
event of a line-to-line fault. It can be deducted from Fig. 4.9 (a) that during the fault, the multiloop
control was unable to limit the peak current of DG2 within the acceptable range. Hence the overcur-
rent-limiting failed. For the VSG control with virtual impedance current limiting, although the con-
troller was able to limit the peak current of DG2 within the acceptable range, the limited current
waveforms became distorted as the magnitude of the output current oscillated due to the unbalanced
nature of the fault. Since the increased virtual impedance is generated proportional to the increased

output current magnitude, it oscillated in the same way that the current magnitude did.
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Fig. 4.7. Simulation of current waveforms of grid-connected DG1 and DG2 in the event of a three-phase
fault. (a) Multiloop control VSG. (b) VSG with virtual impedance current limiting. (¢c) FS-MPC based
VSG
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Fig. 4.8. Simulation of active and reactive power of grid-connected DG1 and DG2 in the event of a

line-to-line fault. (a) Multiloop control VSG. (b) VSG with virtual impedance current limiting. (c)
FS-MPC based VSG

On the other hand, the proposed FCS-MPC-based control is capable of peak current limiting.
Furthermore, as shown in Fig. 4.9 (¢), even under unsymmetrical condition, the MPC controller uses
the measured voltage and current to find the optimal inverter switching state, which provides voltage
and current as close as possible to the desired values. Hence, comparatively sinusoidal waveform of
inverter current is produced. However, the steady-state current waveforms of FCS-MPC based sys-

tem displays more ripples in comparison to its PWM counterparts.
4.4.2 Islanded Operation

For islanded mode, the load connected to the system is 6.6 kW+ 0.6 kVar. The other setting of the
system is the exact same with the case of grid-connected mode except that now DGs are operating
independently from the grid. Event of three-phase fault or line-A-to-line-B fault is conducted at 4s to

4.5s. Due to hardware restriction, the fault resistance was selected as 5Q in the former case and 2.5Q
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Fig. 4.9. Simulation of current waveforms of grid-connected DG1 and DG2 in the event of a line-to-line
fault. (a) Multiloop control VSG. (b) VSG with virtual impedance current limiting. (¢) FS-MPC based
VSG

in the latter case. This corresponds to a voltage drop to around 0.65pu for the former and to
0.6-0.7pu for the latter case. Current waveforms of multiloop control during the event of fault are
shown in Figs. 4.11 (a) and 4.13 (a). For the case of three-phase faults, overcurrent limiting ability
can clearly be seen, as peak current is kept under 2 pu throughout the fault event. In the case of a
line-to-line fault, although overcurrent can be prevented, the current becomes distorted, as the cur-
rent command becomes oscillatory due to oscillating v, in the outer loop voltage control.

The active and reactive power waveforms are depicted in Fig. 4.10 (a) and 4.12 (a) for three-phase
fault and line-to-line fault, respectively. Compared to the other two methods, the restoration of pow-
er control after fault event is slower in multiloop control, as the power oscillates for a short period
before it settles. The active power-sharing in parallel connected inverters is done by managing an

appropriate distance between angles of each inverter, which is determined by the VSG control part.
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Fig. 4.10 Simulation of active and reactive power of islanded DG1 and DG2 in the event of a three-phase
fault. (a) Multiloop control VSG. (b) VSG with virtual impedance current limiting. (¢) FS-MPC based
VSG

In the fault event, the power angle balance was disrupted and the two inverters need to restore
their previous power angle distance after fault clearance. In multiloop control, however, power angle
references from VSG are not applied directly to the inverter and got affected by quadrature axis
components of the cascade control loop, which results in slow dynamic response and oscillation in
active and reactive power. The active and reactive power restoration can become quicker if the sen-
sitivity of the PI control in the outer voltage loop is increased. However, it will lead to more signifi-
cant oscillation in current command during the fault event, and as a consequence, the distortion of
current increases. Therefore, there is clearly a trade-off between distortion in current during disturb-
ances and the ability to track power command in multiloop control. The oscillation of active and re-
active power and distortion in current waveform, however, are reduced compared with the result in
[15], since the nonlinearity-sensitive -PLL is removed from the multiloop.

The current and power waveforms of VSG with virtual impedance are illustrated in Figs 4.10 (b)
—4.13 (b). In the event of a three-phase fault (Fig. 4.10 (b) and Fig. 4.11 (b)), the control strategy is

able to achieve an overcurrent-limiting. After the fault is cleared, P and Q gradually settle toward the
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Fig. 4.11 Simulation of current waveforms of islanded DG1 and DG2 in the event of a three-phase fault.

(a) Multiloop control VSG. (b) VSG with virtual impedance current limiting. (¢) FS-MPC based VSG

steady-state values. The power restoration cannot be done immediately, as the increased virtual im-
pedance cannot be entirely removed right after the fault clearance, and this impedance acts to oppose
the change in current and also slows down power restoration. However, unlike multiloop control,
there is no oscillation in active and reactive power during restoration.

In the case of unbalanced voltage sag (Fig. 4.12 (b) and 4.13 (b)), the output current becomes os-
cillatory due to the unsymmetrical condition of the fault. This causes distortion in the current wave-
form since the increased output impedance is calculated using the oscillated output current. As a re-
sult, output current becomes more oscillatory and the distortion will get amplified again when the
new value of virtual impedance is calculated. The author tried to ease the influence of oscillated
output current with a low pass filter. However, this will lead to low dynamic response in overcurrent
detection and thus degrades the current limiting ability of the control, especially at the instance when
the fault first occurs. In the worst-case scenario, where the output current oscillates across the e
o> the control will rapidly switch between normal and overcurrent mode, which might lead to a fail-
ure in overcurrent prevention or a much-distorted voltage and current waveforms. In order to avoid
these problems, overcurrent limiting strategies without transition between normal mode and over-

current mode is preferable in the case of an unsymmetrical fault. In DG2 the peak current exceeds
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the maximum allowed current regardless of the size of the limiting gain, as the amount of the drop in
voltage command already exceeds the voltage command generated by VSG. Hence, the control
failed to limit overcurrent.

The active and reactive power in the case of unbalance voltage sag is demonstrated in Fig. 4.12
(b). In this case, similar behavior as the three-phase fault case can be observed, as P and Q gradually
settle to their values prior to the fault event.

The current waveforms of FS-MPC-based VSG are displayed in Fig. 4.11 (c) and 4.13 (c). The
current limiting ability is confirmed for both types of faults. Moreover, in the case of unbalanced
voltage sag, thanks to its current loop control in of-frame, the control shows a superior
non-sinusoidal current suppressing capability than the other two methods, as distortions are mostly
reduced. Fig. 4.13 (c) also displays that the unbalance in current is also restrained compared to mul-
tiloop control. The active and reactive powers are presented in Fig. 4.10 (c) and 4.12 (c). The resto-
ration of P and Q after the fault clearance in the FS-MPC-based method is the quickest one out of
the three methods, as both voltage and current control are used in power tracking simultaneously,

and saturation of the current reference is avoided.
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4.5 Experimental Verification and Discussion

The simulation results of the islanded-parallel DGs case are further verified by experimental re-
sults in the laboratory, illustrated in Fig. 4.14 and Fig. 4.15. The setting of the test circuit is the same
as that of the simulation circuit depicted in Fig. 4.5, and the control parameters and the experiment
scenario are also adopted from the simulations. Both inverters are controlled independently by a dig-
ital control unit Myway PE-Expert IV, and the presented data are internal variables of the control
unit, which are recorded using the embedded function of PE-View X. This is a software interface of
Myway PE-Expert IV. Additionally, HIOKI PW6001 Power analyzer was used to obtain FFT analy-
sis data. By comparing the experimental results displayed in Fig. 4.16-4.20 to the simulation results
displayed in Figs. 4.10-4.13, it can be concluded that all comments on simulation results still stand
for the experimental results. The results of the current waveforms in the experiment are very similar
to the waveforms in the simulations. On the other hand, the active and reactive power from experi-

ment results differs a bit from simulations. The possible causes might be the difference between the
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ideal DC sources of inverter in simulation, as opposed to the real DC sources in the experiment set-
up. In the case of multiloop control, the power oscillation is reduced in experimental results com-
pared with the simulation, as a low pass filter was used in the experiment to reduce noise from the
measured signal. Nevertheless, the dynamic response of each control methods shows the same ten-

dency in both simulation and experiment, for instances, after fault clearing, active and reactive pow-

Fig. 4.15. Photos of the load systems.
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er in multiloop control displays some oscillations, whereas FCS-MPC based VSG can restore power
a little bit quicker than VSG with virtual impedance current limiting against balanced voltage sag.
The zoomed up of current waveforms in Fig. 4.17, and Fig. 4.19 are displayed in Fig. 4.20. Fig.
4.20(g)-20(1) also indicate that the current ripple is notably higher in FCS-MPC in steady-state. In
Fig. 4.21, fast Fourier transform (FFT) analyses of phase-A-voltage and current waveforms of DGI
illustrate the harmonics of voltage and current under 100th order. The results confirm the previous
discussion that the harmonic spectrum of FCS-MPC is dispersed compared to those of PWM-based
methods. Although the broad harmonic spectrum cannot be removed in the proposed control scheme,
the amount of harmonic from the 5th to the 100th order was kept only around 0.5% of the funda-
mental component. Additionally, a ratio of the total harmonic component from the 2nd order to the
100th order to the fundamental wave (THD) for each control scheme is also displayed in Fig. 4.21. It
indicates that the multiloop control and the VSG with virtual impedance current limiting have THDs
of around 2% for both voltage and current components, whereas the proposed control scheme has a
slightly higher THDs around 3.5% and 3.2% for voltage and current components, respectively. Alt-
hough the proposed control generates notably higher THDs than the other two methods, these num-

bers are within 5%, which is an acceptable level in power grids operation. Furthermore, the
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amplitude of harmonics in each order and sampling frequency of the inverter can be further reduced,
if an increased number of virtual voltage vectors are applied as studied in [29]-[31]. This is espe-
cially evident in [30], where the effectiveness and performance of FS-MPC based method for a
two-level grid-connected voltage source inverter is verified. In [32], by utilizing a high computa-
tional power FPGA and parallel computation, quasi-continuous sets of inverter voltage vectors can
be generated. In this case, a sampling period and a harmonic spectrum comparable to PWM-based
control are expected, as MPC utilizes a conventional space-vector-pulse-width-modulation
(SVPWM) to generate inverter‘s switching signal. To avoid the high computational burden in MPC,
strategies to significantly reduce calculation time for a high number of virtual voltage vectors are
also proposed in [30]-[31]. Alternatively, the harmonic spectrum can be improved by utilizing opti-

mized LCL filter design to attenuate both high and low order harmonics, as proposed in [33]-[34].

4.6 Conclusions

A comparative study between a FCS-MPC-based VSG control schemes, a VSG with virtual im-
pedance current limiting, and a multiloop VSG control are presented for a three-phase invert-
er-interfaced DGs regarding their FRT-abilities. Results from simulations and experiments have
been conducted to evaluate the performances of the proposed control in comparison with the existing

control in both grid-connected and islanded operations.
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For grid-connected operation, the multiloop VSG control does not have the fault-ride-through
ability, as it failed to provide the power to the grid after the fault is cleared. In the case of VSG con-
trol with virtual impedance current-limiting, although it is capable of overcurrent limiting and can
ride through fault, the controller generates a distorted current waveform when the disturbance is
asymmetrical. The proposed control, on the other hand, is able to limit peak current, while providing
comparatively sinusoidal current waveform regardless of the nature of the disturbances.

As for the islanded operation, in the event of a three-phase fault, the three control methods have
the ability to limit over current and ride through fault. However, out of the three methods, FCS-MPC
based VSG demonstrates the best control of active and reactive power after fault clearance. In the
event of unbalanced voltage sag, the FCS-MPC-based control outperforms the other two methods, as
it shows an ability to suppress unbalance and non-sinusoidal current. In contrast to that, VSG with
virtual impedance current limiting failed to limit overcurrent in this case, whereas multiloop control
suffers from poor active and reactive power control. Therefore, it is validated that the proposed
FCS-MPC-based VSG control strategy possesses a superior current-limiting ability and FRT capa-

bility in comparison with other existing methods.
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Chapter 5

Implementation of Multivariable FCS-MPC
Based Virtual Synchronous Generator
Control for Indirect Boost Matrix

Converter-interfaced DGs

5.1 Introduction

AC/AC converter can broadly be found in standard industrial applications such as adjustable speed
motor drives and power quality conditioners. Among them, the applications in distributed generation
(DG) with variable ac-source using a permanent magnet synchronous generators (PMSGs), such as wind
turbines, hydrokinetic turbines, and gas engine, have recently attracted a lot of attention from power
engineers. Currently, the conventional back-to-back (B2B) converter [1]-[3] is the preferred choice for
interfacing decentralized sources and utility distribution grid. However, bulky and lifetime-limited
dc-link electrolytic capacitors are still often considered as a disadvantage of B2B converters. Hence,
matrix converters (MCs) [4]-[17] are commonly investigated as a possible alternative to B2B converters
since only a small or no dc-link capacitor is involved in the MCs topology. This is especially beneficial
for applications where volume and weight restrictions are required. Nevertheless, the downside of MCs
is that any change in the power command must be compensated by the energy stored in the DG unit
itself, unlike in the case of the B2B converter, where the dc-link capacitor provides short-time energy
and decouples the rectifier and inverter stages. Therefore, the control schemes for MC are more com-
plex.

The MCs can be typically categorized into two types [4]: conventional direct matrix converters
(DMCs) and indirect matrix converters (IMCs). Conventionally for a three-phase to three-phase con-
version, a direct matrix converter utilizes nine bidirectional transistor-switches to establish a direct
connection between the input and the output. Such an arrangement provides full bidirectional power
flow, which is not useful for DGs, where power is only flowing from the sources to the distribution grid
and thus causing a surplus of transistor switches [18]. The IMCs, on the other hand, can be simplified to
reduce the number of transistor switches if a unidirectional power flow control is utilized. This topology
is also known as sparse matrix converters (SMCs) [11]-[13]. Nevertheless, both SMSs and general
DMCs have a low voltage gain, which is a limiting factor for a grid interfaced with DGs. This is notably
the case for a connection between the utility and variable source voltages such as a PMSG-based energy

conversion system driven by a wind turbine or gas engine, as these variable sources operate in a variable
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speed mode, during which a varying voltage ranged from a low voltage to the PMSG rated voltage is
generated. Therefore, a number of methods to increase the voltage gain have been proposed in the lit-
erature. The strategy can be done either in the modification of modulation strategies, as suggested in
[14], or in the modification of the topology by adding more components to the virtual dc-link, as pre-
sented in [15]-[16]. Nevertheless, these methods can cause other disadvantages to the system. For in-
stance, high filter requirements are needed for the given method in [14] due to higher input current THD,
and the adding of passive components will increase overall system losses.

Alternatively, references [17] and [18] proposed the implementation of a reverse power flow opera-
tion of IMCs to generate a voltage-boost property. This configuration is an attractive solution for DG
applications as it achieves a voltage gain larger than 1.4 just by reversing the order of the IMC to have a
current source converter at the grid side and a voltage source converter at the side of the power source. It
will be termed as an indirect boost matrix converter (IBMC) in this paper. Although the advantages of
IBMC topology are clearly noticeable, the existing control methods are almost directly adopted from
IMCs with conventional topology. Therefore, some shortcomings still exist, for instance, the resonance
phenomenon of output CL-filter caused by the generation of low order harmonics components. This
resonance may profoundly disturb the output current [8], so that it usually requires the addition of a
passive damping resistor at the grid interfacing side [17], [18]. The existing modulation methods also
only utilize the information of the phase angle to control the CSI side, and the amplitudes of output
values cannot be regulated directly due to the fact that zero current vectors are not be used in the CSI side
of IBMC [17], [18]. Thus it is challenging to apply active damping with such a control method. Another
shortcoming of the existing control method lies in the fact that the existing control schemes are
grid-following controls, which are only capable of operation in the grid-connected mode. Although a
control scheme for islanded operation is proposed in [18], it faces a challenge of managing the transition
of control mode between grid-connected and islanded operation. Furthermore, grid-following controls
do not actively control their output frequency to support grid frequency stability. This is an essential
topic for the future grid, where DGs are highly penetrated because, unlike synchronous generators (SGs),
DGs lack rotating inertia.

One of the highly-rated solutions for these problems is the implementation of a virtual synchronous
generator (VSQG). The results of the past research works have clearly demonstrated that the VSG-based
DGs can solve issues related to frequency deviations, and also capable of islanded operation [19]-[27].
However, the referred VSG controls are typically designed for a system with energy storage elements
such as the B2B converter-interfaced system, as the inertial power of the referred VSG controls is pro-
vided by this storage element. Therefore, it is challenging to implement these VSG controls in a system
without a dc-link energy storage element, such as the IBMC-interfaced DG. Without the energy storage
element to draw a short-time power from, the controller needs to be able to dispatch the power directly
from the input source in order to support the frequency stability of the grid. Furthermore, the integration
of VSG control will further complicate the modulation of IBMC, which is already complicated due to the

coupling between input control and output control.
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As discussed in Chapter 2, finite control set model predictive control (FCS-MPC) has emerged over
the last few years as an attractive alternative for the control of power electronics applications since it
offers several benefits including simple multivariable control, the possible inclusion of constraints,
straightforward control law, and fast dynamic response [30]. As for DGs, a number of control solutions
based on FCS-MPC appeared in the literature [31]-[36]. Among these, the multivariable
FCS-MPC-based VSG for VSI proposed in [36] shows high compatibility between FCS-MPC and
VSG. In addition to an integration of inertia support feature, the FCS-MPC-based control scheme uti-
lizes a simultaneous control of both voltage and current of the output LCL-filter, to provide a
fault-ride-though ability, and to restrain the resonant energy oscillation between the inductances and the
capacitances, which will occur if either one of the filter voltage or the filter current is solely controlled.
This performs an alternative method to damp the filter resonance without a dedicated active damping
part in the control algorithm [36]-[39].

The FCS-MPC constitutes a promising approach for implementation of VSG control-based IBMC
compared with standard schemes because the FCS-MPC allows several control objectives to be fulfilled
simultaneously by utilizing the system model and the real-time values of the system to determine the
optimized converter’s physical switching states directly. This grants the predictive controller significant
advantages over the existing PWM-based methods, as it is capable of regulating the amplitudes of output
values without employing zero current vectors. Therefore, the FCS-MPC is more suitable for the im-
plementation of VSG controls, which govern the reactive output power via the regulation of output
voltage amplitude. Furthermore, with the real-time variables of physical dc-link used in system model
prediction, considerations of the complicated coupling between rectifier and inverter to find the mean
values of the dc-link variables can be removed from the control algorithm as shown in the studies of
FCS-MPCs for conventional motor/load drive IMC [40]-[42]. Taking into account the flaws of the
existing method, such as the usage of a grid-following strategy and the requirement of a passive damping
circuit, a novel VSG control based on the FCS-MPC is proposed to improve the performance of the
IBMC-based DG. First, thanks to the adoption of the VSG strategy, the ability to operate in both
grid-connected and islanded modes is achieved, while the controller is capable of dispatching the inertial
power directly from the input sources, and is able to regulate the output reactive power through the
manipulation of the output voltage. Furthermore, active filter resonance damping is provided by the
multivariable control of capacitor voltage and inductor current of the output CL-filter.

The rest of this chapter is organized as follows. In Section 5.2, the topology of IBMC and its existing
control methods are discussed. The shortcomings of the control method under investigation are analyzed
and verified with simulation results shown in this section. The novel FCS-MPC for IBMC based on VSG
control is proposed in Section 5.3. In Section 5.4, the performance of the proposed control scheme is
verified by simulation results along with discussions to highlight its advantages. Experimental verifica-
tion is then conducted in a scale-down manner in Section 5.5 to validate the results of the simulation

study. Finally, this chapter is concluded in Section 5.6.
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Fig.5.1 Topology of indirect boost matrix converter

5.2 Indirect Matrix Converter Topology

Adopted from [18], a topology of unidirectional IBMC is illustrated in Fig. 5.1. The converter
consists of twelve power transistor switches. Among these, six switches have antiparallel diodes and
are arranged as a front-end voltage source rectifier (VSR). The other six switches have series diodes
for forming a rear-end current source inverter (CSI). This topology clearly differs from conventional
IMC, where current source rectifier (CSR) and VSI are utilized. This reversed configuration allows
the IBMC to have boost property. Nevertheless, according to [18], a clamped diode in series with a
small film capacitor termed as “fictitious dc-link™ is required at the physical link between VSR and
CSI as a mean to maintain dc-voltage and suppress its spike.

This de-link capacitor is vital for IBMC because unlike the CSR of conventional IMC, where null
states are never used, VSR utilizes zero voltage vectors, during which all the upper or lower switches
of the VSR are turned on, and the dc-link current becomes zero. As a consequence, no dc current is
supplied to the CSI, and thus all switches in the CSI are turned off. Without the DC-link capacitor, this
will result in DC-link voltage becoming zero, which should be avoided as it can cause short-circuits
between output filter capacitors and antiparallel diodes in the VSR side. However, the presence of the
DC-link capacitor means that DC-link voltage can be discharged via the CSI to the output filter capac-
itances, generating a sizeable circulating current and distorting the output current of IBMC. In order to
avoid this, the DC-link capacitor should be so small that the amount of the discharging current is ig-
norable. Nevertheless, the voltage spikes will not be sufficiently suppressed in this case. Alternatively,
a clamping diode could be added in series with the capacitor, as shown in Fig. 5.1, to prevent the dis-

charging, thus allowing a larger DC-link capacitor to be used.
5.3 Review of Existing Control Methods

The modulation of CSI and VSR studied in this work are adopted from [18]. As mentioned previ-
ously, the controllers of the CSI and VSR have to be dependently implemented since there is no de-link

capacitor to decouple the two stages. The modulation of each stage will be explained as follows.
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5.3.1 CSI Side

The objective of modulation in the CSI side is to keep the dc-link voltage commutating between the
largest and the second-largest positive line-to-line grid voltages. In this method, none of the null states
are used to avoid circulating current between the fictitious dc link and the shorted phase-leg. This leaves
us with only six active stages, where only one of the upper (bottom) switches and one of the bottom
(upper) switches remains ON at all instants. All other switches remain off. These states can be described
with the corresponding ON switches and placement on the space vector diagram, as illustrated in Fig.
5.2. The reference IMC output current can be synthesized by making use of the two adjacent active
current vectors from the possible six active vectors (SC1-SC6), which divide the space vector into six
sextants, as illustrated in Fig. 5.2. The current reference phasor is set to follow grid phasor, thus, if the
grid phasor 6, is located in one of the sextants, two nearest space vector to the current reference
phasor will be chosen for reproducing the references. Even so, if we consider Fig. 5.2, it can be seen
that when the IMC output current is generated from only two active current vectors without the null
vectors, the amplitude of the current cannot be adjusted, and only the phase angle of the output current
can be regulated. Under this condition, only the current vectors on the hexagon boundary that is de-
picted in Fig. 5.2 (a) are generated. Therefore, the corresponding active duty ratios (d; and d,) for the
CSI can be determined with the phase angles 6,, 8, and 6, alone. Giving the fact that cos 8, +
cos 8y, +cosf,. =0, d; and d, can be eventually determined for the example of sextant 1 as fol-

lows:
d, = — cosB,/cosB,,d, = — cosB,./cosb, 5.1

Nevertheless, since the amplitude of the IMC output current cannot be adjusted, in order to create a
sinusoidal current, the modulation is designed to generate a dc-link current with sinusoidal distributed
amplitude through modulation in VSR. This can be achieved by applying a sinusoidal distributed av-
erage dc-link voltage during the calculation of the VSR side’s modulation index. This voltage can be

determined as follows.
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Fig.5.2 Space vector representations of (a) CSI and (b) VSR
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mmaxl (5.2)

3V
ﬁ cos@,, for sextants = 1,3,5
VDC(av)
cos@,, for sextants = 2,4,6

zlmminl

where m,,,,, = max(cos8,,cosb8y,cosb;), My, = min(cosb,,cos b, cosb.), and @, is the
output power factor angle. Because of (2), the resulting average amplitude of dc-link current
(ipc(avy) Would vary in inverse proportion t0 Vp¢(ay), Which results inl, =~ kcos6, that resembles

sinusoidal current. This relation can also be applied for computation of the output currents I, and /..
5.3.2 VSR Side

For the control of the voltage source rectifier side, space vector modulation (SVM) is implemented to
produce the desired input current at unity power factor. The VSR switching sequence must utilize zero
space voltage vectors (SVO and SV7) to boost the input voltage (i.e., using the input inductance). The
zero voltage vectors are performed by turning ON either all upper (Sqp, Spp, Scp) or all lower switches
(San Spn, Scn) of the VSR. The reference voltage vector is synthesized by making use of the zero
voltage vectors and two adjacent active vectors of the possible six active vectors (SV1 — SV6). Ad-
ditionally, compensation for the varying dc-link voltage has to be executed to generate a DC-link
current with sinusoidal distributed amplitude. Hence, the modulating reference d4 for phase A can be

written with the following equation.

_ Uy + Voff

= 53
4 VDC(aLv)/2 ( )

where v,4, vp and v represent three-phase input voltage references before normalization. Vi, is the
triple order harmonic offset commonly added to gain a 15% increase in modulation index [9].
Finally, coordination between the commutation of CSI and VSR modulations is required to avoid an
error. For instance, CSI needs to commutate when the zero voltage vector is applied in VSR. This can
be done by comparing a standard triangular carrier with d; from (5.1) and setting their intersecting
point at the commutating point for CSI. Then the sampling period T of CSI will be divided into d; T
and d,T. These two periods are used as modulation periods of VSR, within which the commutations
of VSR will be executed. Thus commutation of CSI will occur at the start and the end of the modula-
tion period d,T; and d,Ts during which the zero voltage vectors are applied. More explanations can

be found in [10].
5.3.3 Analysis of Control Algorithm for DG Applications

Despite the effort to compensate dc-link current through modulation in VSR, the modulation alone
cannot ideally generate the desired dc-current amplitude and low harmonic order components are gen-
erated in the CSI side. These harmonics seem to be amplified in the control of IBMC since the IBMC is

connected to voltage sources in both input and output sides as opposed to conventional RL-load drive
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Fig. 5.3 The control diagram of the existing PWM-based method

IMC, where voltage source only exists at the input side. The differences in frequencies, phase angles, or
amplitudes between input and output voltage sources are bound to affect the generated dc-link current.
Hence low order harmonic distortion can be observed in the generated output current waveforms. This
low harmonic order can excite CL- filter resonance in the grid side of IBMC, which causes the output
current to be highly distorted, as shown in [8]. In order to suppress the oscillation caused by filter res-
onance, it requires the addition of a passive damping resistor at the grid interfacing side, as suggested in
[17], [18]. Nevertheless, it will cause high power losses in the converter. Although various active
damping strategies to eliminate distorted input current of RL-drive IMC are proposed in the literature
[28]-[29], which could be modified for the suppression of distorted output current of IBMC, they require
a complicated modification in control algorithm and higher switching frequency, which causes higher
switching losses. Hence, similarly to [17], [18], a damping resistor is added to the circuit, as shown in
Fig. 5. 3 to deal with resonance issues in this work.

The objective of DGs in grid-connected operation is to track the dispatch power command, which is
realized by the control diagram shown in Fig. 5.3. The current command {4, of VSR is obtained via
PI control of the outer active power control loop. The active power command is set at 5 kW. For unity
power factor operation, is,rer is set to zero. The computed current reference is subsequently tracked by
the measured source current is 4, by feeding their error to a PI controller. As for the CSI, three-phase
modulation references are obtained through dg/abc transformation after the PI control processing, as
shown in Fig. 5.3. The same current command ig.r as used in the VSR side is employed and for unity
power factor operation, i, 4 rer 1 set to zero. However, only the phase angle information is used for the
CSI modulation, as shown in (1). The other block diagrams, shown in Fig. 5..3, are well described in
[17],[18].

The modulation index of the CSI is fixed at 1 since only the phase angle information is used. This
arrangement is suitable for IMC without reversed configuration, where modulation of CSR is set to the
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maximum so that the power can be designed by the VSI side’s control and the load. The output power of
the IBMC, on the other hand, is managed by the input control and is not affected by the output network.
This implies that the control algorithm for the IBMC is not suitable for islanded operation, where the
balance between DG’s power and load power needs to be maintained. A different control scheme is
suggested in [18] for the islanded operation of the IBMC, which utilizes the measured output voltage
drop in order to determine the power command for the VSR controller according to the relationship
of P = V?2/R. However, this method requires control modes changing between grid-connected and
islanded operations. Furthermore, the relationship between output voltage drop and output power can
only be accurately deployed if no reactive load exists in the islanded network.

In order to study the performance of the existing PWM-based method for IBMC, the test circuit
depicted in Fig. 5.3 is set to simulate in PSCAD/EMTDC. The DG system is connected to the grid
and is set to operate according to the droop characteristic with the reference active power obtained
following the equation of Pr.r = Py — ky(Wape — Wpase)> Where wgp is the measured grid fre-
quency, Wpgse 1S grid nominal frequency, which is fixed at 376.99 rad/s and the frequency droop
gain k, is chosen at 40 pu for which nominal output power P, is set at 5 kW. The effect of filter
resonance is first simulated by removing the resistive damping and replacing it with a small 0.5 Q
resistor. The PI parameters of the inner current control loop (k,; andT;;) are selected as 0.5 pu and
0.0025 pu, respectively. Sampling frequency f;csipwm 10 kHz is selected for the CSI of the
PWM-based method, which results in the average switching frequency of 20 kHz and 10 kHz for the
VSR and the CSI, respectively.

The dc-link voltage, the input current, the dc-link current, and the output current for the case
without the damping resistor are illustrated in Fig. 5.5. It can be seen from the figure that without
damping resistor, massive distortion (due to filter resonance) is shown in output current waveform.
The input power injected to the converter amounts to 5 kW. The active output power is slightly
smaller than the active input power, mostly due to the losses in input and output filter resistances and
in switching devices. The reactive input power is maintained at 0 var to obtain the unity power fac-
tor. The reactive output power, on the other hand, is uncontrolled and is almost 1 kvar. The reactive
output power can be controlled at 0 var by setting the power factor angle @, in (5.2) appropriately.
However, it is not recommended since the increase in @, leads to a reduction in dc-link voltage
according to (5.2), which can lead to more distortion in output current waveform.

To suppress the filter resonance, a damping resistor is required in the circuit, as previously dis-
cussed in this subsection. The transfer function of output current i,with respect to inverter current
I;ny and grid voltage v, can be derived based on Fig. 5.4, as below.

s?L,C
sLy/Ry+ 1 R, tsC

o o 5.4
Yo TS2LC+s(R,C+L,/RY+1 ™ -4

Vg,

L
s2L,C + 5 (RoC + R—‘;) +1
Derived from (5.4), the damping ratio { for the second-order system can be calculated with (5.5)
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Fig. 5.4 Model and block diagram for phase-a current in CSI side of the IBMC: (a) Model; (b) block dia-
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According to (5.5), large damping resistor R, is needed to increase the {.the presence of R, can
increase the . Hence, R, equal to 20 € is added to achieve the desired damping. The dc-link volt-
age, the input current, the dc-link current, and the output current for this case are illustrated in Fig.
5.6. As can be seen in the figure, distortion in output current is significantly eliminated. However,
the losses in the output filter resistances increase because of the damping resistor. The total losses
are approximately 300 W, which amounts to around 6 % of the input power. We can conclude from
this result that the using of passive damping is not an attractive solution for the filter resonance sup-
pressing due to the losses inflicted by R;. The THDs of input and output currents of the converter

during steady-state are concluded in Table 5.1.

TABLE 5.1

CURRENT THDS FOR EXISTING PWM-BASED METHOD

Output Input
current 7HD current THD

Condition

The PWM-based method without a damp-
=7 % =3%
ing resistor

The PWM-based method with a damping
=3 % =2 %
resistor

Although a droop controller is applied, this method is still a grid-following control. Thus, it is not
capable of operating when the converter is disconnected from the grid. To validate this, the test cir-
cuit is simulated for the case of sudden islanding from the grid at time 7= 1 s. The output power and
the output frequency illustrated in Fig. 5.7 clearly show that the controller has no mean to control the

output frequency, as it keeps rising after grid islanding. The increase in frequency also leads to a
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decrease in output power due to the characteristic of the P-f'droop controller since the output power
of the IBMC is determined purely by the power command of VSR and is not affected by the output
network. The power command decreased until it reached zero, and the control system collapsed, as
illustrated in Fig. 5.7. This figure also indicates that the controller cannot maintain the amplitude of
the output voltage when the DG is islanded from the grid due to the nature of the modulation meth-
ods for the IBMC, which only utilizes the phase information in the control of the inverter side and
has no control over the amplitude of the output voltage. All of these emphasize the unsuitability of
such modulation methods for the implementation of the grid-forming-based VSG control, which

needs to be able to control both voltage and frequency actively

5.4 The Proposed Control Scheme
5.4.1 Overall Control Scheme

The IBMC topology used for the proposed control scheme is adopted from the one explained in sec-
tion 5.2. It consists of a VSR and a CSI, as shown in Fig. 5.1. However, the topology for the proposed
scheme differs slightly from the one in Fig. 5.1, since the clamp diode is removed from fictitious
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dc-link, as shown in Fig. 5.8. Because in the proposed control scheme, distortion in capacitor voltage
caused by discharging current from the dc-link capacitor, as happened in the PWM-based method
when a clamp diode is absent, can be avoided with direct control of capacitor voltage. Furthermore, the
short circuit in parallel diodes of the VSR side under a negative dc-link voltage can be prevented
by including an additional constraint in the cost function, as explained in subsection 5.4.2.

The overall control diagram of the proposed control is shown in Fig. 5.8. It is composed of the VSG
control and the FCS-MPC parts. In order to achieve the grid-forming control, the VSG control part
provides the output voltage and the output current commands for the CSI side of the IBMC. Further-
more, a power-command for the VSR side of IBMC in accordance with the power angle of the output
network is also provided by the VSG control. This grants the DG with the ability to draw inertial power
from the input source. In this work, the FCS-MPC is chosen for the implementation of VSG control
instead of PWM-method based on two main reasons. First, the modulation index of CSI PWM is not
adjustable because the zero current vector cannot be used in IBMC topology, as discussed in subsec-
tion 5.3.1. Without the zero current vector, PWM cannot control the amplitude of the output voltage
according to the voltage command of VSG control. This implies that the ability of VSG control to reg-
ulate reactive power according to the O-V droop cannot be recreated with the PWM-based method.
Second, although the output amplitude of CSI can be indirectly controlled through the modulation of
VSR PWM, proper tracking of voltage command cannot be ensured due to the complex coupling be-
tween the rectifier and the inverter controls, as discussed in section 5.3. The FCS-MPC, on the other
hand, utilizes the system model and the real-time values of the system to determine the optimized con-
verter’s physical switching states directly, thus enabling proper tracking of voltage and current com-

mands even without the use of zero current vectors of CSI.
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Fig. 5.8 The proposed control diagram of FCS-MPC for IBMC-based VSG
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5.4.2 FCS-MPC Design

In this work, the FCS-MPC is chosen for the implementation of VSG control instead of
PWM-methods based on two main reasons. First, the modulation index of CSI PWM is not adjusta-
ble because the zero current vectors cannot be used in IBMC topology, as discussed in subsection
5.3.1. Without zero current vectors, the PWM cannot control the amplitude of the output voltage
according to the voltage command of VSG control. This implies that, with the PWM-based method,
the ability of VSG control to regulate reactive power according to the Q- droop cannot be recreat-
ed, and the amplitude of the output voltage cannot be maintained during islanded mode as discussed
in subsection 5.3.2. Second, although the output amplitude of CSI can be indirectly controlled
through the modulation of VSR PWM, proper tracking of voltage command cannot be ensured due
to the complex coupling between the rectifier and the inverter controls, as discussed in section 5.3.
The FCS-MPC, on the other hand, utilizes the system model and the real-time values of the system
to determine the optimized converter’s physical switching states directly. Thus it enables proper
tracking of voltage and current commands even without the use of zero current vectors of CSI.

The FCS-MPC is also applied in the VSR side of the IBMC because of the faster dynamic re-
sponse of the FCS-MPC compared to the PWM-based methods. This is crucial for the proposed

VSG control, as the inertial power is provided from the power control of the VSR side.

1) IBMC SYSTEM MODEL

In order to use MPC to forecast the future values of the system variables, first, the mathematical
model of the system is required. Therefore, the adopted models for both CSI and VSR sides will be
explained in this section.

To realize a DG that can operate in both grid-connected and islanded modes, the inverter output
voltage and inverter current controls should be the objectives of MPC for the CSI side. Thus, the
model of a three-phase CSI with output CL-filter, as depicted in Fig. 5.1 is utilized to forecast the
voltage and current outputs of the system. This model can be described in afS-frame using capacitor

dynamics equation (5.6) and inductance dynamics equation (5.7).

dv . .
Cd_tc =iy — i, (5.6)
di
od_:zvc_vo (5.7)

T T . . , T . , .7
where v, = [vc,a vcﬁ] , Vo= [Uo,a Vo,ﬁ] , iy = [lim,,a lim,”g] and i, = [lw 10,/;] are capac-
itor voltage, output voltage, inverter current, and the output current. These equations can be rewritten

as follows (5.8):

dx
P Ax + Bv, + B,i, (5.8)
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A discrete-time model of the system derived from (5.8), using the general forward-difference Eu-

ler formula, for a sampling time T, can be expressed in (5.9).
x(k+1) =Agx(k) + Bqu,(k) + Bgqi, (k) (5.9

where A, = e*’s, B, = fOTS eA"Bdrand By, = fOTS e" B,dr. From (5.8)~(5.9), it can be seen that
the future values v.(k+ 1) and i,(k+ 1) can be determined according to inverter stage
current i;,,, (k). Obtaining the model of CSI is done according to the discussion in section 2.4.1. For

each active current vectors (SC1-SC6) of CSI, the inverter stage current i;,,,,(k) is defined as follows:
Ly (k) = [Sap = San pr = Spn Scp - Scn]TiDC (5.10)

where Sqp, Spps Sep s Sans Spn» Scn represent the switching states of the six switches in the recti-
fier stage, depicted in Fig. 5.1. The value of the switching state consists of 1 and 0, for which it rep-
resents the closed and open states, respectively. As shown in (5.10), although only active current
vector (SC1-SC6) can be used in the CSI of IMBC, by predicting the inverter output variables cor-
responding to all the possible current vectors, the switching state that produces the desired amplitude
and phase of the inverter output variables can be found. In contrast to the modulation method of the
PWM-based control, which only follows the phase angle reference and only utilizes two nearest
space vector to the reference phasor to generate output current, FCS-MPC certainly has more free-
dom to select an optimal switching state to fulfill the inverter control goal.

In order to accomplish the grid frequency supporting feature of VSG, the active input power must
be controllable, as active power and grid frequency have an interdependent relationship. Additional-
ly, the reactive power should be kept at zero to achieve unity power factor. Therefore, the control
objectives of MPC for the VSR side are active and reactive power controls. The model of a
three-phase voltage source rectifier with input L-filter depicted in the VSR side of IBMC in Fig. 5.1
is utilized for input active and reactive powers predictions. This model can be derived in af-frame

with the inductance dynamics equation (5.11).

di
vy =v, + iR + Lid—ts (5.11)

where v, is the source voltage, v, is the rectifier voltage, i, is the source input current and R; is
the input filter resistor. The instantaneous rectifier input active and reactive powers from the source

can be derived from (5.11), as described with the following equations.
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3 - 3 . .
Py = Re{viis"} = E(Usalsa + vgpisp) (5.12)

3 . o 3 . .
Qin = E[m{vsls } = E(vsalsﬁ - Usﬁlsa) (513)

According to [43], the equations (5.12)-(5.13) can be rewritten in discretized forms as follows.

Pl +1) = T [~ TPy (k) = winQun(k) + 2 (13| = Re(wsv, )| + P () (5.14)

R 3
Qunk+ 1) = T, [0 Pra () = 72 Qun () = = I, + Qi () (515

where P;, (k + 1) and Q;,(k + 1) are the forecast active and reactive powers, respectively and
w;, 1s the input source voltage frequency. Thus, the future value of input active and reactive powers
of the DG for all voltage vectors can be predicted using the measured values of source voltage,
source current and system parameters such as R; L; w;,, and the set of possible rectifier voltages.
As discussed in section 2.2.1 of Chapter 2, the rectifier voltage for each voltage vector (SV0-SV7) is

defined according to the following expression:
7% (k) = [SAp — San SBp — Spn SCp - SCn]TuDC (5'16)

where Sup, Spp, Scp > Sans Sen» Scn represents the switching state of the six switches in the in-
verter stage, whose value is 1 or 0 for closed state and open state, respectively.

To prevent a short circuit in the antiparallel diodes of VSR, the dc-link voltage must always be posi-
tive. To ensure this, we must predict the value of dc-link voltage for each switching state using the ca-

pacitor voltages v, which can be done according to the following equations.

Upc = [Sap = San  Sbp = Sen Sep = Sen] * v, (5.17)

2) COST FUNCTION DEFINITION

Contrarily to classical control schemes, the presence of the cost function allows FCS-MPC to take
into account a number of control goals, and to control different state variables simultaneously.
Therefore, it is highly relevant to define the cost function appropriately. For the control of IBMC,
variable quantities of both sides of the converter must be considered to make the whole system oper-
ate correctly.

In the CSI side, the control system is set to track the voltage and current references simultaneously.

This can be achieved by defining the cost function (5.18).
Icsi = kv(vc,aﬁ,pu (k + 1) - v*aﬁ,pu)z + ki(if,aﬁ,pu(k + 1) - i*aﬁ,pu)z + Im (5-]8)

T . . , e .
where v'yp = [v*a v*ﬁ] is the reference vector of the capacitor voltage, i*qp = [l*a l*ﬁ] Tis

the reference vector of the inductor current, v .5 (k +1) = [Uc,a vc,ﬁ]Tis the predicted

capacitor voltage and ifqp (k+ 1) = [lf,a lf”g] is the predicted inductance current and the

subscript pu indicates the per-unit value. g,, is a constraint, which is included in the cost
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function to ensure that dc-link voltage never becomes negative. It can be defined with the

following equation (5.19).

108, upc(k+1) <0
m={ pe(k + 1) (5.19)

0, upc(k+1)=0

In the VSR side, the control objectives are to control input active and reactive power according to
the input commands. This can be achieved by defining the cost function as follows.

Gvse = (Pin(k +1) = P*i)? + (Qin(k + 1) — Q",))? (5.20)
where P*;, and QF;, are the input active and reactive power commands, respectively.

Although FCS-MPC is capable of controlling different variables at the same time through the
modification of the cost function, the tuning of the weighting parameters is a highly complex task
when a number of terms exist in the cost function. This issue is considered one of the most critical
open topics for the FCS-MPC. In the literature, different approaches have been thoroughly analyzed,
and several solutions have been proposed [44]-[47].

In this control system, the weighting parameters exist in cost functions (5.18) and (5.20). Howev-
er, the controls of active and reactive power in (5.20) are equally important, and the weighting pa-
rameters can be omitted from the cost function. In the case of the CSI, to properly tune the weights
in (5.18), the system has been initially simulated in a steady-state condition (P*;;, = 5 kW.,Q", =
0 Var) using PSCAD/EMTDC. The ratio between the weighting parameter k, and k; has been
arbitrarily set equal to 1:1. Subsequently, the total harmonic distortion (THD) of the output currents
during steady-state in grid-connected operation and the ability of the controller to synchronize with
the grid has been analyzed for different weighting parameter ratios, as concluded in Table 5.2. Con-
clusively, a higher ratio of k; compared to k,, helps to reduce the current THD. However, as k; keeps
increasing, the controller's ability to track voltage command worsens, which leads to a failure in grid

synchronization. Hence k,,: k; equal to 1:3 has been selected for the proposed controller.

3) FILTER RESONANCE DAMPING

To ensure proper operation, the IBMC requires an inductive input filter on the VSR and a capacitive
output filter on the CSI. However, in order to improve the quality of the waveforms, CL-filter is usually
preferred. Nevertheless, the presence of resonance frequency has to be taken into account, since
FCS-MPC possesses a spread harmonic spectrum. It might contain harmonics components at the
resonant frequency of CL-filter at a certain point of operating. However, this will result in resonance,
if only the output inverter current i,(s) alone is directly controlled, whereas the capacitor
age v.(s), is indirectly controlled by the current and thus highly dependent on filter impedances.

My proposed FCS-MPC utilizes a multivariable system to control both v.(s) and i,(s) simul-
taneously. This is different from conventional cascade control of voltage and current, where settling
time of the inner loop has to be significantly faster than the settling time of the outer loop. Therefore,
at the resonant frequency where v.(s) and i,(s) are oscillating with the same dynamics, the con-

trol of the outer loop is not fast enough to provide damping effect. Contrarily, the multivariable con-
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trol of FCS-MPC is conducted at the same bandwidth. This ensures that the regulation of v.(s) can
damp the distortion caused by the harmonics of i,(s) and the control of i,(s) is able to reduce the
disturbance caused by the harmonics of v.(s). Hence, by controlling both CL-filter voltage and cur-
rent at the same instances, the frequency response of the filter is no longer influenced by its imped-
ance alone. Thus the uncontrolled resonant energy oscillation between the inductances and the ca-
pacitance is effectively avoided. This concept has been successfully applied in FCS-MPC-based
grid-connected VSI in [36], whereas similar concepts were also proposed in [37]-[39] for the

grid-connected FCS-MPC-based AC/DC converter
5.4.3 The Proposed Virtual Synchronous Generation Control for IBMC

The objective of VSG is to track the dispatch power command while providing virtual inertia to
the DG to slow down any deviation of the grid frequency. This can be realized for
IBMC-interfaced-DG using the proposed VSG control, as shown in Figure 5.9. Some of the blocks
contained in the proposed VSG control are modified from [27]. It consists of the “Swing Equation
Function”, the “Governor”, and the “Q droop” parts. F,, Poys Pyovs Qor QoutsVoutr Wm» @prr, E”
and 6* represent the output active power command, the output active power, the shaft power from
governor, the output reactive power command, the output reactive power, the output voltage ampli-
tude, the mechanical frequency of rotors, the output frequency measured by PLL, the voltage refer-
ence magnitude and the power angle reference, respectively. Virtual inertia is emulated in the block
“Swing Equation Function” with the help of the well-known swing equation (5.21).

dw
Pgov = Pout + D(Wpgse — Wpp1) = ]wmd_tm (5.21)

where J is the moment of inertia, D is the damping factor produced by the damper windings,
P,,; is the output active power, and wpgas. 1s nominal grid frequency. The function of the shaft

power Fy,, rtegulated by a governor is shown in (5.22).

Pgov =P - kp(wm — Wpase) (5.22)

TABLE 5.2

FCS-MPC WEIGHT PARAMETER TUNING

Synchroniza-
k,: k; ratio Current THD
tion
1:1 10 % OK
1:2 5% OK
1:3 2.5% OK
1:4 - Failed
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Fig. 5.9 The control diagram of the VSG control scheme for IBMC

where k), is the droop coefficient. The block “Q droop”, as well as the design details of all blocks
in Fig. 5.9, and the tuning of VSG parameters, are all explained in [27] and hence will be omitted in
this work.

In the previous research works of VSG applications for the VSIs [26], [27], [36], the output active
power of the converter was drawn directly from the energy storage element in correspondence to the
phase angle difference between the inverter output voltage and the grid voltage. Hence, the output
power of such VSG control can be regulated by merely controlling the output voltage. However, due
to the lack of energy storage elements in the present work, the output power of the IBMC must be
controlled by the input power command of the VSR side, as the output power will follow the con-
trolled power flows from the VSR to the fictitious dc-link before reaching the output network. Thus,
the output power of the IBMC can no longer be controlled with the output voltage control alone.

If we consider the swing equation (5.21), it can be concluded that the inertial response is created
by the power exchange between the power of the mechanical rotor (Fy,,), which is controlled by the
governor, and the power injected to the grid (P,,;), which is influenced by the output network varia-
bles such as frequency and phase angle. Hence, in order to create a proper inertial response, the input
power command needs to be regulated to mimic how the output power of SGs exchanges power with
the electrical grid according to the power angle. Contrarily, if the powers command of VSR is deliv-
ered by methods such as average dc-link voltage control, P,,; will be independent of the change in
the frequency of the output network. Thus the power exchange between the mechanical rotor and the
electrical grid of SGs will not be recreated. The power command of VSG control can thus be deter-
mined with the help of the equation of the active power flow in a two-bus bar system [48] shown in
(5.23).

VoVe
X,

siné (5.23)

Poyr =

where V1, is the output voltage amplitude, V. is the output filter’s capacitor voltage amplitude, X,
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is the output filter reactance, and § is the phase angle difference between DG and grid. Assuming
V,,V. and X to be constant and sind = § for a small phase angle, P,,; is equal to K§ when
K =V.V,/X,. However, since the value K of the proposed control is not limited by the physical
values of the system like real SGs and can be arbitrarily selected to optimize the system performance,

P, of the proposed VSG control can be rewritten as.
Poyr = ks6 (5.24)

where kgis the optimized synchronizing constant, and § can be determined with the following

equation (5.25).

With (5.24)—(5.25), the active power command for VSR is obtained as depicted in Fig. 5.9. As for
the reactive power command of VSR, it is set to zero for unity power factor operation.

In the CSI side, the voltage command for FCS-MPC is obtained with the VSG control scheme in
Fig. 5.9. However, to achieve resonance damping, both voltage and current control must be embed-
ded into a single loop control, as depicted in Fig. 5.8. Therefore, the current command must be pro-
vided for FCS-MPC. The current command can be determined by considering the relationship be-
tween the inverter output voltage, the output current, and the capacitor phase voltage shown in Fig.

5.1. It can be described in a stationary frame or aff-frame with Eq. (5.26).

Veap = Voap + io,a’[)’ (R, +j(X,)) (5.26)
where v 45 is the capacitor voltages, i,4p the output current and v,z is the output voltages.
X,denotes the filter reactance and R, denotes filter resistance. If we consider that the v, 45 in (5.26)

equals to the voltage command described by E*and 8* from the VSG control, the currents references

iz and iz can be expressed in the stationary frame as illustrated in (5.27), and they will be used as

the current command for the CSI side of FCS-MPC.

[ E*cos@* vo.a]}
+| =Y - 5.27
[lp] { E*sin0* [VO.B (5-27)
1 R, X,
where Y = RIR7 [_Xo Ro]'

1) STABILITY AND TRANSIENT PERFORMANCE ANALYSES

The modification of the VSG control explained in section 5.4, suggests the use of wpy; to deter-
mine the output power command. However, the dynamic response of the phase-locked loop (PLL),
which is given by (5.28), is lower than the real wgand this might affect the performance of the mod-
ified VSG control. In order to study the influence of the PLL toward the stability and transient per-
formance of the VSG control, a state-space model for the proposed VSG control (with PLL) is ob-
tained as given in (5.29)—(5.35). The model and the transient response of the PLL is well discussed in
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[49]. The transient response can be described with the following expression.

wpp(S)  KppuS+kipu
wy (5) s%+ kppus + kipy

szz (s) = (5.28)

Since the dynamic response of the FCS-MPC is fast, the output power is assumed to be equal to the

power command. Then the state-space model can be expressed as follows.

{56 = Ax + Bu + Ew (5.29)
y=Cx

where x, u, w and y are states, input, disturbance and outputs vectors, respectively, and

y=I[0wy, APy Awpy]" (5.30)
T
X = A(’Jm APout j A 6err,pll A 6err,pll
u = AP, (5.31)
w = Awyg
_(kp + D) —1 Dki,pll ka,p”
]wo ]wo ](Uo ]0.)0
A= | k(g 0 —kgki‘p” _kSkp,plll (532)
) 0 0 1 |
l 0 0 _ki,pll _kp,pll J
1 T
B = [ 0 0 0] (5.33)
Jw,
E=[0 0 0o 1] (5.34)

0 1 0 0
0 0 ki,pll kp,pll

C =

10 0 0
l (5.35)

where 8¢ pu = [ (wg — wpy,)dt.

It is clear that the poles of Y (s)/W (s) transfer function are available in the eigenvalues of 4. The
loci of eigenvalues of A with a variation of k;;; is shown in Fig. 5.10 when k,,;; is selected ac-
cording to [49]. First, it can be seen in Fig. 5.10 that all the poles of the system located on the left half
of the s-plane, which implies that the system is stable. It is also shown in Fig. 5.10 that if the PLL has
arather quick dynamic response (if k;,;; is large enough), the effect of the third pole that locates near
the dominant poles will be lessened as it is located farther to the left of the two dominant poles. In this
case, the response of the system will be mostly defined by the two dominant poles, as can be described

with the following expressions [50]:
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“n = Jwo

k, +D

N

(5.36)

(5.37)

where w,, is the undamped natural frequency, and ¢ is the damping ratio. However, as shown in Fig.

5.10, even with a properly designed PLL with a fast dynamic response, the locations of the two addi-

tional poles are not far enough to the left of dominant poles, their effect cannot be totally neglected.

Hence, the response of P,,; will be slower than the previous VSG controls, thus finally results in a

less inertial response. This can be interpreted as a delay effect of the PLL, because unlike the VSG

system with an energy storage element, P,,; of the proposed control is not dispatched directly from

the energy storage element. It is instead regulated by the power command, which depends on the

wpy - This is crucial for VSG control, as P,,; needs to react quickly to the power imbalance in order
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to create a proper inertial response. Since ks of the proposed VSG control is not limited by the
physical values of the system and can be arbitrarily selected, we can find an optimal value of ks by
studying the effect of adjusting ks with the loci of eigenvalues of 4, as shown in Fig. 5.11. It indicates
that increasing ks leads to an increase in w,. This can compensate for the delay effect of the PLL.

Hence, ks = 2.5*V_.V, /X, is chosen for the proposed control.
5.5 Simulation and Discussion

In order to evaluate the performance of the proposed control scheme, simulation-based compara-
tive studies between the proposed scheme and the investigated existing method are performed in the
PSCAD/EMTDC environment. Line impedance of 0.03 mH and 0.5 Q is added to the simulation
circuit in order to create a mismatch between the parameters used for model prediction and real val-
ues of line and filter impedance. This will verify whether the proposed MPC scheme can operate
with an inaccurate model. The simulation parameters are given in Table 5.3, where M is the inertia
constant and is equal to(Jwpgse?)/Spase. In order to generate comparable average switching fre-
quency to PWM-based method, the sampling frequency for the VSR (f;,srmpc) 15 selected at 40
kHz and the sampling frequency for the CSI f; ;5imp. 0f FCS-MPC-based control is selected at 20
kHz, respectively.

TABLE 5.3
SIMULATION PARAMETERS
Parameter Value Parameter Value
Shase 5kVA Ji 0.28 kg -m?
k, 40 pu D 200 pu
Vhasea 200 V ks 70000
Wpase = Wgrig  376.99 rad/s
f.esi 20 kHz fswsr 40 kHz

5.5.1 Normal Operation

The performance of the proposed VSG control for the IBMC is verified with simulations of the
test circuit displayed in Fig. 5.8. Initially, the DG system is connected to the grid with the reference
active power of DG (P,) equals 4 kW and reference reactive power of DG (Qy) equals 1 kvar.
The power commands are changed to 5 kW and 0 kvar at 7= 3 s. The DG system is then set to oper-
ate in islanded mode at 7 =5 s. The load initially connected to the system is 3 kW + 1 kvar, and it is
increased to 5.5 kW + 0.05 kvar at 7= 7 s. The phase-A input current and the phase-a output current
during the grid-connected operation of the proposed method in the event of power command chang-
ing at 7= 3 s is illustrated in Fig. 5.12. The figure shows that the input and output current wave-

forms are smoothly changed when the power command is changed. The zoom-ups of the dc-link
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voltage, the input current, the de-link current, and the output current for the grid-connected operation
are depicted in Fig. 5.13. This figure shows that both input and output current waveforms are sinus-
oidal, and neither voltage nor current spikes are observed on the dc capacitor. Therefore the convert-
er is operating properly.

The proposed VSG-based control is inherently capable of islanded operation like a traditional SG.
To illustrate this feature, the phase-A input current, the phase-a output voltage, and the phase-a out-
put current are displayed in Fig. 5.14. This figure clearly shows that the controller is capable of rid-
ing through the grid islanding while producing sinusoidal waveforms of voltage and current in both
modes of operation. The output active and reactive powers, the output frequency, and the output
voltage amplitude for the whole simulation are illustrated in Fig. 5.15. It can be seen that the system
quickly and seamlessly commutates from the grid-connected mode into the islanded mode, supply-
ing the required 3 kW + 1 kvar of power to the local load. The system is also able to react to change
in load during islanded operation, as evidenced in Figs. 5.15 and 5.16, where waveforms of the
phase-A input current, the phase-a output voltage, and the phase-a output current are depicted. The
output frequency and the output active power of the control system in Fig. 5.15, are illustrating how
the system is settling to operate at a different frequency according to the droop characteristic,
whereas the output voltage amplitude of the system is maintained around the nominal
ue (Vyaseq) throughout the operation. Furthermore, the change in output frequency during the load
transition in islanded mode demonstrates the inertial response of the controller, as the output fre-
quency slowly decreases from around 378.5 rad/s to around 376 rad/s. The reduction of frequency
occurs for around 1 s until the new frequency set point is reached. This is a typical VSGs perfor-
mance, as analyzed in [26], [27]. The zoom-ups of the dc-link voltage, the input current, the dc-link

current, the phase-a output voltage, and the output current for islanded operation illustrated in Fig.

40

Power command changipg

(I

s AN
!llllmlllllllllllllllllllllll

Fig. 5.12 The phase-A input current, and the phase-a output current of the proposed

method during power command changing in the grid-connected mode
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Fig. 5.13 The dc-link voltage, the phase-A input current, the dc-link current, and the phase-a
output cur-rent of the proposed method during the grid-connected mode, from top to bottom,

respectively.
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Fig. 5.14 The phase-A input current, the phase-a output voltage, and the phase-a

output current of the proposed method during grid islanding
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5.17, indicates that current and voltage are almost sinusoidal even without a passive damping resistor

Lastly, the THD of input and output currents of the proposed control during steady-state are con-
cluded in Table 5.4. Compared to Table 5.1, it is clearly shown that the proposed control can achieve
comparable and even superior resonance damping ability compared to the exiting method with a

damping resistor.
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Fig. 5.15 The output active and reactive power, the output frequency, and the output voltage amplitude

of the proposed control scheme, from top to bottom, respectively.

TABLE 5.4

CURRENT THDS FOR THE PROPOSED SCHEME

Output cur- Input cur-
Condition
rent THD rent THD
The proposed method during
. =3% =1.5%
grid-connected mode
The proposed method during islanded
=2% =1%

mode
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Fig. 5.16 The phase-A input current, the phase-a output voltage, and the phase-a output current of
the proposed method during load transition in islanded mode
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5.5.2 Operation in the Presence of Model Uncertainty

In practice, the real values of the inductance and capacitance could deviate from the supposed
ones, especially on the grid side due to the presence of the line impedance. Here, to explore the ro-
bustness of the proposed control, the performance of the proposed control scheme is examined when
the model used for prediction is not accurate. The simulations of the test circuit shown in Fig. 5.8 are
conducted again with mismatches between the parameters used for prediction and real system pa-
rameters. In the first case, the values of output filter inductance and capacitance are changed from 3
mH and 30 pF to 2.5 mH and 25 pF, respectively. Then in the second case, the inductance and ca-
pacitance are changed to 5 mH and 40 pF, respectively. The parameters used for prediction and other
parameters are the same as the previous case. The output active and reactive powers, the output fre-
quency, and the output voltage amplitude of Case 1 and Case 2 are illustrated in Fig. 5.18. and 5.19,
respectively. For both cases, the predictive controller is able to achieve proper control similar to the
case when the model of the system is accurate. Hence, we can conclude that the proposed FCS-MPC

is not sensitive to uncertainty in prediction parameters
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Fig. 5.18 The output active and reactive power, the output frequency, and the output voltage amplitude of

the proposed control scheme with uncertainty in the prediction model (Casel).
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Fig. 5.19 The output active and reactive power, the output frequency, and the output voltage amplitude of

the proposed control scheme with uncertainty in the prediction model (Case2).

5.5.3 Inertial Response

To demonstrate the inertial response of the VSG when the load is increased from 3 kW + 1 kvar to
5.5 kW + 0.05 kvar during the islanded operation, The simulations of the test circuit displayed in
Fig. 5.8 are conducted again with the same simulation parameters. However, different values of pa-
rameter J are simulated in order to study the responses of the output active power and the converter
frequency, as shown in Fig. 5.20. From this figure, it can be seen how the frequency of the VSG with
larger inertia constant is more reluctant to change, and an increase in the inertia constant leads to an
increase in settling-time of the output frequency. However, it is indicated in the same figure that
larger inertia constants result in larger ripples of the active power in steady-state. Nevertheless, from
these results, we can clearly conclude that the proposed VSG control is capable of providing an iner-
tial response even without the presence of an energy storage element. It is also noticeable that the
transient response of P, is slightly lower than the typical VSGs performance analyzed in [26], [27]
due to the delay effect of the PLL. This effect can be lessened with an increased kg, as discussed in

the stability analysis of section 5.4.3.
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Fig. 5.20 The measured output frequency and output active power of the proposed method when the out-

put load is changed from 3 kW + 1 kvar to 5.5 kW + 0.05 kvar during islanded operation mode.
5.6 Experimental Verification

To verify the simulation results, a scaled-down version of the simulation circuit depicted in Fig.
5.8 is conducted with the testbed illustrated in Fig. 5.21. Three-phase 30 Hz / 40 V (line-to-line
RMS) input ac-source and 60 Hz / 60 V (line-to-line RMS) stepped-down grid voltage are consid-
ered for the experiment. The parameters indicated in Fig. 5.1 were respectively realized as follows,
Ly =7mH, R; =0.1Q, L, =4mH, R, =0.1 Q, € =30 pF and 2 pF for fictitious dc-link ca-
pacitor. These values are chosen from those available in the laboratory. Sp,se and Vp,se are
changed to 150 W and 60 V, respectively. kgis set to 2.5*V,4502/X,, whereas other control param-
eters are the same as Table 5.3. The experiment scenarios are adopted from the simulations. First, the
IBMC is set to operate in grid-connected mode, and then it is islanded from the grid and operates
independently to supply local load. This is done to verify the grid-forming ability of the proposed
control. Then the load changing is performed in the islanded operation to demonstrate the inertial
behavior of the controller. Both the CSI and the VSR are controlled by a digital control unit Myway
PE-Expert IV, and the presented data are internal variables of the control unit, which are recorded
using the embedded function of PE-View X, the software interface of Myway PE-Expert IV, which

can illustrate 100k data per second with 14 bit resolution for 16 channels. It is notable that the oscil-
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loscope presented in Fig. 21 is only used for monitoring the synchronization process of the proposed
control system based AC-source with the grid during the experiment. Additionally, HIOKI
PW6001 Power analyzer was used to measure the THDs. To imply the FCS-MPC-based control, the
sampling frequency for the VSR (f; ysrmpc) 1s selected at 35 kHz for the CSI f; o5i mpc at 20 kHz,

respectively, which results in average switching frequency around 15 kHz for VSR and 10 kHz for
CSL

L lnput {
Filter " 3
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o i

Fig. 5.21 Experimaental Testbed
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Fig. 5.22 Experimental results of steady-state wavwforms of the dc-link voltage, the phase-A input
current, the dc-link current, and the phase-a output current of the proposed method during the

grid-connected mode, from top to bottom, respectively.
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Fig. 5.23 Experimental results of steady-state wavwforms of the dc-link voltage, the phase-A input
current, the dc-link current, the phase-a output voltage, and the phase-a output current of the

proposed method during the islanded mode, from top to bottom, respectively.
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Fig. 5.24 Experimental results of the output active and reactive power, the output frequency, and the
output voltage amplitude of the proposed method during the grid connected mode, islanded mode and

load changing transition in islanded mode from top to bottom. respectively.
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Fig. 5.25 Experimental results of transient waveforms of the phase-A input current, the phase-a
output voltage, and the phase-a output current of the proposed method during load transition in the

islanded

By comparing the experimental results displayed in Figs. 5.22 and 5.23 to the simulation results
displayed in Figs. 5.13 and 5.17, it can be concluded that all comments on simulation results still
stand for the experimental results. The dc-link voltage, the phase-A input current, the dc-link current,
and the phase-a output current for the grid-connected operation are depicted in Fig. 5.22. This figure
shows that both input and output current waveforms are sinusoidal. Additionally, the measured
THDs up to the 50th order are also displayed in Fig. 5.22. It indicates that the THDs of the input and
output currents are around 2.0% and 5.0%, respectively. This approves the results of the simulation
study that the low order harmonic distortion due to the effect of CL-filter resonance can be sup-
pressed by the multivariable control of filter voltage and current. Hence, the THDs of around 5.0%
can be achieved even without a passive damping resistor. The dc-link voltage, the phase-A input
current, the dc-link current, the phase-a output voltage, and the phase-a output current for the is-
landed operation illustrated in Fig. 5.23 indicates that current and voltage are also sinusoidal during
islanded operation. The even lower THDs than grid-connected operation are observed for both input
and output currents, which amount around 1.5% and 2.5%, respectively.

The output active and reactive powers, the output frequency, and the output voltage amplitude
throughout the experiment scenarios are illustrated in Fig. 5.24. The input active and reactive powers
are set to follow the reference values of P*;, = 150 W and Q*,, = 0 Var. It can be seen that the
system quickly and seamlessly transfers from the grid-connected mode into the islanded mode, sup-
plying the power to a 20 Q local load, whereas the output voltage amplitude of the system is main-

tained around the nominal value (60 V) throughout the operation. The system is also able to react to
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the load changing during islanded operation when another star-connected 50 Q local load is con-
nected, as shown in Fig. 5.24 at T= 19 s and Fig. 5.25, where waveforms of the phase-A input cur-
rent, the phase-a output voltage, and the phase-a output current are depicted. The results of the out-
put frequency and the output active power verify the characteristic of VSG control, as discussed in
Section 5.4. Hence, the experimental results clearly validate the effectiveness of the proposed control

scheme.
5.7 Conclusions

The investigation on the IBMC has shown that the relevant existing control method is not explicitly
designed for DG applications, and shortcomings such as the incapability of both grid-connected and
islanded operation, the lack of virtual inertia, and the generation of distorted output current, exist in the
control system. To solve these problems, a novel control scheme based on multivariable FCS-MPC for
the implementation of VSG is proposed in this paper.

Comparative studies between the proposed control schemes and the existing method performed in
PSCAD/EMTDC simulation have demonstrated that the proposed grid-forming control scheme offers
many advantages over the existing methods, which utilize a grid-following strategy. For instance, thanks
to the deployment of the proposed VSG control, the controller can provide the inertia property from the
power source to support the grid frequency stability and is also capable of operating independently in
islanded operation, maintaining the control of output voltage and output frequency actively. The
utilization of the FCS-MPC ensures that an intricate coupling between the input control and output
control of the IBMC is avoided and thus allowing a natural inclusion of VSG into the control system.
Lastly, the proposed scheme generates approximately the same amount of current THD even without
damping resistor to the existing PWM-based method with a damping resistor, owing to the inclusion of
several control targets, variables, and constraints into a single cost function for simultaneous control.
The effectiveness of the proposed control is also verified in a scale-down experiment, which highlights
the grid-forming ability, the inertial behavior, and the active damping feature.

The presented work is an initial step to apply a VSG control in an AC/AC converter without a bulky
energy storage element, and for future steps of this work, conducting experimental tests for a higher

rating of IBMC are considered for evaluating and validating the proposed control strategy.
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Chapter 6

Conclusions

In this dissertation, FCS-MPC-based VSG control was applied to inverter-interfaced DGs, in or-
der to improve the capacity of VSG control regarding the fault-ride-through ability and a separate
FCS-MPC-based VSG control was adopted in indirect boost matrix converter-interfaced DGs in or-
der to achieve the grid-forming control, the virtual inertial feature and to reduce the distortion of
output current, as found in existing control methods for indirect boost matrix converter.

In Chapter 2, the principles of the primary VSG control were described, and a brief survey of oth-
er existing control schemes providing virtual inertia for inverter-interfaced DGs was presented. Then
the brief history of MPC control for power converters and the principle and the necessary design
procedure of FCS-MPC were introduced.

In Chapter 3, the implementation method of FCS-MPC-based VSG control in inverter-interfaced
DGs is explained in detail. The simulation-based study was conducted to ensure that the proposed
method indeed inherits the properties of PWM-based VSG control in both grid-connected and is-
landed operations.

In Chapter 4, a comparative study between the proposed FCS-MPC-based VSG control scheme,
the VSG with virtual impedance current limiting, and the multiloop VSG control is presented for a
three-phase-inverter-interfaced DGs regarding their FRT-abilities. Results from simulations and ex-
periments have been conducted to show the superior performances of the proposed control in com-
parison with the existing controls in both grid-connected and islanded operations

In Chapter 5, a control scheme based on multivariable FCS-MPC is proposed for the implementa-
tion of VSG in indirect boost matrix converter-interfaced DGs. Comparative studies between the
proposed control scheme and the existing methods for indirect boost matrix converter have demon-
strated that the proposed control, which utilizes a grid-forming control scheme, offers many ad-
vantages over the existing methods, which utilize a grid-following strategy. For instance, the capa-
bility to operate in both grid-connected and islanded modes without control mode transition, the ac-
tive damping ability, and the virtual-inertia-emulating- ability are all achieved.

The ideas and control methods based on FCS-MPC, as proposed in this dissertation, may contrib-
ute to the advancement of the capability of VSG control. As illustrated in Chapter 3 and 4, the pro-
posed control can enhance the ability of the VSG control in the challenging aspects such as power
quality and current control, granting the VSG control with abilities to prevent the system from over-
current condition and to ride through fault, while the injection of non-sinusoidal current under condi-
tions of unbalanced voltage sag was suppressed. Furthermore, the study of the possibility of inte-
grating VSG control with different converter topologies other than two-level-inverters is conducted,

as shown in Chapter 5 and according to “the author’s best knowledge,” this is the first study to make
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the indirect boost matrix converter operate with smooth transition between islanded and
grid-connected modes. It is also very rare to find a study in the literature that achieves the inertial
feature of the VSG control in the AC-AC converter without the inclusion of a bulky DC-link capac-
itor, as it is done in chapter 5. Hence, the author believes that the work presented in this dissertation
can be considered a significant contribution to the body of knowledge. With the presented enhanced
VSG control strategies, a more robust distribution network with a high penetration rate of topologi-
cally diverse DGs can be expected in the future.

Still, there are several issues and challenges to be solved on the topic of the operation of VSG
control, and there is also room for improvement for this work. For instance, with the multiple control
objectives of MPC control, the capacity of the control method can be expanded with the inclusion of
additional control terms. This can be a subject for further study. Besides, although the proposed con-
trol in Chapter 4 demonstrated a number of advantages over existing methods, the presence of ripple
and harmonics need to be reduced to improve the power quality of FCS-MPC-based DG systems.
The VSG control method proposed in Chapter 5 also needs to be verified in an experimental setup
with a higher rating, as the simulation-based study cannot explore all the aspects of a real system,
and the scale-down experiment platform might illustrate a different characteristic in a higher rating.
Furthermore, it is fascinating to study whether the effect of the inertial response of an input power
source with rotational inertia such as PMSG can be carried out to the grid-side converter of
IBMC-interfaced-DGs. Lastly, the stability study of FCS-MPC methods in both Chapter 4 and
Chapter 5 can be conducted to optimize the control system and improve the weighting factors selec-

tion methods of the proposed controls.
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