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Abstract

This research work proposes intensive study and mathematical modelling analysis of
transformer-less quasi Z-source inverter (qZSI) based static synchronous compensator
(STATCOM) system. Among the shunt-connected Flexible AC Transmission System
(FACTS) controllers, STATCOM has shown extensive feasibility and effectiveness in
solving a wide range of power quality problems. From the literature reviews, multilevel
cascaded H-bridge inverter (MCHI) is undoubtedly the most adaptable power inverter
topology in STATCOM application to produce high quality sinusoidal alternating current
(AC) waveform with minimum harmonics. However, the direct current (DC) side of H-
bridge inverter requires an additional bidirectional DC-DC converter (i.e., resulting a two-
stage system) to achieve four quadrants of operations. This results in high cost and
complicated control of the converter. A qZSI demonstrates the advantages of being able
to perform power conversions from DC to AC, AC to DC, DC to DC and AC to AC
through a single-stage topology when compare with the counterpart. This significantly
enhances the inverter efficiency and reduces the overall construction cost. Moreover, each
phase-leg of qZSI module (i.e., formed by two series-connected switches) can turn on
simultaneously with no dead-time to improve the inverter reliability and the quality of the
generated AC output waveform. In this work, a single-phase three-level qZSI is acted as
a STATCOM system to compensate the grid reactive power (VAR) at the point of
coupling (PCC) under different loading conditions. A new controller-based lead
compensator is developed to achieve fast DC-link voltage balance across each quasi Z-
source (qZS) network, which is unachievable with the traditional proportional integral (PT)
controller. To evaluate the superiority of the proposed system and control scheme,
extensive simulation studies are conducted accordingly, where all the results are
documented systematically.

Keywords: Quasi Z-source Inverter, Cascaded Multilevel Inverter, Photovoltaic (PV),
Static Synchronous Compensator (STATCOM)
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Synchronous reference frame
Static synchronous compensator
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Chapter 1 : A Critical Review for the Open Literature

Batteries have become one of the most promising energy resources in recent years
and have increased enormously in the markets. DC/AC inverter is designed as the core of
the battery system that inverts DC to AC supply waveform to suit remote stand-alone
application or off-grid power system. In the past five years, numerous control schemes
have been applied to battery qZSI based STATCOM system. Particularly, DC-link voltage
control scheme has been developed to balance the DC-link voltage in qZS network. In
most cases, proportional-integral (PI) controller has been the most popular method to
perform control actions specifically in the STATCOM’s feedback loops [1-4]. However,
PI controller shows some drawbacks which include slow response speed as well as poor
robust performance against the system uncertainties and exogenous disturbances. Also,
there are several existing works revealed that the use of PI controller will lead to poor
transient and dynamic responses as well as causing instability to the system when the
system parameters and operating points are varying [5, 6]. Another drawback of PI
controller is that it could not provide precise tracking on the commanded values which is
the main cause of poor transient response and instability in the STATCOM system [7].
Similarly, no research has been carried out to demonstrate the dynamic and transient
performances of qZSI based STATCOM system under different loading condition.
Besides, the mathematical derivation of STATCOM controller’s parameter (i.e., gain
parameters) has not been specifically defined. Furthermore, details on the modulation
techniques as well as the application of both the sampling and switching frequencies on

the modulation techniques are not revealed.

The aforementioned phenomena also apply to qZSI module itself, where the DC
side impedance design and efficiency calculation methods are not established in any work.
These include:

1. The relationship between the generated line voltage total harmonic distortion

(THD) and the shoot-through duty cycles.

ii. The relationship between the generated line voltage THD and the modulation

index.



iii. The relationship between the shoot-through duty cycles and the pulse width
modulation (PWM) modulation index.

iv. The control scheme to provide direct control of shoot-through duty ratio based on
different loading conditions.

v. The boundary condition at which the qZSI network will operate in continuous

conduction mode (CCM) or discontinuous conduction mode (DCM).

All these matters have direct effect on the cost, size, reliability, dynamic and

transient performances of battery qZSI based STATCOM system.



1.1 Building the Justification
1.1.1 The Research Field

QZSI is one type of power inverter which can boost the DC input voltage and
invert it to AC waveform in a single-stage topology. When compared with conventional
DC-AC inverter which requires additional DC-DC converter to buck/boost the DC input
voltage, the two series-connected switches from each phase-leg of qZSI can be turned on
at the same time. This interval is referred to as the shoot-through state, which the inductors
will be charged up. On the contrary, the inductors will release its stored energy and charge
up the qZS network’s capacitors in active-state to achieve boosting effect. QZSI can
operate in boundary, CCM and DCM. However, CCM mode is preferable because the
input current will never fall to zero; hence, resulting in lower voltage stress and higher
system efficiency.

STATCOM is one of the inverter-based FACTS devices. It can be used as a shunt-
connected compensator to control the power flow, enhance the transient stability, and
improve the power factor of the grid. To achieve that, STATCOM is connected at the PCC
to inject or absorb active and reactive current. For instance, when inductive loading
condition or low PCC voltage is detected, STATCOM will produce larger magnitude of
AC voltage than the PCC voltage to inject the current at the PCC. In contrast, STATCOM
can absorb reactive current from the PCC when PCC voltage is higher or capacitive

loading condition is sensed.



1.1.2  Research Gap

The selection of switching frequency has direct proportional relation with the
active suppression of THD and the dynamic response of a qZSI. Since a single-stage qZSI
topology can be operated with considerable high-equivalent switching frequency (i.e.,
from 5 kHz [8] to 100 kHz [4, 9]), the qZSI based STATCOM system will provide fast
power compensation across the grid under different loading conditions. Nevertheless, the
switching loss, conduction loss, and power handling of ZSI module should be taken into
consideration in the design process.

The cost and size of STATCOM system can be affected by the size of the DC-link
passive components (i.e., capacitors and inductors). qZSI is no doubt the favourable
inverter when compared with other DC-DC converters due to its smaller size of LC filters
at high switching frequencies. Nevertheless, mathematical formulation to obtain the
effective value of each passive component should be proposed to achieve a compromise
between size, efficiency, switching frequency, and cost for a given power rating.

There are two capacitors in a qZS network. Unlike inductor current, DC voltage
of capacitors in qZS network will never fall to zero in any operating mode (i.e., boundary
condition, CCM and DCM). Till present, there is no existing work has been done to
investigate the fundamental mathematical derivation of the steady-state small-signal

equivalent circuit of battery qZSI based STATCOM system.



1.1.3

Research Questions

The research questions are listed as below:

1.

il.

iil.

What are the relationships between the efficiency and power density of the battery
qZSI based STATCOM system with

a) Switching frequency

b) gZS network parameters

¢) boundary condition, CCM and DCM operation

Do the shoot-through reference lines, which are used to control the shoot-through
duty ratio via intersection of carrier waveform affect the THD of the generated
PWM voltage, increase the output current ripple as well as influence the qZS
network design and the system efficiency?

Is qZSI based STATCOM system able to provide fast acting dynamic power
compensation for voltage support during fortuity events [10, 11] and then reach

steady-state within 200ms according to the grid codes [12]?



1.2 Objectives

The aim of this research work is to design transformer-less battery qZSI based
STATCOM system for grid-tie application. The research objectives can be classified as:

i.  Derivation of mathematical equation to determine the boundary condition, CCM

and DCM and validate the accuracy of the mathematical equation by examine the
variation of simulation results from theoretical value (deviation within +/-10%).

ii.  Development of control scheme to achieve balanced DC-link voltage in qZSI to

ensure the voltage deviated within +/- 10% from the pre-set DC voltage reference.

iii.  Design the battery qZSI STATCOM system that can provide reactive power

compensation to the grid and achieve steady-state within 200ms when a step

change of loading condition is applied.



1.3 Novelty, outcomes and Significance

The first novelty of this research work is the development of battery qZSI
STATCOM system. In this research work, the proposed system is utilized to provide
reactive current compensation to the grid. Furthermore, the fundamental mathematical
equations of the steady-state small-signal equivalent circuit of the proposed system which
has not been covered in any literature are derived.

On the other hand, lead compensator is used to replace PI controller to achieve fast
and stable DC-link voltage balance in qZS impedance network. According to literature
review, lead compensator demonstrated better performance than PI and PID controller in
controlling the speed of machine and robotic movement [13, 14]. Nevertheless, no
research has been carried out to implement lead compensator in voltage or current control
loop of a qZSI topology.

Apart from that, several researchers have defined the boundary condition, CCM
and DCM in qZSI [42, 43]. However, no existing work had been done to distinguish the
operating mode between CCM and DCM in qZSI topology. In this work, mathematical
equations are derived to distinguish the operating modes of qZSI in boundary condition,
CCM and DCM. Noticed that DC-link output voltage generated by qZSI diverges to a
larger value when the topology changes from CCM to DCM mode. Most research works
only focused on CCM mode, but knowing that in real-life application, the qZSI topology
has the contingency to go from CCM to DCM or vice versa due to the changes in loading
condition. Therefore, it is important to derive a mathematical equation that define the DC-
link voltage of qZSI in DCM mode.

The outcomes of this research work are summarized as follows:
1. The derived mathematical equations (i.e., to distinguish between boundary
condition, CCM and DCM) reflect the selection of the size of passive component

(i.e., inductor) to construct qZS network. Designing a qZSI topology that operates

in CCM mode reduces the voltage stress and thus increasing the overall efficiency.

The selection of the size of passive components also provide direct influence on

the dynamic and transient response of the qZS network. On the contrary, the

operation mode of qZSI in DCM must be taken into consideration as well. When

7



11.

1il.

the qZSI topology changes from CCM to DCM, the derived mathematical equation
that characterized DC-link voltage in DCM is complied in the control system block
diagram to avoid undesired deviation in output voltage.

The developed controller (indicated in second novelty) ensures stable and good
dynamic responses in DC-link voltage which attain a maximum percentage
overshoot of 10% and accomplish steady-state in 200ms when there is a step
change in loading condition.

The proposed qZSI should be ensured to generate AC voltage with THD of 5% or
less. A low THD output voltage indicates that the inverter topology produces a

more accurate and undistorted voltage to the grid.



1.4 Significances

The significances of this research work are listed as follows:

1.

11.

1il.

1v.

V1.

The proposed system can improve the power quality as well as the system
efficiency of battery-based electricity generation.

The proposed system provides power compensation to the grid.

This research project can be implemented in rural electrification projects
especially in Sabah and Sarawak at where intensive solar energy is available and
inland transportation is less developed. The coverage can be extended to remote
and isolated areas with minimal cost as continuous grid connection from urban
electricity generation source to remote area is limited.

The number of components used in the proposed system are reduced due to lower
number of switching elements. The reduction in components used allows the cost
of the inverter system to be reduced in proportional.

This research project could improve and accelerate the contribution of solar energy
in Malaysia electricity generation and it is expected to be able to reduce the non-
renewable energy consumption especially the use of fossil fuels. Hence, resulting
in the reduction of harmful by-product and greenhouse gases emission which came
from transportation and power generation sectors.

This research project can be upgraded and commercialize into electronic products

in industry and household application.



1.5 Research Method

The initial phase of this research work is to investigate the characteristics of battery
resource and the operating characteristics of qZSI. Then, novel control scheme and
modulation technique was explored and implemented for qZSI to operate in either
boundary conduction mode (BCM), CCM or DCM. All previous efforts have been
extended and acting as a STATCOM system. After verifying all theoretical analysis,
further validation has been carried out via simulation results. The 1.5 years research
activities are summarized in the Gant charts under Research Timeline section. This
research work has been carried out according to the following stages:

1. Design of qZSI’s DC-link controller:

Several approaches have been carried out to design the controller for qZSI to
ensure desired PWM duty ratio generation and stabilization of its DC-link voltage.
These include:

a) Mathematic derivation of small-signal model of qZSI (i.e., its state-space
equations and transfer functions),

b) Mathematic derivation of qZSI in boundary, CCM and DCM,

c) Signal-flow graph of qZSI’s system variables (i.e., its dynamic modelling), and

d) Design of DC-link controller (i.e., lead compensator).

Besides that, proper selection of the size of passive components (i.e., capacitors
and inductors) should be taken into consideration in the qZS impedance network
design process.

For instance, the size of the inductor determines the qZSI operating mode (i.e.,
boundary condition, DCM or CCM) while the capacitor value has direct effect to the
DC-link voltage ripple. In addition, the size of these passive components has a direct
influence on the dynamic and transient response of a control scheme.

ii. Simulation and Verification of Models:

The works have been carried out using graphical programming tool (i.e.,
MATLAB/Simulink software package). This includes the implementation of grid-tie
PV-battery qZCHI based STATCOM system, which aimed to achieve both grid-tie

and reactive current compensation in qZS network. The performance of the proposed

10



system has been measured under all or either in boundary, CCM or DCM. The
dynamic and transient responses of the proposed control scheme (i.e., STATCOM
feed-forward and DC-link controllers) have been evaluated and discussed briefly. The
in-depth research methodology of the qZSI model were explained in more details in

their own sections (i.e., chapter 4 to chapter 6).
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1.6 Thesis outline

A brief description for each chapter is provided as follows, a more detail

explanations for each chapter have been covered in the following section.

Chapter 1:

Provides a general introduction covering the power electronics technology. This chapter
also covers the research background, research gap and relevant research questions, scope
and objective, novelties, outcomes and significant of this project. Moreover, this chapter
includes one section which describes a brief introduction on the research methods taken
to achieve the aim of the project. The details methodology is included in of the following

chapters (i.e., Chapter 3, Chapter 4 and Chapter 5).

Chapter 2:

This chapter describes the literature reviews which is relevant to this research topic. This
chapter also provides the comprehensive investigation on the previous researchers’
finding in qZSI topology and its DC-link control system. In addition, this chapter provides
a comparison of different type of existed controllers and its performance in maintaining
the dynamic and transient response of inverter topology. Furthermore, the operating
modes of the qZSI are also discussed and investigated including CCM and DCM. Using

the literature reviews, able to provide with more research questions and solution finding.

Chapter 3:

This chapter covers the working principle of qZSI in both CCM and DCM. This includes
the mathematical equations to distinguish between these modes. This chapter also
discusses on the parameters that have a direct impact on the operating mode of qZSI.

Simulation results have been included to verify the feasibility of the derived equations.

12



Chapter 4:

This chapter covers the detail mathematical derivation of qZSI large and small-signal
analysis. The working principle and the design procedure of the proposed controller (i.e.,
lead compensator) are explained in detail. Simulation results are presented at the end of
this chapter to identify the performance of the proposed controller. The simulation results
consist of two parts, first part includes the effectiveness of the controller in maintaining
the DC-link voltage when a step change in reference DC-link voltage was applied. The
second part shows the simulation results of the proposed lead compensator when different

loading conditions were applied in the output load.

Chapter 5:

Chapter 5 presents different methods used to regulate the power quality of the qZSI
module at the PCC and when qZSl is integrated with PV power system. This includes the
used of maximum power point tracking (MPPT) algorithm to stabilize the fluctuation of
the PV power. Meanwhile, STATCOM system is responsible to provide power factor
correction for the grid to maximize power transmission efficiency. Then, it is followed by
the modelling of two energy storing battery-based qZSI. This includes the derivation of
the transfer function of the proposed model. This chapter is later extended with the
modelling of PV-based qZSI model with STATCOM system. The chapter is ended with
two simulation results; the first simulation covers the employment of MPPT algorithm

into qZSI module to achieve maximum power tracking. Second simulation depicts the i,4

algorithm in providing reactive power compensation to the grid.
Chapter 6:

Chapter 6 presents the conclusion remarks of the entire research project as well as the

possible future works to be carried on.
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Chapter 2 : Literature review

2.1 Introduction

Due to the fluctuation in fuel price which is a common circumstance in recent
years, it has caused extensive growth in power electronics and battery industries. As a
result, the demand for Electric Vehicles (EVs) has grown drastically over the past two
years [15]. This lead to a lower equilibrium cost and hence, more consumers to purchase
EVs since then. Therefore, power quality and efficiency issues have becoming a very
important subject to be investigated. Moreover, most of the existing unidirectional EV’s
battery chargers with conventional two-stage rectifier-inverter circuit cannot be used in
smart grid for vehicle-to-grid purpose [16, 17]. To overcome the stated phenomena, the
integration of power electronic and renewable energy generation systems promises

alternatives to replace conventional generation units for electricity regeneration.

Apart from that, the STATCOM system plays an important role in maintaining
high system efficiency in converter topology. Reactive power is present in converter
system due to the reactive components such as inductors and capacitors in an AC power
system. High reactive power generated in the power grid will cause extensive power loss.
To avoid power loss, the power factor must be kept as close to unity as possible. Therefore,
STATCOM system plays the role in reactive power compensation by regulating the
desired output AC voltages or current which is to be fed into the grid synchronously. The
STATCOM system provide power compensation by either generating or absorbing

reactive power.
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2.2 qZSI topology

The qZSI topology (see Figure 2.1(a)) was first emerged in 2008 as an improved
version of Z-source inverter (see Figure 2.1(b)) which introduced back in 2003 [18]. The
improvements of qZSI include constant DC current drawn from the source [19, 20], less
switching pulses [21], lower passive component rating, and reduction of capacitor’s
voltage stress in the qZS network [22]. Conventional H-bridge inverter requires an extra
DC-DC boost converter (see Figure 2.2), which form a two-stage system, to achieve
variable DC voltage levels across its DC-link. When compared with qZSI, the generated
AC output waveform via the two-stage system is distorted due to the dead-time employed
across each phase-leg to prevent short-circuit occurs through the series-connected upper
and lower switches. Moreover, the integration of DC-DC converter with H-bridge inverter
increases the construction cost and reduces the operating efficiency [23]. For qZSI, it
provides boosting capability and voltage inversion in just a single-stage. It allows the
series-connected active switches to be turned on simultaneously in shoot-through state and
the DC voltage to be boosted in active-state. These aspects made qZSI an attractive
topology for interfacing with renewable energy sources, especially wind and solar energy

to the grid [23-28].
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Figure 2.1: Single-phase (a) Z-source inverter and (b) qZSI
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Figure 2.2: Traditional two-stage buck-boost inverter

Figure 2.3 (a) depicts circuit diagrams of conventional MCHI and qZS cascaded
H-bridge inverter (qZCHI) topologies. MCHI, which acts as voltage-source inverter
(VSI), produces less THD of multilevel output voltage with low switching frequency
and possibly, eliminate the needs of AC filters [24-26]. Those are achieved by stacking
more H-bridge inverter in series to generate higher-level staircase sinusoidal voltage
waveform. Nevertheless, even though MPPT has been employed in the module, MCHI
is still suffered with extensive power loss and DC-link voltage unbalance across each
unit which may cause instability. Then, qZCHI overcome the aforementioned
disadvantages of conventional MCHI by combining the quasi impedance network (i.e.,
with 2 pairs of LC filters) and H-bridge inverter [2-4, 27, 28]. The network is shown in
Figure 2.3(b). The bridge leg of qZSI allows shoot-through states to occur without extra
switching element required on the DC side. These features made qZCHI competitive in

the application of PV power system in terms of efficiency and reliability.
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Figure 2.3:

Single-phase circuit diagram of (a) MCHI and (b) Multilevel gZCHI
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2.3 Pulse Width Modulation Techniques of qZSI

During the past decade, qZSI topology had undergone fast development because
of their promising characteristics. Like other power conversion topologies, the key
elements of qZSI consist of the voltage/current control scheme, PWM technique, and the
circuit structure itself. For instance, a semi-Z-source inverter with only two active
switching devices was proposed in [1] to realize the same output voltage produced by
qZSl. In addition, the introduction of shoot-through zero state to the modified sinusoidal
PWM (SPWM) technique was not needed. Nevertheless, the efficiency of the proposed
inverter was discontented due to the high switch voltage stress on the switches (i.e.,

switching frequency of 20 kHz).

Carrier-based PWM was the commonly used PWM technique for qZSI to generate
AC output voltage. To achieve shoot-through state, there are several existing carrier-based
PWM technique, which known as simple boost control (SBC) [18], maximum boost
control (MBC) [29] and maximum constant boost control (MCBC) [30]. Besides, space
vector modulation (SVM) techniques were also investigated and provide different
maximum shoot-through time intervals [31]. For instance, in 2014, a single-phase seven
level QZCHI controlled with SVM was proposed in [2] and [32]. The results demonstrated
the accomplishment of DC-link voltage balance among the cells and low THD of the grid-
tie output voltage and current. Later, the work was extended to three-phase system, where
all the positive outcomes from [2] was achieved in [32]. Nevertheless, detail of associated
switching frequency was not reveal. Pulse width amplitude modulation (PAM), which was
proposed in [33], shows that a reduction of up to 87% switching loss can be achieved.
Moreover, PAM-based inverter can achieve higher power density with smaller footprint

when compared with the mentioned modulation techniques.

In 2013, a comparison work between the phase-shifted amplitude PWM (PSA-
PWM) and phase-shifted sinusoidal pulse width modulation (PS-SPWM) was
demonstrated in [12]. It was concluded that the proposed technique greatly reduced the
number of switching actions with lower switching frequency (i.e., 5 kHz). Therefore,

reducing the switching loss for more than 50%. Later, to prevent any solar energy
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harvesting issue, a modified modulation technique incorporated with a double-frequency
ripple (DFR) suppression controller was proposed to lower down the DC input voltage
DFR without using large capacitance [9]. The capacitance used in the gZSI was 10 times
smaller than the conventional application. Nevertheless, proposed topology experienced
higher power loss and the voltage stress across the switches (i.e., at switching frequency

of 100 kHz) was increased by 53% when compared with conventional design.
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2.4 Integration of novel topology to qZS network

Another novel topology of cascaded (two-stage) qZS network was proposed in [34,
35] to achieve extended voltage boost. When compared with classical qZS network, this
topology was constructed with additional diode, inductor and two capacitors, which
capable to lower the shoot-through duty cycle by 30% with the same voltage boost factor.
However, this topology required complex controlling technique due to the interactive

influence of one cascaded module to another.

In 2013, photovoltaic (PV) power generation based qZS cascaded H-bridge
inverter (qZCHI) which utilized the enhancement mode gallium nitride (GaN) field effect
transistors (FETs) was presented in [4] as an effort to enhance the efficiency and provide
high power density at high switching frequency (i.e., 100 kHz). The outcome illustrated
that a peak efficiency of 98.06% was able to attain with the modified sawtooth carrier
modulation strategy, but with a drawback of requiring large inductor size to minimize the

increased inductor current ripple due to the merged shoot-through period.

A high voltage gained isolated multistage DC-DC converter was presented in 2014.
The topology composed of a qZS network connected to a push-pull square-wave inverter
[36]. The output was connected to a voltage-doubler rectifier. Through experimental
verification, the converter was able to produce a wide range of voltage gain using small
duty cycle. Therefore, the proposed topology was suitable to be used in application, where
a wide range of voltage gain was required especially in renewable energy generation,
transportation sectors and telecommunication. In the study, a small turn ratio of isolated
transformer was used. This greatly minimized the conduction losses and the structure size
of the converter. Nevertheless, since the topology consists of multi-stages, the control

system requirement is becoming more complex.

In 2015, a single-phase quasi switched boost H-bridge inverter (qSBI) which is
suitable in low power renewable energy application was proposed [37]. The work
illustrated a full comparison between qSBI and qZSI including the component selection

(i.e., inductor and capacitor value), analyzation on the DC and AC component, current
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and voltage stress on semiconductor, system efficiency and power loss calculation. The

experiment results concluded that:

ii.

1il.

1v.

The inductance in qSBI and qZSI were the same whereas the capacitance of qZSI
was four times higher than qSBI.

qSBI had higher system efficiency than qZSI.

gSBI had one extra active switch and diode, but its current rating of the diode and
both the active switches were smaller than qZSI.

The capacitor voltage stress of qSBI was higher than qZSI.

Even with the same parasitic effect, the qSBI’s DC-link boost factor was higher
than of qZSIL.
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2.5 DC-link voltage controller in qZSI

The gqZSI network generates a non-minimum phase due to the right-hand plane
zero in the transfer function. Therefore, it is difficult for conventional PI or proportional
integral derivative (PID) controller to achieve good dynamic performance. Moreover, PI
controller is unable to remove low-order harmonics due to bandwidth limitation [38]. To
fulfil voltage boost and voltage inversion capabilities as well as MPPT control, the closed
loop control system has to be carefully designed. For instance, H2/Hoo based optimal
controller was proposed in [39] and it demonstrates better performance in tracking the
changes in reference currents of the AC and DC-link voltage distribution. The proposed
controller offered lower overshoot and attained more promising transient performance
than PI controller. However, it cannot evaluate the robustness under exogenous

disturbance and system parameter perturbations.

Proportional Resonant (PR) controller was proposed in several works as an
alternative to replace PI controller in qZSI control system [38, 40]. PR-controller can
provide high gain value for selected fundamental frequency and keeping other frequencies
at low gain while conversely, the gain of the PI controller is limited by the gain at its
resonant frequency and it introduces phase-shift to the output voltage. However, PR-
controller is particularly used in grid-tie based transfer function rather than in DC-link

voltage loop transfer function.

On the contrary, type-II compensator was used in [41] which demonstrated that
the controller is able to reduce overshoot of the buck converter PWM generated output
voltage during transient time. Lead compensator is one of the most commonly used
technique in control system. The results in [13, 14] showed that lead compensator has
outperformed PI and PID controller in controlling the speed of machine and robotic
movement. However, yet no research has been conducted to develop voltage or current
control loop using a lead compensator for qZSI. In 2015, a control scheme for an energy
stored PV-based multilevel qZCHI based grid-tie power system was proposed [3]. An
energy storing battery was added in each qZSI module to balance the stochastic fluctuation

of PV solar power injected to the grid. The combination of MPPT and energy storing
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battery ensured the grid to operate at maximum power. The author incorporated the
proposed control scheme with 10 kHz PS-SPWM modulation technique. The
experimental results show that MPPT was distributed throughout the PV-panels and

power balanced was achieved between different PV-panels.

2.6 CCM and DCM of qZSI

The gZS network has the input inductor that buffers the current source of the
network. Therefore, the qZS network can operate in CCM when the input current never
drops to zero during shoot-through state. With CCM operation, the input voltage stress
can be minimized. However, only few existing works had been done to demonstrate
comprehensive mathematical analysis between DCM and CCM operating mode of the
qZSI only [42, 43]. In this work, the boundary condition between the CCM and DCM in
qZSI has been derived and the methods to avoid undesired DCM operation will also be

discussed.

2.6 Active and reactive power compensation

Power quality and efficiency issues has been the major issue in power systems,
resulted by low power factor voltage collapse, excessive harmonics etc. Voltage
imbalance problems are one of the major treats to power quality and efficiency issues. It
could be caused by a poor DC-link control system or induced by unbalanced output load
or any unsymmetrical faults through the transmission lines. High reactive power in the
system can cause high I?R losses due to the high current presented in the circuit.
Therefore, the incorporation of STATCOM system with DC-link voltage regulator is vital
in providing a high efficiency output power. With VSC, the output voltage is increased,

at the same time reducing the current level, therefore, reducing active power loss.

STATCOM which is usually applied for reactive power compensation, can also
provide harmonic compensation and voltage regulation (i.e. D-STATCOM) [44]. There
are two types of control methods in STATCOM system, namely the direct and indirect
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current control methods. The direct current control takes the STATCOM as a voltage
source and output the desired AC voltage wave phase that will indirectly control the AC
current [45]. This method is simple, but it is imprecise and require a very long response

time.

In a STATCOM system, PLL is commonly implemented in the system, which is
based on positive-sequence bus voltage. PLL strategy obtained the phase angle from dq
rotating coordinate by transforming the af stationary coordinate system to the dq rotating
coordinate system. In [44], the author proposed a STATCOM based five-level cascaded
inverter controller and incorporated i,, algorithm control scheme. The proposed control
scheme is to provide indirect control to the AC current by obtaining the inner active and
reactive currents from the abc-to-dq transformation block. Then, the controller can
provide reactive power compensation control for different loading conditions. From [44],
the controller maintained a stable active source current while provides positive leading

reactive current which is used to cancel out the negative reactive source current.
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2.7 Summary

To conclude this chapter, different type of qZS topology have been proposed by
researchers, each consists of advantages and disadvantages. Besides, the performance of
several modulation techniques was reviewed in this chapter. From the reviews, it has
shown that PS-SPWM can greatly reduce the number of switching actions even with lower
switching frequency. Moreover, PS-SPWM is the only sinusoidal based PWM method
that can generate multilevel output voltage/current. Moving on to the qZSI control system,
knowing that qZS network generates a non-minimum phase due the existence of right-
hand plane zero; the controller is difficult to provide a superior transient response in the
qZSI output voltage. Therefore, it is utmost important to select a controller that can
provide excellent dynamic and transient response when the system is dominated with a
non-minimum phase. The performance comparison between several controllers has been
reviewed. This includes the comparison between the most commonly used controller (i.e.,
PI and PID controller) with different type of linear/non-linear controller (i.e., H2/Hoo
controller, PR-controller, type-II controller and lead compensator). Lastly, attention has
been paid to the operating mode of qZSI; with CCM and DCM. This part plays an
important role when qZSI is subjected to major change in system parameters during

contingency events (i.e., change in duty cycle, input voltage etc.).
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Chapter 3 : CCM, boundary condition and DCM analysis of qZSI

This chapter presents a working model of qZSI together with detail mathematical
derivation of the transfer function that characterizes qZSI in both CCM and DCM.
Furthermore, the mathematical equation to distinguish between boundary condition, CCM
and DCM have been derived. The equations are used to determine the selection of the size
of passive component (i.e., inductor) to construct the qZS network in the next chapter.
Also, this chapter introduces the parameters that have a direct impact on the operating

mode of qZSI.

This chapter discusses the following: Section 3.1.1 describes the equations and
characteristics of ¢ZSI in CCM and DCM. This includes the analysis and derivation of the
equation to characterize each voltage and current present in the network. Besides, this
section also includes the derivation of qZSI input-output transfer function in CCM and
DCM. Section 3.1.2 describes the impact of CCM and DCM on the input current and
output voltage. The transition boundary condition of CCM to DCM also covered in this
section. This includes the relationship between the operating mode of qZSI with inductor
value, switching frequency and shoot-through duty ratio. Lastly, section 3.3 covers the

simulation to verify the derived equations in section 3.1 and section 3.2.
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3.1 Mathematical derivation of qZSI’s characteristic and transfer function

QZSI was derived by adding two inductors, two capacitors and one diode to the
traditional inverter topology to allow voltage boost functions in a single-stage. qZSI
topology features advantages such as continuous input current, excellent reliability and
most importantly, it allows low inrush start-up current. Figure 3.1 shows the qZS topology
attached to H-bridge inverter that has been introduced to replace the traditional ZSI
topology. By introducing a special shoot-through state, magnetic energy will be stored in
the inductor L; and L, during this state without short-circuiting the DC capacitor C; and
C,. If the input voltage of the qZSI is high enough, the topology starts to operate as
traditional VSIL.

2112 >

N

Figure 3.1: qZSI with H-bridge

Cy

In Figure 3.2, V;; and V;, represent the voltage of inductor L, and L, respectively;
I}, and I}, represent the current that flow through inductor L; and L, respectively. V4
and V., represent the voltage across capacitor C; and C,. I-; and I, represent the current
of capacitor C; and C,. V. represents the DC-link voltage at the output side of the qZSI
topology. Ip. represents the DC-link current generated at the output side of qZSI topology.

Lastly, I3;04e and Vg i04e represent the current and voltage of the diode respectively.

27



+ )
|| <«
1l
C;
|4 |4
ILl + Ll" Idiode + LZ— IL_>2 ‘2))(3
— T D=
Ll LZ
+ + +
Ve G
Vi < Vbe
vic1
@

Figure 3.2: qZSI topology

3.1.1 Mathematical deviation of ¢ZSI in CCM

qZSI topology can concurrently drive up the input voltage and invert the DC-
voltage into AC output voltage. In CCM, qZSI operates in three different operating modes
which include shoot-through state, non-shoot-through state (consists of active-state and
null state). Figure 3.3(a) and Figure 3.3(b) show the equivalent circuits of qZSI in shoot-
through and active-state respectively. To obtain a better view and understanding of qZSI
operation in shoot-through and null state, the qZSI model in Figure 3.3 are redrawn and

shown in Figure 3.4(a) and Figure 3.4(b) respectively.

As seen in Figure 3.2, qZSI topology input side is connecting in series with an
inductor. This inductor acts as buffer for the current source. In other words, in continuous
conduction mode (CCM), the input current (i.e., I;4) will never falls to zero, no matter in
shoot-through or non-shoot-through state, featuring a reduce stress topology for converter
application. However, in the case of large load, low boost factor, small inductor value and
low switching frequency, qZSI could operates in the discontinuous conduction mode
(DCM). When the qZSI operates in this mode, the input current falls to zero during the

discontinuous conduction interval and resulting in increasing voltage and current stress.
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Figure 3.3: Equivalent circuit of qZSI (a) shoot-through state (b) active-state

Particularly, when qZSI topology operates in shoot-through state (i.e., Figure
3.3(a)), either one or two phase-leg of the inverter are short-circuited to form two active
loops. In conventional inverter, short-circuit will cause the output current of the inverter
to become very large and destroy the components in the entire circuit. However, in qZSI,
due to the presence of inductor and capacitor, the short-circuited event allows the current
to remain low and prevent the current throughout the entire topology to turn into infinite
value. In shoot-through state, one complete loop is attained through input voltage V;;,,
capacitor C, and inductor L;, and resulting in the charge up process of inductor L.
Meanwhile, the other loop is formed through capacitor C; and inductor L, to charge up

L,.
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During active-state, the high side and low side of the IGBT in the same phase-leg
are switched on and off simultaneously; the diode forward biased. In this state, the
capacitor C; voltage discharge through inductor L, and thus providing more current to
flow through the output load. In other words, boosting mechanism occurs during active-

state and it works as conventional voltage-source inverter (VSI) without employing any

dead-time.
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Figure 3.4: Equivalent operation modes for qZSI (a) shoot-through state (b) null state

Null state happens when both the IGBT at the lower and upper phase-legs are
turned on at the same time. During this state, the H-bridge inverter is disconnected from
the qZSI impedance network; causing the current flows through inductor L, to recharge

capacitor C, while the current flows through inductor L; to charge capacitor C;
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concurrently. The mathematical equations of qZSI in shoot-through state can be defined

as follows:
Iey = =11 (3.1)
Iep = —1I14 (3.2)
Vii = Vin + Ve (3.3)
V2 =Ve1 (3.4)
Ipc = I11 + 117 (3.5
Vpc =0 (3.6)
The state space equation of shoot-through state in steady-state of qZSI is derived as
follows:
Ly 00 077 0 0 0 1[u®] 1 0
5 0 aflaells &3 lanlh e o
0 0 0 Gllv,®l -1 0 o ollv,®l lo o
The mathematical equations of qZSI in active-state can be defined as follows:
Iey = Iy — Ipc (3.8)
Iz =112 — Ipc 3.9
Ve =Vin = Vea (3.10)
V2 = Ve, (3.11)
lgioge = Ic1 + 112 (3.12)
lgioge = 11 + 112 — Ipc (3.13)
Voe = Ve1 + Ve (3.14)
Ipc =1, (3.15)
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The state space equation of active-state in steady-state of qZSI is derived as per (3.16):

L, 0 0 O] [le'(t)]
0 L, 0 0l |
0 0 G OfJve(®]

0 0 0 Gllv,®]

0 0 -1 01[i®] 1 o0
00 0 -1 rz(t)yr 0 0 [vin(t)]
10 0 0|{va®]| [0 —1|lipc(®
o1 0o ollv,®! o -1

Throughout one switching cycle, the average equation of capacitor current (i.e., Io; and
I-,) and inductor voltage (i.e., V;; and V;,) are equate to zero. Solving the equation, we
get:

(3.16)

Iy =11, (3.17)
Vin =Ve1 = Ve (3.18)
Vel _ 1 — Dgr
Vineer 1 — 2Dgr (3.19)
Vez __ Dsr
Vincey 1 — 2Dsy (3.20)
Vbe 1
B = =
ccM Vince 1 —2Dsp (3.21)
Veq
B =
Vbe 1

Veteem 1 Dgr (3.23)

Where Bqcp represents the boost factor of qZSI in CCM. Dgr represents the shoot-
through duty ratio and its value should be smaller than 0.5 to prevent unpredictable output
voltage generation. Equating shoot-through duty ratio to 0.5 will cause the denominator

of equation (3.21) to become zero, resulting in an infinite boost factor of qZSI.
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3.1.2 Mathematical deviation of qZSI in DCM

Figure 3.5(a) shows the operating mode of qZSI in DCM mode. By rearranging
the circuit for better view and understanding, the circuit is redrawn and shown in Figure
3.5(b). During this state, there is a certain interval where the diode in qZSI topology stops
to conduct. DCM takes place during non-shoot-through state. In DCM, non-shoot-through
state can be split into three different operating states (i.e., active-state, null state and
discontinuous conduction state). As discussed in section 3.1.1 above, similar to CCM
mode, null state in DCM occurs when both the IGBT at the lower and upper phase-legs
are turned on simultaneously. In active-state, the diode supposed to be forward biased, but
when DCM occurs, the diode will be turned off during this entire interval. DCM occur
when the inductor magnetic field (or current) has fully discharged before the next shoot-

through interval occurs.

The reason that cause DCM to occur is due to the inability of the inductor to stay
charged during the entire non-shoot-through state. Normally, DCM occurs when the
inductor value used is too small; small inductor can only store a limited amount of charge
and it will be fully discharged before the next switching interval. Hence, in section 3.2,
the mathematical equations to reflect the right inductor size for specific systems parameter

are being derived.
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Figure 3.5: Equivalent operation modes (a) DCM (b) rearrange view of DCM

In shoot-through state, the mathematical equation of the qZSI operation can be defined

as follows:

Vi =Vin + Ve

Vo=V

(3.24)

(3.25)
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In active-state, the mathematical equation of the qZSI operation can be defined as

follows:
Vi =Vin—Ve1 (3.26)
Viz = Ve (3.27)

By using equation (3.26) and (3.27), the average equation of inductor voltage V; is

shown as follows:
(V1) = (Vin + V) Dsr + (Viy — Ve )(X — Dy — Dp) + 0(Dp) (3.28)
Dp can be defined as the duty ratio of the DCM.

Substitute: V;,, = V¢q + Vi, into the above equation. The average equation of V;; over

on switching cycle is equal to zero. Thus,
(Vi) =0
0 = (Vin + Ver)(Dsr) + (Vi — Ve1)(1 — Dsr — Dp)
Solving the equation, get:

Ver _1-Dsr—Dp

3.29
Vea Dsr (3.29)
From (3.18), in active-state
Vin =Ve1 — Ve
Vea =Ve1 = Vin (3.30)
Substitute equation (3.18) into equation (3.29), we get,
Vel _ 1—Dsr —Dp
Ver = Vin Dgr
1_DST_DD 1_DST_DD
c1= D—STVCI - D—ST in
(h) S kel (3.31)
Vin DCM 1- (ZDST + DD)
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Substitute equation (3.30) into equation (3.31), we get

(1 =Dsr =Dp)Vep 1 —=Dsr —Dp
V; 1— (2Dgr + Dp)

Yez Dt (3.32)
Vin 11— (2Dsr + Dp) .

From equation (3.14), DC-link voltage in active-state can be written as:
Voe = Ver + Ve
Substituting equation (3.14) into equation (3.32) above, we get:

1 — (Dsr — Dp) Dgr

= + Vi 3.33
1—(2Dsy +Dp) 1—2Dsy +Dp)| ™ ( )

Vbe

Therefore, in DCM mode, the DC-link to input voltage transfer function can be written

as:
%4 1-D
L D (3.34)
V; 1— (2Dgy + Dp)
The boost factor of qZSI topology in DCM mode can be written as:
Ve Ver | Ve
B =—=——+— 3.35
e Vin Vin * Vin ( )

By rearranging equation (3.31) the discontinuous conduction duty ratio equation is

obtained via (3.36) below:

_ (Vc1 — Vin + Dst (Vip, — 2Vc1))

(3.36)
P Ver — Vin
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3.2 Mathematical derivation to distinguish qZSI in boundary condition, CCM and
DCM

Figure 3.6 shows inductor voltage (V;q,V.,) and inductor current (I;4,1;5)
waveforms during CCM. Notice when the system is in CCM, the inductor current will
never fall to zero. Based on inductor’s volt-second balance and capacitor’s ampere-second
balance rules, the inductor current cannot change instantaneously in transition of shoot-
through state to non-shoot-through state. Therefore, the average value of inductor voltage

in one switching cycle is equal to zero.

The shoot-through characteristic of the qZSI will render a ripple effect on the
inductor current because the inductor charges (during shoot-through state) and discharge
(during non-shoot-through state) in one switching cycle. The ripple current amplitude
flowing through the inductor L; and L, are denoted as Al;; and Al;, respectively, as

shown in the Figure 3.6 below.
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Figure 3.6: Inductor voltage and current waveform in CCM

In CCM, the inductor current continuously forming an upward and downward
adjoining line; seeming like a triangular shaped graph. The boundary condition formed
when the system is about to turn into DCM; called it as BCM. In this transition state, the
ripple inductor current falls upon touching the x-axis; the inductor waveform may touch
the zero line for a short instance or slightly higher than zero line. The trailing statements

are shown in Figure 3.7.
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Figure 3.7: Inductor voltage and current waveform in BCM

The equation for Al;; and Al;, are obtained as in equation (3.37) and (3.38), where L

denotes the inductance and f; represents the switching frequency.
t=DsrTs 1 Ts
AILI:_J VLl dt=_f VLl dt
L t=0 L DgsrTs

(Vin + Ve2) (Dsr)

Al = 3.37
i i (3.37)

1 t=Ds1Ts 1 Ts
AILZ = _J VLZ dt = _f VLl dt

L t=0 L DgorTs

Ve1) (D
Al = M (3.38)
Lfs
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Based on Figure 3.7 above, the boundary inductor current, I; 5 is half the amplitude of the
ripple current as the waveform formed is a triangular shaped. Therefore, the boundary

current, I; 5 can be written as follows:
1
I;g = EAIL (3.39)

In section 3.1, it was proven that when the inductor value used in qZSI topology is the
same, I;; = I}, in steady-state. Hence, by substituting equations (3.37) and (3.38) into
equation (3.39), the boundary current of L; and L, can be derived as per equation (3.40)

Vin +Ve2)(Dsr) (V1) (Dsr)
lig1 = l1gp = ZLf = 2Lf
S S

(3.40)

The power converter operates in CCM when I; > I;5 and in DCM when I; < I;p.

Therefore, to ensure the qZSI to operate in CCM, the following equations must be fulfilled.

(Vin + Ve2) (Dsr) (Ve1)(Dsr)
g = L g > ———— 3.41
LB = 2Lf, orlpp = 2Lf, (3.41)
Rearranging the equation, we get
Vin + V) (D, Ve) (D
L U +Ve)Dsr) 1 (Ve)Dsr) 5
21pfs 2 pfs

Equation (3.42) indicates the minimum inductor value to be selected to achieve CCM

based on switching frequency, shoot-through duty ratio and the output load.

Figure 3.8 shows the inductor voltage and current waveform when qZSI operating
in DCM. Dj, represents the DCM duty ratio. Assuming 100% efficiency of qZSI topology,

the input power would be equal to output power.
Pout = P; (3.43)

Where P,,,; is the output voltage and P, is the input voltage.

V 1
Vilir =V, =225

sl =-2£,2 3.44
Orms Orms \/E \/E ( )
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Where V, and [,  are the root mean square AC output voltage and current,

respectively, and I, is the peak AC output current.

Solving the equation, we get

2Vl

3.45
o I/o ( )

The inductor current can be defined by the following equation (3.46), where the derivation

can be found in Appendix A.

I, = ﬂlo (3.46)
1— 2Dy
Via
AN
V52) Vin+Ve2
(Ver)
LN
L/
DgrT, DysrTs DDTSE t
Vin=Ver '
L (Ve
’Ll/\ I
(Ig2)
N 2 SN S S
(Ajl.z) : : l Iy (I2)
: S T
DsrTs \ DnsrTs  DpTy!

t

Figure 3.8: Inductor voltage and current waveform in DCM

Substitute equation (3.21) (i.e., V, = Vp, = ) and equation (3.46) into equation

1-2Dgr

(3.45), we get

_ DST(1 - DST)Vin

o 2Lf (3.47)

— DST(1 - DST)Vin
OB ZLf:g

(3.48)
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Where 5 is the boundary output current at which qZSI starts to change from CCM to
DCM.

By rearranging equation (3.48), we get equation as per (3.49) to justify the graph shown
in Figure 3.9. The blue line shown in Figure 3.9 is the CCM-DCM boundary transition for
the qZSI topology in steady-state.

Lfslop

= DST - DSZT (349)
Vin
1 =

0.8 B
) \
-§ 0.6 \\
H \
s DCM | N
; //
-c

0.2

0 005 01 015 02 025 03
(LfIo)/Vin

Figure 3.9: DCM and CCM Boundary Transition for qZSI

Based on equation (3.41), equation (3.48) and Figure 3.9, other than the inductor
value, qZSI also shows direct impact to the duty ratio and the switching frequency of the
system. When the switching frequency is increasing, the interval between each
consecutive cycle decreases, the inductor will not likely to be fully discharged before end
of one switching cycle. On the other hand, higher duty ratio indicates that the inductors
are charged for a longer period and hence it can store more charges. Moreover, the shoot-
through time interval increases as duty cycle increases, non-shoot-through state interval
will be reduced in proportional. Hence, the time taken for the inductor to discharge reduces,

preventing the qZSI to strike into DCM.
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Figure 3.10 shows the typical comparison waveform of V. in CCM and DCM.
From previous session, we know that the DC-link voltage in shoot-through state is zero
when the upper IGBT of each phase-leg is turned on. In active-state, the DC-link voltage

in CCM can be determined using equation (3.21).

Voc /I\
1
Vnczl_—mﬂvm
— )
DT 5 DysyTs t
(a)
VDC /\ Evﬂc:l*é;sfiﬂn)vm
5 Ve
: \
= > s
DT, . DnsrTs  DpTs:

(b)
Figure 3.10: Comparison between DC-link voltage in (a) CCM and (b) DCM

In DCM, there are three sub-operating state occurred during the non-shoot-through
state interval (i.e., active-state, null state and discontinuous conduction state). However,
the null state does no impact to Vp in both CCM and DCM. During active-state, Vp can
be calculated using equation (3.34). By referring to Figure 3.5, the output IGBT and load
circuit are disconnected from the input qZS circuit. Hence, during DCM, DC-link voltage
will reduce to capacitor 1’s voltage, V4, as shown in Figure 3.10. Note that D, depends
on the amount of time the inductor left uncharged (i.e., inductor current remains zero)
before the next shoot-through state. Equation (3.34) shows that as the time taken for
discontinuous conduction state increases, the output voltage will increase in proportional.
Therefore, when the inductor remains discharged for longer period, the DC-link voltage

will become higher during the next active-state.
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3.3 Simulation results to verify the derived equation in CCM, BCM and DCM

This section discusses the Matlab/Simulink simulation results to verify the
mathematical equation that distinguish the boundary condition between CCM and DCM
derived in section 3.1 and section 3.2. Section 3.3 can be categorized into 2 parts; section
3.3.1 consists of the simulation model to determine the inductor value used in qZSI to
achieve CCM, BCM and DCM follow by section 3.3.2 which demonstrates the

relationship between load and the operating mode of qZSI.

3.3.1 Selection of passive component (inductor)

In this simulation model, several inductor values have been tested to verify the
mathematical equation being derived. This section was developed to determine the
minimum inductor value required to achieve CCM. The IGBT switching method was
performed using SPWM. The system parameters used for simulations are listed in Table
3.1. The fundamental period of this simulation model was selected as 0.02s. The inductors

and capacitors used in qZSI are assumed to be equal value. (i.e., L; = L, and C; = C,).

In this work, V;,, is arbitrarily chosen as 12V and the shoot-through duty ratio was
chosen to be 0.4 to yield an output DC-link voltage of 60V. The minimum inductor value
to allow the system to stay in CCM was calculated based on equation (3.42). Based on the
equation and the system parameters listed in Table 3.1, the theoretical inductor value for
the qZSI system to achieve CCM was calculated to be 2e~*H. In other words, to achieve
CCM, the minimum inductor value must be greater or equal to the theoretical value
calculated. Please note that there is a £5% deviation of the simulation result as the

equations are derived based on ideal cases.
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Table 3.1: System parameters to verify minimum inductor value used to achieve CCM

Input voltage, V;, 12V
Desired DC-link output voltage, V¢ 60V
Capacitor C; and C, value 1000uF
Switching frequency, f; 10kHz
Shoot-through duty ratio, Dg; 0.4
Modulation index, M 0.5
Load resistance, ) 500
System AC output frequency, f4c¢ 50Hz

The capacitor value is determined by using a second harmonic (2w) suppression
formula, indicates in equation (3.50). a represents the DC-link voltage peak-to-peak

ripple ratio and b represents the inductor current ripple.

o _ Mla(1—2Dsp)

[bcos® + 1] (3.50)
awV;

Figure 3.11(a) and (b) show the inductor current (I;;) and DC-link voltage (Vp¢)
waveform in DCM respectively. The inductance value of the inductor used in this case is
0.5e~*H. As can be seen from the graph, both V. and I;; values are higher than expected
value in CCM. When DCM occurs, the output DC-link voltage will be deviated from the
theoretical value. However, the peak value of DC-link voltage can be verified using
equation (3.34). And noticed that there is a slight delayed when DC-link voltage reacts to
discontinuous conduction state compare to inductor current. It is because the operating
mode of qZSI solely depends on the charging and discharging capacity of the inductor
itself. DCM occurs when the inductor has fully discharged before the end of each
switching cycle. In Figure 3.11(b), when qZSI turns into DCM, the inductor current drop
to zero and remains zero until the next shoot-through state happens. On the other hand,

the DC-link voltage drops from 80Vto 43V during this interval.
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Figure 3.12 and Figure 3.13 show I;; and Vp, waveform in BCM and CCM
respectively. The inductor value used in Figure 3.12 is 2e~*H, while the inductor value
used in Figure 3.13 is 3e”*H. By comparing Figure 3.11, Figure 3.12 and Figure 3.13,
noticed that the peak inductor current, I; become lower as the qZSI topology transformed
from DCM to BCM to CCM. Besides, the minimum inductor current is further away from
zero as the qZSI switch from DCM to BCM and to CCM. In other words, as the inductor
value increases, the inductor tends to carry on with more charges. Hence, large inductor
values tend to stay charged for a longer period, preventing qZSI to turn into DCM. On the
other hand, since the difference between the maximum and minimum inductor current
become smaller with increasingly inductor value, the current stress for the qZSI topology

can be reduced in proportional.
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Figure 3.11: (a) I.; and (b) Vpcin DCM
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Figure 3.14 and Figure 3.15 show the DC-link output current (Ip) waveform and

inductor voltage (V;) waveform in DCM, BCM and CCM, respectively. As predicted

from the previous results, DC-link current and the inductor voltage value is expected to

be highest when the qZSI is operating in DCM.
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Figure 3.14: Ipc in (a) DCM (b) Boundary condition (c) CCM
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3.3.2 Verification of boundary condition through varied load

The simulation model has been done to investigate the relationship between the
output load with the operating mode of qZSI. This simulation model has been conducted
to verify the equation (3.48). From the previous section (i.e., section 3.3.1), the minimum
inductor value to achieve CCM is calculated to be 2e "*H. Therefore, in this simulation
model, the minimum inductor value has been taken as a benchmark and was set to be the
inductance of qZSI. The selected parameters used in this simulation model are listed in
Table 3.2 below. Three different simulation setups with varied load has been conducted

to verify the equation (i.e., R=100€Q2, 50 and 20Q).

Table 3.2: System parameters to verify the boundary condition with varied load

Input voltage, V;, 12V
Desired DC-link output voltage, Vp 60V
Capacitor C; and C, value 1000uF
Switching frequency, f; 10kHz
Shoot-through duty ratio, Dg,; 0.4
Modulation index, M 0.5
System AC output frequency, f4¢ 50Hz

Table 3.3 shows the theoretical calculated results to classify DCM, BCM and CCM
with varied load. Notice that for R = 100Q, I; < I, 5, the qZSI supposed to operate in
DCM. For R = 50Q, I; value s close to I}, the qZSI supposed to operate at the boundary
condition between CCM and DCM. Lastly, for R = 20(, notice that I; has a value which
is greatly larger than the I; 5, therefore, the qZSI topology is expected to operate in CCM.
Figure 3.16 shows the results of I;; and V. obtained from MATLAB/Simulink.
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Table 3.3: Theoretical calculated results to classify DCM, BCM and CCM

o Resistance Parameters Theoretical result EXPCCFed
Time interval Q) operating
LuH) |C(pF) |Vpc (V) | I1p(A) | I, (A) mode
0—-1.0s 100 300 1000 60 3.3488 1.80 DCM
1.0 — 2.0s 50 300 1000 60 3.3488 | 3.60 BCM
2.0 —3.0s 20 300 1000 60 3.3488 9.00 CCM

time (s)
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Figure 3.16: Simulated waveform of (a) 1.1 (b) Vpc with varied loads

Simulation results shown in Figure 3.17 are taken when qZSI is operating with
load resistance, R = 10042 in the time span of 0 < t < 1.0s. From the graph, clearly the
system is operating in DCM as depicted from the expected outcome in Table 3.3. Zooming
into the DC-link voltage, there’s a voltage drop when qZSI turn into DCM. In DCM, the
obtained simulated results show that qZSI is operating in the region where the CCM

steady-state formulae no longer hold. This operating mode causes an over boost effect of
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the DC-link and output voltage. To calculate the theoretical output DC-link voltage,
equation (3.34) should be used.

Simulation results shown in Figure 3.18 are taken when qZSI is operating with
load resistance, R = 50Q in the time span of 1.0s < t < 2.0s. In Figure 3.18, we can see
that inductor current, I; does not drop to zero, which means that the system is still
operating in CCM. However, the inductor current is close to the boundary condition
between DCM and CCM, (i.e., its value is close to the zero line). In Figure 3.18(b), the
DC-link voltage consists of some incomplete square-shaped waveform which shows that

the system is close to the boundary condition.

Simulation results shown in Figure 3.19 were taken when qZSI is operating with
load resistance, R = 20() in the time span of 2.0s <t < 3.0s. Notice that the lowest
point of the current is further away from the y-axis zero line, indicates that the qZSI system
is far away from the boundary condition. The results in this simulation model has clearly
shown that equation (3.41) is being verified. Both [;; and V- shown in the simulation
results are closely coincide with the calculated theoretical values when qZSI operates in
CCM and BCM. However, when qZSI is operating in DCM, the equations are not valid
as the inductor current and DC-link voltage values have shown major divergent to the
theoretical value. Therefore, the derivation of qZSI transfer function in DCM has been

performed and shown in section 3.1.2.

However, the only downside when qZSI operates in CCM (i.e., when qZSI
operating mode is further away from boundary condition), the DC-link votage, Vp ripples
amplitude is becoming higher and higher. To summarize, DCM offers lowest ripples
amplitude on the inductor current and DC-link voltage. The ripples amplitude increases

as qZSI goes from DCM to BCM to CCM.

52



[=2}

—_4 N\ FAN AN AN N\
<
d 2\/ \/ \/ \/ \/
0
0.5022 050225  0.5023  0.50235  0.5024  0.50245  0.5025 050255 0.5026  0.50265  0.50
time ()
(a)
100
80 I %I
; 60 |L
é 40 I
20
0
0.5022  0.50225 0.5023 0.50235 05024  0.50245 05025 0.50255 05026 0.50265 0.5027
time (s)
(b)

Figure 3.17: Simulated waveform of (a) I.1in DCM (b) Vpc in DCM when R=100€

| ANERANER/ANERANER/AN
IRV \ N/ N/ \/

-1
1.5633  1.56335 1.5634 1.56345 1.5635 1.56355 1.5636 1.56365 1.5637 1.56375 1.56

IL1(A)

time (s)
(a)
100
80
g 60 T T ‘
é 40
20
0
1.5633  1.56335 1.5634 1.56345 1.5635 1.56355 1.5636 1.56365 1.5637 1.56375 1.5638
time (s)
(b)

Figure 3.18: Simulated waveform of (a) I.1in BCM (b) Vpcin BCM when R=50Q



IL1(A)

3
2.6234 2.62345 2.6235 2.62355 2.6236 2.62365 2.6237 2.62:

time (s)
(a)
80 T T T T T T
60 E | | T I — 4
S
— 40 1 1
@]
a
> 20 K
0k | | | |
1 1 1 | 1 1
2.6234 2.62345 2.6235 2.62355 2.6236 2.62365 2.6237 2.62375

time (s)

(b)

Figure 3.19: Simulated waveform of (a) 11 in CCM (b) Vpcin CCM when R=20€

3.4 Summary

To conclude this chapter, the simulation results have shown that the derived
equations are accurate with the accomplishment of first objective of this research work.
There are few parameters that have direct effects on the operating mode of qZSI. These
parameters include the inductor value, switching frequency and the duty cycle. Knowing
the correlation between these parameters can provide researchers solution to prevent qZSI
from turning into DCM, avoiding large voltage stress to the system components. Also, the
equations that represents the transfer function of qZSI in DCM have been derived in
section 3.2. With these equations, even when the qZSI is operating in DCM, the controller

can track the DC-link voltage without significant discrepancies.
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Chapter 4 : Proposed Controller Design for qZSI

This chapter presents the detail mathematical derivation of the qZSI small-signal
transfer function (i.e., section 4.1.1) and controller design (i.e., section 4.1.2) to achieve a
balanced generated output voltage. In this chapter, lead controller is proposed as DC-link
controller to realize fast and stable dynamic transient response in qZSI. The derived small-
signal transfer function is complied with the proposed controller and merged it into a
control system block diagram shown in section 4.1.2. Section 4.1.3 demonstrates the
PWM method used to control the switching pulses in qZSI’s IGBTs. Using the presented
SPWM technique, the shoot-through duty ratio is sent to the modulator system to perform
switching in IGBT.

Simulation has been conducted to investigate the proposed design using
MATLAB/SIMULINK software. Section 4.2 presents the simulation results conducted to
investigate the superiority and the effectiveness of the proposed controller. Section 4.2.1
shows the simulation results when a step change of DC-link voltage reference is applied
to the system. The simulation was conducted when qZSI is operating in DCM. On the
other hand, section 4.2.2 presents the simulation results when qZSI is operating in CCM.
In this section, different loading condition has been applied to qZSI in a specific interval.
Lastly, the multilevel output voltage and current were generated based on the PWM

method listed in section 4.1.3.
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4.1 qZSI Control Scheme

4.1.1 Small-Signal Analysis and Derivation of qZSI Transfer Function

Figure 4.1 shows the small-signal model of qZSI to derive its transfer function. In
small-signal analysis of converter topology, the stray resistance (i.e., r; and r,) are
included in inductors L, and L, and the equivalent series resistance (i.e., R; and R,) are

included in the capacitors C; and C,.

S
=
2 2
vV |4
Iy, 4+ M- Idigde + Ig I_D;C
4115 AN ———D———— T AN
Ly 2] L, Ly
+
+ Ve =F C; +
Vi - Vpc
_ R, -
Ierd

Figure 4.1: Small-signal model of qZSI

Assume thatr =1, =1, and R = R; = R,, the mathematical equation of small-

signal model in shoot-through state can be defined as per equation (4.1) to equation (4.4).

dip, R+r. 1

dt L w2t v @1
di;, R+r1 Vez  Vin
a L ML “2
dvey i1
dr C (4.3)
e _ I (44)
dt C '
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Where i;; represents the inductor current of L;. i;, represents the inductor current of L.
vc1 and v, defines the capacitor voltage for C; and C, respectively. V;,, defines the DC
input voltage and i, represents the DC-link output current. Note that the assumption of

Ly =L, =L and C; = C, = C has been made to simplify the derivation of equation.

Hence, the dynamic state equation of qZSI small-signal analysis in shoot-through state

can be written as:

rdigs ()1  r+R 17
dt L 0 07
diz,(t) 0 r+R 1 0 [iLl(t)] L ol
dt |_ L L i12(6) +6 0 [Vin(t)] (4.5)
dvey (t) 0 1 0 0 lvei (D) 0 0 ipc(t)
dt c |~vC2(t)J lo OJ
dve, (t) _l 0 0 0
a 1t C

Equation (4.5) can be represented with the following simplified equation.

dx
E = Alx + Blu (4-6)
Where
[im(t)]
2@
x = |vc1(t) | 4.7)
lvcz(t)
T r+R 0 0 17
L L
0 r+R 1 0
A = I (4.8)
0 _E 0 0
1
_E 0 0 0
[% 0
Bi=|0 0 (4.9)
0 0
0 O
vin(t)-
= 4.10
w= (4.10)
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In non-shoot-through state, the relationship between capacitors current and
inductor current, the relationship between capacitor voltage, inductor voltage, DC-link

voltage and current can be summarized as follows:

Wer _ e @.11)

dc ¢ ¢C '
ez _ 1z _Ioc 4.12)

dc € ¢C '

dijq r+R ver R Z

T L L (*.13)
__I+R, _Va R 4.14
i L 2T +Lch (4.14)

Hence, the dynamic state equation of qZSI small-signal analysis in non-shoot-through

state can be written as:

[di ()] 1 r+R 1 T
dt L 0 0 _
dip,(t) 0 T +R 0 _1 [l.Ll(t)—l
at  |_ L L{fi2(@®)
dvc, (£) 1 v (t)
_ L — 0 0 0
dt C Ve (t)
dvi;(t) 0 % 0 0
t .
1 R- (4.15)
L L
0 R
+ Z [vin (t)
0 — 1lipc(®
C
0 1
i C.
Equation (4.15) can be represented with the following simplified equation.
d
d—f = A,x + Byu (4.16)
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Where

r r+R 0 1 0
L L
r+R 1
0 I 0o —-—-
A, = 1 (4.17)
— 0 0
c
0 ! 0
C
_1 R-
L L
R
0 1
B, = 1 (4.18)
0 ——
c
0 1
| C-

By using equations (4.8), (4.9), (4.17) and (4.18), the dynamic state average equation can

be obtained as follows:

A= dSTAl + (1 - dST)AZ (4.19)
Substitute equation (4.8) and equation (4.17) into equation (4.19), we get
[ Tr+R (dst — 1) dsr
L L L
0 r+ R dgr (dsr — 1)
L L L
A= 4.20
(1-dy)  dsr ; . (+.20)
C C
dsr (1 —dgr)
- 0 0
C C
B = dSTBl + (1 - dST)BZ (421)
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Substitute equation (4.9) and equation (4.18) into equation (4.21), we get

_1 R(l - dST)_
L L
0 R(1 —dsr)
— L
B = 1= dg (4.22)
C
1 - dST
A C

Hence, the dynamic state average equation can be written as per equation (4.23).

In small-signal analysis of qZSI topology, the perturbations of small-signal include v;,,

ipc, dsts> Vc1, Vez, i1 and i;, as shown in equation (4.24) to equation (4.30)

-diLl(t)- r r+R (dST - 1) dST 1 R(l — dST)-
dt L L L L

diy, () . r+R  dg (g — D|[ia(®)] R(1 - dgp)
dt _ L T L | i2(2) |+ 0 L [Vin(t) (4 23)

dve; ()| [A—dsr)  dsr 0 0 lve,(0)] _1—dg |Lipc(®) ’
dt( ) g a g ) ) . cd

dvc,(t ST — dst — dsr

U dr c c 0 0 0 ¢

Vin = Vip + 0 (4.24)
ipc = Ipc + ipc (4.25)
dsr = Dsr + dgr (4.26)
ver = Ver + Ve (4.27)
Ve = Ve + VU0, (4.28)
i1 =11+1, (4.29)
i =2 + 113 (4.30)

Where v, represents the DC-input voltage perturbation, i represents the DC-link
current perturbation, d,represents the small-signal duty ratio perturbation, 7g; and vg,
represents the small-signal perturbation of capacitor voltage across C; and C, respectively,
I;1 and i, represents the small-signal perturbation of inductor current flowing through of
L, and L, respectively. On the other hand, V;, represents the peak DC-input voltage, I

represents the peak DC-link current, D, represents the peak duty ratio, Vg and V,
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represents the peak capacitor voltage of C; and C, respectively, I;; and I;, represents the

peak inductor current flowing through of L, and L, respectively.

Substituting equation (4.24) to equation (4.30) into equation (4.23), the dynamic

state average equation with small-signal perturbations can be written as

[d(l, () +;(6) T
dt

Al () + 1,(8)
dt

AV, (8) + D61 (0))
dt

AV (8) + D2 (1))
dt

Dgr + dgr

r+R 0 (Dsp + dgp — 1)
L L
r+R Dgr + dsr

L
(Dsy +dsr — 1)

0
L L
(1-Dg—dst)  Dsy +dsr
C C
_Dsr+d,str (1 — Dy — dg7)
C

0

0

C
R(1 — Dy — dg7)]
L
R(1—Dg —dg)

L Vin () + Ui (1)

1= Dgp —dgp [Upc(8) + ipe (D)
C

1—Dgp +dgr
C

o =

[=)

L
0

0

|

I, (6) + 11 (0)
I, (6) + 12 ()
Ve (8) + '76\1(0] (43 1)
Vez (8) + 2 (8)

By doing linearization and Laplace transform on equation (4.31), the following

equations can be established.

Q(s)(Ls +(r+ R))

= dsr(s)(Ve1 + Ve — Rlpe) + 9¢(s)(2Dgr — 1)

+Ipc(s)(R = RDgr) + Upn (S)

Cste(s) + dsr (s)(Uy + 12 — Ipe) + tpe(s)(1 — Dsr)

(4.32)

(4.33)

ip(s) =

1 — 2Dgp

(s)[(LCs? + C(r + R)s) + (1 — 2Dg7)?]
= d/S:I‘(S)[(IDC — I — ILZ)(LS +(+ R))
+ (Vg1 + Vez — Rlpe)(1 — ZDST)]

+ ipc (s)[(DST - 1)(Ls +(r+ R))

(4.34)

+ (R — RDgr)(1 — ZDST)] + U (s)(1 — 2Dsr)
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From equation (4.34), the capacitor voltage to duty cycle transfer function can be

expressed as:

vc(s)
G, = —— 4.35
cdst dsr(s) ( :
G = [(IDC — I - [Lz)(LS +(r+ R)) + (Ver +Vep = Rlpe)(1 — ZDST)] (4.36)
cdsT [LCs?2 4+ C(R+71)s + (1 —2Dgr)?]

Using equation (4.32) and equation (4.33) The open-loop transfer function for current
inner loop of qZSI topology (i.e., the inductor current to duty cycle transfer function) can

be derived as:

_ Cs(Vey +Vez —RI,) + (Iy + I, — 1,)(1 — 2Dsr)

= 4.37
Gadsr [(Ls + R+ 7)[LCs? + (R +r)Cs + (1 — 2Dsy)?]] (437)
The transfer function of the DC-link voltage to inductor current is derived as:
Dgry /1
o= (7)) (439

All the components stated in equation (4.36) to equation (4.38) are DC components.

During DCM mode, an extra interval of discontinuous current in qZSI circuit is
formed. The inductor current falls to zero causing distortion to the DC-link output voltage.
DCM occurs after the completion of discharging of the inductor current (i.e., active-state).

With the present of DCM, the following equation can be established.
dnsr = dp + dactive (4.39)

Where dysr is the duty ratio for non-shoot-through state, dp is the duty ratio for DCM,

dactive 18 the duty ratio for active-state.

Over a switching cycle, the summation of shoot-through duty ratio and the non-

shoot-through duty ratio will equal to zero. Therefore,
1 - dNST - dST = 0 (4.40)

Substitute equation (4.39) into equation (4.40), obtained equation (4.41) as follows:

dactive =1 —dp — dgr (441)
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Referring to equation (4.23) and by substituting equation (4.41) into equation
(4.23), the dynamic state space equation of qZSI in active-state of a discontinuous

conduction system can be written as per equation (4.42).

[di (0)] [(r+R)(=1+d)p) —1+de +dp dgr
dt L 0 L T
di, (£) 0 (r+R)(—1+dp) dsr —1+dg +dp i)
dt - L T L |iL2 (t)}
dvey 0| =| (1= dor = dp) _dy . o la®
dt c c Lve, (0
dvc, (t) _ﬁ (1 —dgr —dp) 0 0
e = ¢ ¢ ¢ ' (4.42)
1 R(L - dgy — dp)]
L L
0 R(1—dgr —dp)
+ L [vin(t)
_ 1—dsr —dp |Lipc(t)
dC d
1—dg—dp
0 -/ c

Substituting equation (4.24) to equation (4.30) into equation (4.42), and by doing

linearization, the following equations are established:

dig; (6)
dt
a0 |
dt
dvg; ()
dt
v (1)
de (4.43)
(r+R)(-1+dp) _ Ve +Vep—IpcR —~ —14Dsp+dy  Dgr  R(A—Dgp—dp)  1—-dp _
L 1+ 1 st + L 1+ I Vc2 + 1 ipc + L Um
(r+R)(=1+dp) _ Vea+Veo—IpcR ~  —1+Dsp+dp __  Dsp R —Dsr—dp) _
2 + dsr + Ve +— Vit ————ipc
_ L L L L
1-Dsp—dp . Dsy __  —Ipy—Ip+Ipc ~  —1+Dsp+dp
(¢ T + C dsr + C Ipc
_&r\_'_l_Dst_dn,\ =y — I +1Ipc —~ _1+DST+dDLA
c C 12 C st C DC

By taking Laplace transform to equation (4.43), the following transfer function that
indicates the relationship between capacitor voltage and duty cycle in DCM can be derived

as:

GVAcd/s\T

[(SL+ R +7r)(A —dp))(—Ip1 — Ipp + Ipc) + Veq + Vez — Rlpe)(1 — (2Dsy + dp))] (4.44)
[LCs?2+ C(R+1r)(1—dp)s+ (1 —2Dgp — dp)?]
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4.1.2 The Design of DC-link Voltage Controller (Lead Compensator)

The transfer function derived in section 4.1.1 above can be drawn into signal-flow
graph as shown in Figure 4.2 below. The signal-flow graph is drawn to eliminate some of
the external disturbances that can be ignored and simplified it into control system block

diagram as shown in Figure 4.3.

Figure 4.2: Signal-flow graph of qZSI transfer function

Lead compensator can effectively reduce the overshoot percentage and increase
the gain crossover frequency of a system to realize fast transient response. In other words,
with lead compensator, the bandwidth of the system’s frequency response can be
increased in proportional with the increased of gain crossover frequency. On the other
hand, reduction of overshoot percentage can also be attained by increasing the phase
stability margin at the crossover frequency. Figure 4.3 illustrates the proposed voltage-
current closed-loop control system that generates the shoot-through duty ratio to acquire
the desire buck and boost capabilities of qZSI. It is designed based on qZSI small-signal
equivalent circuit and the signal-flow graph shown in Figure 4.2. To achieve DC-link
voltage control, the difference between the DC-link voltage reference value, Vj, - will pass
through a lead compensator with transfer function G.(s) to generate a corresponding

shoot-through duty ratio, dgr towards the unipolar sinusoidal PWM technique.
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Figure 4.3: Voltage-current closed-loop control strategy using lead compensator

Figure 4.4 shows the conventional PI controller voltage-current closed-loop
control strategy. Notice that in the lead compensator control strategy diagram, equation
(4.38) is derived as a transfer function of the DC-link voltage to inductor current and it is
used to replace the integral terms in PI controller. As a result, it provides more flexibility

to the design process of the DC-link control system.

VL;C + Pl controller ’E + K 1 1-2p
der 2Dgr — 1 [
Ipc — 21

Figure 4.4: Voltage-current closed-loop control strategy using PI controller

Both the control strategy in Figure 4.3 and Figure 4.4 consists of a voltage loop
and a current inner loop. The proportional control (i.e., K, ) regulates the difference
between the current reference with the actual inductor current. The two-control loop
strategy is employed to handle the presence of non-minimum phase. The main purpose
of inner current control is to regulates the dynamic response speed and at the same time
reducing the overshoot percentage. Desired shoot-through duty cycle (i.e., dg) is
generated according to the DC-link voltage reference. The shoot-through duty cycle

then passes through a control strategy block (i.e., to calculate the capacitor voltage.)
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The lead compensator general equation is defined as:

1 1
ﬂ (4.45)

The following summarized are the sequences to obtain all the parameters in equation (4.45)

Step 1: Determine the system type of a unity feedback system to calculate the steady-state

error from its closed-loop or the open-loop transfer function.

Step 2: Determine the closed-loop bandwidth to meet peak time and settling time
requirement. By setting a desired overshoot percentage, the damping ratio of the system
is calculated by equation (4.46).
0,
—n ( A)OS)

£ = 100 (4.46)

an + In? (%OS)

100

Where & is the damping ratio and %OS is the overshoot percentage of the uncompensated

system.

The bandwidth of the system is defined as:

wpw = L\/ (1-282) +J48* —4gZ + 2 (4.47)

T,\/1— &2
Where 7, is the peak time of the uncompensated system.

Step 3: Increase the low frequency magnitude responses to reduce the steady-state error.

In other words, the gain K should be varied to attain the desired steady-state error.
Step 4: Plot a bode plot and determine the uncompensated system’s phase margin.

Step 5: Choose the phase margin which can meet the required damping ratio and overshoot

percentage via equation (4.48) as follows:

1 28
\/—252 + /1 +4¢%

@ppy = tan™

(4.48)
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Step 6: Calculate the desired phase contribution of the lead compensator by adding a

correction factor to compensate for the lower uncompensated system’s phase angle.

Step 7: Determine y from the lead compensator’s required phase contribution and
determine the magnitude of the compensator at the peak of the phase curve. y can be
determined using equation as follows:

1 —5inDpax

~1+sin Dmax (4.49)

14

Where @,,,, is the total phase contribution required from the lead compensator. The

magnitude of the compensator is derived as:

1
i =— 4.50
|G wmaz) 7 (4.50)

Step 8: From the bode plot, the new phase margin frequency, wy,,, can be determined by
selecting the frequency at which the uncompensated system’s magnitude is the negative

of the magnitude of the compensator; the magnitude is in logarithm scale.

Step 9: Determine the value 7 of the compensator.

1
T =
Wmax\/)_/

Step 10: Redesign of the compensator by repeating the procedure using different

4.51)

correction factor if the requirement is not met.

Once the controller can achieve encouraging performance in theoretical simulation model,
a real-time simulation model will be carried on by feeding the DC-link voltage and

inductor current values from qZSI into the controller block diagram.

Figure 4.5 illustrates the real-time control system block diagram. During real-time
simulation, two qZSI parameters will be obtained and to be fed into the controller (i.e.,
Vpc and I} ;). The controller then calculates the difference between the reference DC-link
voltage (i.e., V) and the actual DC-link voltage (i.e., V). These differences are then
compensated by using lead compensator. Through equation (4.38), the compensated

signal will be transformed to the inductor current reference signal and it is used to compare
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with the actual inductor current value. Lastly, passing the signal through the proportional

gain in the inner current loop, the desired shoot-through duty ratio is obtained.

Vbe +

Lead Compensator

VDC

> e

DST
sk,

1

1— Dgr

i
+

Figure 4.5: Real-time controller block diagram (Lead Compensator)
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4.1.3 Sinusoidal Pulse Width Modulation Technique

Different type of PWM method has been proposed for qZSI to achieve wider
modulation range and provide lower voltage stress on the semiconductor switches, include
SPWM and SVM technique. Three traditional SPWM method were introduced for qZSI
which include simple boost control, maximum boost control and maximum constant boost
control. The difference between these SPWM techniques are the voltage gain and the

frequency ripples.

The principle of the SPWM for the two-level qZSI is illustrated in Figure 4.6. The
fundamental frequency component in the qZSI output can be controlled by the amplitude

modulation index:

Vin

(4.52)

mg = % '
carrier

Where 1, is the sinusoidal modulating waves and Ve 1S the triangular carrier wave.

=]
——

Amplitude

|
/}j/H/J
|
|
|

|
E|
|
|
/
8515 8 A
O

0 0.5 1 1.5
time (s)

Figure 4.6: Simple Boost Control SPWM

Figure 4.7 shows the block diagram to generate SPWM waveform. The blue

straight line in Figure 4.6 represents the shoot-through duty ratio reference generated by
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the DC-link voltage controller. There are two different type of carrier wave used for
SPWM (i.e., sawtooth or triangle waveform); each generating slightly different output
voltage. The sinusoidal waveforms represent the modulation signal. Noticed in simple
boost SPWM, two modulating signals are required. The shoot-through reference of simple
boost control is a straight line equal or higher than the top envelope of modulation waves,
or equal to or lower than the bottom envelope of the modulation waves. When the carrier
signal is greater than the positive shoot-through reference line or smaller than the negative
shoot-through reference line, the switching signal for shoot-through state will be generated.
Therefore, IGBT; and IGBT, are switched ON (as shown in Figure 4.7). In active-state,
when the sinusoidal signal is greater than the carrier signal, IGBT; and IGBT, will be
turned on. When the carrier signal is larger than the carrier signal, IGBT, and IGBT; will

be switched on.

—> IGBT,
D IGBT,
Voc —p ST -
—» SPWM
I, I Controller —1 /6B,
__» IGBT,

Figure 4.7: Block diagram of SPWM

Conventional SPWM technique is unable to generate multilevel output waveform.
To generate multilevel output voltage, PS-SPWM (shown in Figure 4.8) is introduced. In
general, a multilevel inverter with n voltage levels requires (n-1) triangular carrier. In PS-
SPWM, all the triangular carriers have the same frequency and the same peak-to-peak
amplitude. However, there is a phase-shift between any two adjacent carrier waves, which

can be calculated by using the formula:

360°

Dearrier = n— 1_ (4.53)

70



0.8

0.6

0.4

0.2

Amplitude
>

time (s)

Figure 4.8: Phase-shifted SPWM

1.5

The sinusoidal waveform in the Figure 4.8 represents the modulating signal, which

is the same as conventional SPWM. However, in PS-SPWM, only requires one sinusoidal

waveform. To generate multilevel stepped voltage waveform, the carriers of different H-

bridge modules are shifted 60° to each other.
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4.2 Simulation Results

Intensive simulation works are performed using MATLAB/SIMULINK for the
proposed gZSI and its associated control scheme in both CCM and DCM. This section

can be categorized into 2 parts:

e Section 4.2.1: Simulation results of DC-link control scheme in DCM with step
changes in DC-link voltage reference.

e Section 4.2.2: Simulation results of DC-link control scheme with varied loading

condition in CCM.

4.2.1 Step Change of DC-link Voltage Reference in DCM

In this section, the simulation model is conducted when the qZSI is operating in
DCM. To demonstrate the effectiveness and feasibility of the proposed controller with
constant modulation index, qZSI topology was tested in response to a step change of DC-
link reference voltage (i.e., 35V to 50V). The equations (3.21) does not hold as the qZSI
is operating in DCM. Therefore, in this simulation model, the equation that govern the
DC-link voltage in DCM can be referred to equation (3.34). Table 4.1 below shows the
system parameters used in this simulation model. From simulation results shown in
section 3.3.1, the minimum inductor value to achieve CCM is roughly calculated to be
around 200uH. Therefore, in this simulation model, to achieve DCM, an inductor which
is smaller than that value is chosen (i.e., 100uH) to achieve DCM for all time interval.
The proposed controller’s steady-state error, dynamic and transient responses were
analysed with different DC voltage references. This section also demonstrates the

controller performance comparison between lead compensator and PI controller.

72



Table 4.1: System parameters for qZSI topology with step-change in DC-link reference

voltage

Input voltage 12V

Switching frequency, f 10kHz
Step up voltage 35V to 50V

Capacitor C; and C, value 1000uF
Inductance L, and L, value 100uH

Load resistance, Q 300

System AC output frequency, f4¢ 50Hz

Modulation index, M 0.5

The proposed lead controller can reach a step change of 35V to 50V with very fast
and stable dynamic response. The design of DC-link voltage loop and inner current loop
transfer function can be found in Appendix B. Few parameters have been chosen when
designing the controller, the desired percentage overshoot value to design lead
compensator is set to be less than 5% and the peak time was set to be less than 0.1s. Table
4.2 shows the controller parameters for both lead compensator and PI controller. Also, the
current inner loop proportional gain for both designs were included. The parameter of the
PI controller used in control loop and P controller in the current inner loop were obtained
by tuning the response speed for P controller and both response speed and transient
behaviour for PI controller. The tuning procedure of the controller can be found in

Appendix C.
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Table 4.2: Lead compensator and PI controller parameters

Lead compensator PI controller (P + 1 G))
Lead compensator 19.9785 Proportional 46.462
gain gain
Current inner 7.79x107* Integral 30756.516
loop proportional Coefficient
gain
Transfer function s +13334.15 Current inner 1.519
19.9785 *
of lead s +266395.76 loop
compensator proportional
gain

Figure 4.9 shows the dynamic response of capacitors’ voltage (Vo1 and V;,). It
proved that the equation derived in section 4.1.1 is accurate; showing that the magnitude
of capacitor C; voltage (i.e., V1) is larger when compared to capacitor C, voltage (i.e.,
V¢,) in equation (3.19) and (3.20). By using the derived equation (3.19) and (3.20), V¢4
and Vi, are calculated to be 12V and 23V respectively, to generate a 35V output DC-link

voltage.

From Figure 4.10, equation (3.34) was realized to describe the relationship
between the shoot-through duty ratio Dgr and the DC-link voltage, Vp as shown in Figure
4.11. Figure 4.11 indicates the dynamic response of the DC-link voltage and its average
value in real-time simulation (i.e., V.4, Stated in Figure 4.11). For instance, large shoot-
through duty ratio was required to achieve higher DC-link voltage and vice versa. Notice
that in DCM, the DC-link voltage transfer function listed in equation (3.21) no longer
holds; as depicted from section 3.3.1 and section 3.3.2. The discontinuous conduction duty

cycle (i.e., Dp ) can be calculated using the following formula (i.e., Dp =

Vc1=Vin+tDst(Vin—2Vc1)

) listed in equation (3.36).

Vei—Vin
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Figure 4.9: qZS DC capacitors’ voltages Vi and Ve

Figure 4.9 and Figure 4.11 show how the proposed controller responded to a step
change of voltage reference with a very fast dynamic response (i.e., within 50ms), which
has met the expectation of our research objective (i.e., dynamic response within 200ms).
The relationship between DC-link voltage V- and capacitor voltage (i.e., V1 and V5)
shown in Figure 4.11 and Figure 4.9 can be proven using equation (3.14) in active-state.
By examining the percentage overshoot of Figure 4.11, notice that the proposed controller
can maintain a very a low percentage overshoot at the beginning of the simulation and
during the step change interval. The first overshoot has accounted for approximately 3%
while the second overshoot that occured when the step change in the DC-link reference

voltage is applied has accounted for a value less than 1%.

Figure 4.12 (a) and (b) demonstrates AC output voltage, V, and current, ],
waveform respectively. The voltage and current distortion in DCM would be higher
comparing to when it operates in CCM. By having a closer look at the generated output
voltage waveform, observed that there are some incomplete wave patterns occurred which

indicates that the system is operating in DCM. Also, the inductor current value falls to
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zero during some interval in non-shoot-through state. Figure 4.13 shows the zoomed-in

version of AC output voltage and current (i.e., V4 and [,,).
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Figure 4.10: Shoot-through duty cycle with modulation signal waveform
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Figure 4.11: DC-link output voltage (Vpc) waveform
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Figure 4.13: Zoomed in of (a) AC output voltage, VAC (b) AC output current, lo
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Figure 4.14(a) shows the theoretical DC-link voltage control using lead
compensator without the current inner loop. The waveform is generated based on the
derived small-signal transfer function. A closer “zoomed-in” look of Figure 4.14(a) was
presented clearly to analyse system damping and steady-state error. The step change for
theoretical analysis was performed when the time reach the interval of 0.05s to show a
closer and clearer view. Notice that when current inner loop is absent, the theoretical DC-
link voltage has a very high percentage overshoot and damping ratio. Also, it shows a

steady-state error of about 1% as depicted in Figure 4.14(b).

To resolve the steady-state error and reduce the overshoot in DC-link voltage,
current inner loop is added to the DC-link control system. The theoretical simulation result
was presented in Figure 4.15. With the proportional gain in the current inner loop, it allows
the system damping ratio to be reduced and so its percentage overshoot. However, since
the damping ratio has been reduced, the setting time has been increased in proportional.

Nevertheless, the dynamic response is still within a very good and fast manner.
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Figure 4.15: Step change of DC-link voltage based on mathematical model with

current inner loop

Figure 4.16 shows the frequency response of the original system and the
compensated system. The phase margin and gain margin of the uncompensated and
compensated system was listed in Table 4.3. From the bode plot, the phase margin and
gain margin of the original system were —26.6° and —16.6dB respectively. Negative gain
and phase margin indicates that the system is unstable. However, after the system has been
compensated by using lead compensator, the phase margin and the gain margin can be
improved and increased to 10.7° and 5.74dB respectively. The positive gain indicated in
the lead compensator transfer function (i.e., 19.9785), shifted the crossover frequency of
both magnitude and phase waveform to the right, improving the gain and phase margin.
Adding the current inner loop to the compensated system further improve the frequency
response. The phase margin and gain margin were further improved to 62.3° and
12.74dB respectively. The phase margin improvement reduces the overshoot percentage,
which is corresponding to the desired phase margin calculated during the design of the

lead compensator. However, after inserting current inner loop, the gain crossover
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frequency has been greatly reduced. Despite, from Figure 4.15, the peak time and settling
time obtained from the system is still encouraging. The reduction of the gain crossover
frequency might due to the gain of the proportional (P) controller in the inner current loop,

which is incredibly small.
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Figure 4.16: Bode plot

Table 4.3: Stability Margin

Original Compensated | Compensated
system system system (with
(without current inner
current inner loop)
loop)
Gain margin -16.6 5.74 12.4
(dB)
Phase margin -26.6 10.7 62.3
)




Figure 4.17 shows the dynamic response of DC-link voltage when PI controller is
used. By comparing Figure 4.17 with Figure 4.11, it has shown that PI controller can
achieve a fast dynamic response in DC-link voltage when a step change of 35V to
50V was applied. However, the performance is not as good as lead compensator. PI
controller offers higher percentage overshoot during the start-up process and when step
change was applied. Moreover, the settling time required to reach steady-state is about
300 ms, which is longer than lead compensator. Table 4.4 shows the stability margin
comparison between lead compensator and PI controller. Without the inner current loop,
PI controller can achieve positive gain and phase margin. In other words, the system is
already stable after the compensation. However, comparing the gain and phase margin of
both controllers, it shows that lead compensator can achieve better transient response,

which lead to a lower overshoot and faster settling time.

—VDC
= VDCmean

time (s)

Figure 4.17: DC-link output voltage (Vpc) using PI controller
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Table 4.4: Stability margin comparison between lead compensator and PI controller

Compensated system
using Lead
Compensator (without
current inner loop)

Compensated
system using PI
controller (without
current inner loop)

Gain margin

(dB) 5.74 0.702
Phase(gx)largm 10.7 795
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4.2.2 Multilevel Output Voltage Control with Different Loading Condition in CCM

All system parameters of the proposed controller (i.e., Lead Compensator) applied
on the qZSI were tabulated in Table 4.5. In this section, the output voltage is kept constant,
the only changes are the load resistance. A CCM system is used in this section therefore,
to generate a system that operates in CCM, the inductor value has been chosen which in
such a way that it could be stay as far away from the boundary condition as possible.
Moreover, to reduce the ripple effect of the output voltage, the capacitor value is chosen

based on equation (3.50).

Table 4.5: System Parameter

Input voltage 12V
Switching frequency, f; 10kHz
Step up voltage 40V
Capacitor C; and C, value 5.6mF
Inductance L, and L, value 2mH
System AC output frequency, fuc 50Hz
Modulation index, M 0.5

The simulation model is performed by starting out with an output load of 50 ohm.
The load changed to 100 Q at 1s and to 30 € at 2s. Figure 4.18 illustrates the measured
gqZSI DC-link voltage, Vp to inhibit the external disturbances (i.e., different loading
condition). It is noticed that when the AC load changed from 50 Q to 100 Q and from 100
Q to 30 Q, the DC-link voltage can be kept invariable. Noticed that the amplitude of the
voltage ripple in these three cases have slight variation. When the system is operating
further away from the boundary condition, the voltage ripple amplitude tends to be higher.
In other words, when the system moves closer to the boundary condition, the voltage

ripple tends to reduce in proportional.
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Figure 4.19 shows the inductor current waveform. The graph has shown that the
dynamic response of the inductor current was satisfied in accordance to the expectation.
The current overshoot was low, indicates that the current stress can be remained low when
lead compensator is used as the controller. When the AC load changed from 50 to 10041,
the system tends to move closer to DCM, noticed that how’s the inductor current react to
the situation. According to Ohm’s law, having a bigger load tends to reduce the inductor

current, which move the system closer to the boundary condition as depicted in equation

(3.41).

45

EZS
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-5
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Figure 4.18: DC-link voltage with varied load loading condition
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Figure 4.19: Inductor current waveform

Figure 4.20 shows how the lead compensator DC-link voltage reacts to the voltage
reference. In the real-time simulation model, capacitor voltage value is obtained and fed
into a control block with equation (3.23) to obtain the DC-link voltage. The reason to
obtained capacitor voltage instead of DC-link voltage is because, during shoot-through
interval, DC-link voltage tends to drop to zero and this might cause the entire system to
turn unstable. The control system block diagram is demonstrated in Figure 4.3 in section

4.1.2.
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Figure 4.20: Vpc and Vpc reference waveform

Figure 4.21 shows the shoot-through duty ratio waveform. By using equation
(3.21), to generate an output voltage of 40V from 12V input voltage, the shoot-through
duty ratio is expected to be 0.35. The graph indicates that the shoot-through duty ratio can
be maintained at a steady and constant value during the step change in loading condition.

It also proven that the derived equation (3.21) is accurate.
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Figure 4.21: Shoot-through duty ratio waveform

A multilevel output voltage waveform has been generated by using PS-SPWM as
depicted in Figure 4.23. The multilevel model is constructed according to Figure 2.1 in
Simulink. Figure 4.24 shows the zoomed-in version of the output voltage waveform. In
this simulation model, five-level output voltage with 80V peak voltage has been obtained
by using two qZSI module, each with 40V output voltage. Each of the qZSI module is
individually controlled by own DC-link voltage controller (i.e., lead compensator). The
same loading condition has been applied to the circuit. The simulation results shown in
Figure 4.23 has demonstrated the effectiveness of the controller in maintaining the shoot-
through duty ratio and providing a smooth and stable output voltage. There is only slight
distortion in the output voltage at time interval of 1s when the loading condition changed
from 500 to 1002. At 2s, the AC voltage distortion increased when the load changed
from 100£ to 30€). Nevertheless, the controller can trace the changes in the output

voltage and bring it back to steady-state within a very short time interval.
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Figure 4.24: Zoomed-in of AC output voltage

Figure 4.25 shows the AC output current waveform. The waveform indicates that
the controller has performed an excellent job, not only maintaining a stable DC-link
voltage, but also keeps the AC output current stable. Notice how the AC current reacts to
the changes in the loading condition. Ohm’s law is applied when calculating the output
AC current value. The larger the load, the lower the output AC current. Referring to
equation (3.46), AC current has direct impact to the inductor current. Hence, it also proofs
that the principle behind equation (3.41) is valid; qZSI which operates in larger loading

condition tends to move closer to DCM zone.
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4.3 Summary

This chapter presents the detail mathematical derivation of qZSI large and small-
signal models. To achieve robust dynamic and transient response, lead compensator is
chosen as the controller to be used in DC-link voltage control. The performance of the
lead compensator has shown improvement over PI controller and the result is
demonstrated in section 4.2.1. The controller performance has been performed and
reviewed in different circumstances. The presented results include when qZSI operates in
DCM and CCM mode, which are shown in section 4.2.1 and section 4.2.2, respectively.
The controller was tested with step change in the DC-link voltage reference and the results
were satisfying. Dynamic response can be achieved within 50ms, which has far beyond
the expected dynamic response stated in objective (i.e., 200ms). Later, in section 4.2.2,
the simulation model was tested with a step change in loading condition. The controller
has achieved a very fast response when the step change is applied. The topology is later

extended to multilevel QZCHI to generate multilevel output voltage/current.
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Chapter 5 : Power Quality Improvement in qZSI

Since qZSI is an emerging topology that is normally applied to PV power system,
it is utmost important to ensure unity power factor as well as low harmonic distortion from
the generated output voltage and current when integrating qZSI to the grid. The foregoing
topology might inherent voltage and power imbalance to the grid. In this chapter, the

mathematical modelling of PV-based qZSI STATCOM system is prosecuted.

First, in section 5.1, the basic MPPT algorithms are introduced to balance the
fluctuation of PV power. The basic MPPT algorithm has been integrated to qZSI module
and the simulation results are shown in section 5.5.1. In this section, the MPPT algorithm
is applied based on the previous literature [46-49] to adjust the shoot-through duty cycle
of the converter. However, in future simulation work, instead of tuning the duty cycle of
the converter, the MPPT algorithm will be merged with converter STATCOM system to
generate the modulation index of the converter’s IGBT switches. Several literatures have
demonstrated different approaches to tune the modulation index using linear control (i.e.,

PI controller) [28, 49].

Secondly, section 5.2 introduces the qZSI based STATCOM system control
scheme to improve the power quality of the inverter as well as regulating the output
current/voltage. The STATCOM controller is synthesized and combined with DC-link
voltage controller mentioned in chapter 4 (i.e., lead compensator) to advocate and limit
the fluctuation of the output voltage/current. Also, the main feature of the STATCOM
system is to minimize the phase angle difference between the grid voltage and grid current
(i.e., before the PCC). In other words, the purpose of the entire system is to make sure that
the power factor distributed can be compensated to as closed to unity as possible. The

simulation results are illustrated in section 5.5.2.

Section 5.3 describes the modelling of two energy storing battery-based qZSI. This
includes the derivation of qZSI transfer function in both large (i.e., section 5.3.1) and
small-signal analysis (i.e., section 5.3.2). The verification of the derived transfer function

will be done in future work. Finally, to fully develop a PV-based qZSI model with
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STATCOM system, MPPT algorithm, STATCOM and DC-link voltage controller must
be combined and operates concurrently. Section 5.4 covers the system modelling of the

referred control system.

5.1 MPPT algorithm

In a PV system, the changes in solar irradiance and temperature of the environment
causes intensive fluctuation of the input power. MPPT algorithms are implemented to
resolve the power fluctuation issues when power conditioning circuit is connected
between the PV system and the load. In other words, the algorithms are used to extract
maximum power from the PV system based on different solar irradiance and temperature,
then inject it to the load side. Several MPPT algorithms have been proposed to extract the
maximum power from the PV-panel, includes Perturb and Observe (P&O) algorithm [50],
Incremental and conductance (I&C) algorithm [47], constant voltage and parasitic

capacitance algorithm [46, 48] etc.

In a grid-connected PV system, to track the MPP of a PV-array, the capacitor
voltage of qZSI is controlled to be constant. The output voltage of a PV-array decreases
from the set value of DC-link reference voltage to the MPP by increasing the shoot-
through duty ratio [2]. At constant temperature, the changes of solar irradiance will result
in a large change in PV current at MPP [51]. With a little variation in the temperature, the
MPPT controller ensures that the DC-link voltage can be remained in a stable environment.
Contrarily, at MPP, PV voltage changes according to the changes of temperature [51]. The
resultant of PV current will ultimately distort the amplitude DC-link peak voltages,
resulting in unstable system to occur. Figure 5.1 shows the P&O method block diagram

for converter topology.

In Figure 5.1, the shoot-through duty ratio of qZSI is increased when the power of
current cycle is larger than the power of qZSI, one switching cycle before. This switching
cycle can be referred to how much the time taken for the MPPT to react to the changes in

irradiance or temperature. The i-term from Figure 5.1 defines the cycle number. In this
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chapter, P&O algorithm is chosen due to its structural simplicity and easy to be
implemented. Nevertheless, further literature reviews must be taken to evaluate the
performance of each method and a more detail and in-depth study has to be taken in the

future work.

| sense Vpy (i), Ipy (i) l
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Figure 5.1: P&O method for qZSI [48]
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5.2 qZSI based STATCOM system

Power quality and efficiency issues has becoming one of the major concern in
recent years. Low power factor, excessive harmonic and transient oscillations that
occurred in the power transmission and distributions are common adversity in
conventional power inverter. The AC output that consists of reactive loads, which
naturally provide with low power factor, will draw excessive reactive power (VAR)
restricting the maximum active power transfer and hence resulting in a low efficiency, yet
high power losses to the power transmission and distribution systems. Therefore, it is
crucial to improve the voltage stability as well as power quality of the power inverter
under both contingency and normal operating conditions. The conventional voltage-
source inverter-based STATCOM has been one of the most predominant solution to
provide the VAR compensation [52]. Among different multilevel STATCOM topologies,
cascade H-bridge Based (CHB) configuration has received a lot of attention from

researchers [53].

Several methods have been reported in literature, including the classical linear
control strategies to others non-linear control scheme [53]. For the linear control strategies,
the most common way to perform power quality control is to use Park Transformation to
map the system to the Synchronous Reference Frame (SRF) and then apply traditional
linear controller such as PI or PID controller. In a STATCOM based converter network,
the amplitude and phase angle of the inverter’s output voltage and current is measured and

will be controlled with respect to the AC-source voltage reference.

In [54], the author presented a STATCOM based inverter system using i,
algorithm and the associate control scheme is presented in Figure 5.2. The proposed
algorithm enhances the transient performance of the closed-loop system by using only P
controller and minimizes the STATCOM reactive current ripples. The STATCOM system
is implemented to control the reactive power (VAR) compensation and the grid power
factor correction at the PCC. The output current will be converted into dq vector and

implemented into reactive current reference algorithm proposed by Law in [55]. The
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algorithm is incorporated as STATCOM main system to generate the desired modulation

index, m, as in equation (5.1).

v J(véd)z + (v3q)” (5.1)

Ma = 2

Where

L
v;d (k) = Upccd(k) - Rfiod(k) + % [ioq (k) + ilq (k)]

(5.2)
WLy . .
+ N [loq (k) + lig (k)] —Kp,, [—ioq (k)]
C Y — wly .
Voq (k) - _Rfloq (k) - T [lod(k) + lod(k)] (53)

- Kpiq[(ilq (k) + i;q) - ioq (k)]

loq and i,q are the active and reactive current passing through the coupling impedance
Zg (ie., Zy = Ly +17). w is the grid voltage angular frequency and vy, ¢4 1s the d-axis

grid voltage.
The P controller in equation (5.3) has a transfer function as stated in (5.4).

L R
-t 7
Pi@n "~ Ty ) + 2 (54

Equation (5.5) represents the reactive current reference algorithm proposed in [56].

1-— (waiSd)z - (wailq)z ~ Vpeed (5.5)
ZVpCCdWLf

P
loq =
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5.3 Modelling of Two Energy Storing Battery-based qZSI model

The fluctuations of solar power in nature leads to numerous power quality issues
in power transmission system. The variation in solar irradiation and temperature causes
large diversity of the output DC-link voltage and lead to high voltage stress to the inverter,
as well as the output network. To domesticate this issue, energy storing battery-based
system is incorporated into the power converter topology to buffer and smoothen the
fluctuations of PV power. The incorporation of the energy storing battery to the inverter
system allows the qZS to smoothen the grid-tie power and compensate the difference
between PV power and the load demand. Also, the extra unused energy can be stored in
the battery for later usage. However, there is an issue when implementing energy storing
battery in inverter topology; overcharge or discharge to the level below the battery limits
[57]. [57] and [58] have documented different approaches to solve the stated problem.
However, all the ever-presented literature only included one energy storing battery to qZS,
non-of them have utilized both the capacitors to perform compensation on the PV power.
This section consists of the modelling of two energy storing battery-based qZSI model.
For application-wise, the proposed energy storing battery-based qZS topology can be
adopted into a power bank system for household or domestic usage (i.e., charging of EVs).
The following section includes the modelling of two battery-based qZS transfer function

as well as its small-signal analysis.
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5.3.1 Derivation of two energy storing battery-based qZSI transfer function

Figure 5.3 below shows the two energy storing battery-based qZS model.

LI
B,
Il
I
C;
e
1 2
+ BZ :—Cl
Vin

Figure 5.3: Two energy storing battery-based qZS model

Figure 5.4 depicts the battery-based qZS model in shoot-through state. During this

state, the diode will be open-circuited. The foregoing diagram is redrawn in Figure 5.5 for
simplicity and better understanding.
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Figure 5.4: Two battery-based qZSI in shoot-through state
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Figure 5.5: Simplified version of two battery-based qZSI model in shoot-through state

Applying KCL to the left-hand node in Figure 5.5 (i.e., the voltage loop on the

left-hand side of the circuit diagram), obtained the following equations:

I1 =1Ipy; — Iy

dVe,

C, (7) =Ig, — 111 (5.6)

Where I;; is the current flowing through inductor L4, I, is the current flowing through
capacitor C,, I, is the current generated or absorbed by the energy storing battery B, and
V¢, 1s the capacitor C, voltage. Notice all the parameters included in this section are

represented in their peak value.
Applying KCL to the right-hand node in Figure 5.5.

I+ 11 = Ipq

av,
Gy ( d?) =1Ig; — I}, (5.7)

Where [}, is the current flowing through inductor L,, I, is the current flowing through
capacitor C;, Iz, 1s the current generated or absorbed by the energy storing battery B; and

V¢4 1s the capacitor C; voltage.
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Applying KVL to loop 1,

Vin = Vi1 + Ve =0

Vi =Vin + V2
Vez = Vpa
Vii = Vin + Vg,

Applying KVL to loop 2, obtained,

Via=Ve1=Vp

Applying KCL to the output current node,
Ipc = Ipz = Ic2 + 112
And substitute equation (5.6) into equation (5.14)
Ipc = 111 + 117

We know that

Therefore, in shoot-through state,

VDCZO

(5.8)
(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)
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Rearranging equation (5.6), (5.7), (5.11) and (5.13) obtained the following state space

equations,

Ly 0 0 07[ui®]
0 L, 0 0O |zL'2(t)
0 0 ¢ © [U'Cl(t)J
0 Cllv;
o0 2iL7e2(6) (5.17)
0 0 0 11[ia®T 1 0 0 0
o o0 1 o 2] 10 0 [vin(t)]+ 0 0 [im(t)
10 -1 0 vCl(t) 0 0]lipc(® 1 0| lig2(t)
-1 0 0 ve ) 1o 0 0 1
In non-shoot-through state, the qZSI battery system can be drawn in Figure 5.6 below.
Vg2 |
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o
+Vez_ Iy
|| <
1
Cc
vV 2
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Figure 5.6: Two battery-based qZSI in non-shoot-through state

Applying KCL to node where I;,, Ig,, I, and I present, obtained equation (5.18) as

follows.

Iy +1Igz —Ica —Ipc = 0

dav,
c, ( c2

at ) =12+ Ip; — Ipc (5.18)
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Applying KCL to node where I54, I;1, I and Ip present, the following equation is
established.

Igy + 11— Ics —Ipc =0

dv,
¢y (—dil) + 11 +1p1 —Ipc =0 (5.19)

Applying KVL to Figure 5.6, equation (5.20) to equation (5.22) are formed.
V1 = V1 (5.20)
Applying KVL to the input side of Figure 5.6, obtained equation (5.21) and (5.22).

Vin = Vi1 —Ve1 =0

Vin =Vi1+ Ve
dl
L (d—?) = Vi — Vey (5.21)

L, <%) ==V, = —Vpy (5.22)
Applying KCL to the node where 1,4, 1S present,
lgioge +1p1 —Ic1 — 112 =0
lgioge = Ic1 + 112 — Ips (5.23)
Substitute equation (5.19) into equation (5.23), we get

lgioge = Ip1 + Ipc + 112 (5.24)
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Rearranging the equation (5.18), (5.19), (5.21) and (5.22), the state space equation of

battery-based qZSI in non-shoot-through state can be written as:

L 0 0 0 [zu'(r)] 00 -1 0 Fu(f)} 10 0 0

0 L, 0 0|lu®f Jo 0o 0o —1liz®|, |0 0[pa®],]0 o0|[in®

0 0 ¢ O iUL;l(t)i_ 10 0 0‘ uchl(t) 0 -1 [iDC(t)]+Il 0 [i;(t)] (5.25)
0 0 0 Gllvyw] o1 0o ollv,wl lo -1 0 -1

Throughout one switching cycle, the average equation of capacitor current (i.e., I-; and

I-) are equate to zero. Therefore:
(Ic1) = U1 — I12)DsrTs + (1 — Dsp)Ts(I +Igy — Ipc) = 0
Igy — I Dsr + (1 - DST)ILI - (1 - DST)(IDC) =0 (5-26)

Where Dgr is the duty ratio over one switching cycle, whereas Ty is the time taken to

complete one switching cycle.

(Icz> = DST(IBZ - ILI)TS + (1 - DST)TS(ILZ + Ip, — IDC) =0

I = Igz = Dsplpy + (1 — Dsp)Iy, (5.27)

Substitute equation (5.27) into equation (5.26), the equation can be simplified to

Iy =1y + (Igz — 1) (5.28)

Throughout one switching cycle, the average equation of the inductor voltage (i.e., V4,

and V},) are equate to zero. Therefore:
(Vi) = DsrTs(Vip + Vz) + (1 = Dsp)Ts(Vip — Ver) = 0
Ver = Vin = Der (Ver + Vez) (5.29)
(Viz) = DspTs(Vey) + (1 — Dop)Ts(—Vi2) = 0
Vez = DsrVeq + DsrVea (5.30)
Substitute equation (5.30) into equation (5.29), we get
Ver = Vin = Ve (5.31)

Vin =Ve1 —Vez (5.32)
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VCl = VCZ + Vin (533)
Substitute equation (5.31) into equation (5.30),

@ = ﬂ (5.34)
Vin 1—2Dsr ’

And by substitute equation (5.33) into equation (5.34), obtained the following equations

% =T—5p= _D;TDST (5.35)
In non-shoot-through state, the DC-link voltage can be defined as

Vpe =Ver + Ve (5.36)
Therefore,

V 1

VLL-)C = T2, (5.37)

By looking at equation (5.34), (5.35) and (5.37) and compare with the equation
(3.19) to equation (3.21) in section 3.1.1, noticed that by adding two batteries to the qZSI
model, the qZSI DC-link transfer function remained unchanged. In other words, with
additional two energy storing battery, it does not affect the qZSI in generating the DC-
link output voltage based on the shoot-through duty cycle.
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5.3.2 Small-signal analysis of two energy storing battery-based qZSI

Figure 5.7 shows the small-signal model of battery-based qZSI model in shoot-
through state to derive its transfer function. In small-signal analysis of qZSI model, the
stray resistance (i.e., r; and ;) are included in inductors L, and L, and the equivalent
series resistance (i.e., R; and R,) are included in the capacitors C; and C,. It is assumed

that,r = 7‘1 = 7‘2 andR = Rl ES Rz.

_VBZ [BZ
| I+ >
U
e
1 AVAVAY
14 €2 vV R,
2‘,1 + L1 + 12_ Ii-f 1_1))(:
SR ANN— —THI NV
Ll Tl Lz TZ
+ +
+ +
14 C
Vin VB1_—_j «a ! Vpe
— R, =
Igq Ierd

Figure 5.7: Small-signal model of two battery-based qZSI in shoot-through state

Applying KVL to Figure 5.7:
Ver + IcaR = Vpe — Ipr — Vi

di,, R+r 1 R
ac - wtplaty 39

Applying KVL to second loop in Figure 5.7:
VCl + IClR - V31 =0

VBl = VCl + IClR (539)
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Applying KVL to the loop that contains the second battery,

Vi - VLl - ILlT' + VCZ + IczR = 0

dip, r+R . Veo Vin Ry
T mrp e
Applying KVL
Vey + IR = Vg, =0
V2 = Ve + 2R
Applying KCL:

Iy = =l + gy

v, 1 1
@~ cletglm

Writing equation (5.38) to (5.42) into state space equation, we obtained

L, 0 0 0 [tu'(t)]
IO L, 0 O\lliz(t)l

0 0 ¢ 0|lve@
0 0 0 G v, (1)
r+R 0 0 1
L L 1
. r+R 1 ri@®] [
_ L L @], (L [vin(t)]
= 0 0}]. +
1 v (2) ipc(t)
0 —-— 0 0 0
" c A0 0 0
[ C 0 0 OJ

Al ©o ~X™ o

o Ol o M~

[

ip1 (1)
ip ()

(5.40)

(5.41)

(5.42)

(5.43)

Figure 5.8 shows the two battery-based qZSI small-signal model in non-shoot-

through state (i.e., active-state).
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Figure 5.8: Small-signal model of two battery-based qZSI in non-shoot-through state

Applying KCL and KVL to the small-signal model in Figure 5.8, we can obtain the

equations as below.
Iey =Ipy +1Ipc =111 =0

dVe; 1 1 1
4t “¢hiTgletgln G4

Ipc — Iy +1c; —Ig; =0

dVe, 1 1
at ¢l ghet gl 04
Vin = Vi1 —Ipar = Vo1 —I;aR=0
di;q r+R Vei R R V;
S £ S O 4. 5.46
dt p T el (5.46)
VLZ + ILzr + IczR + VCZ - O
di, r+R Vea, R R
ac =T T tple gl 47

109



Writing equation (5.44) to (5.47) into state-space equation, obtained as per (5.48) below.

Ly 0 0 07[w®]
0 L, 0 0l]ly®
00 ¢ 0llv,®
0 0 0 Gl
SRR
| r+R 1| (®)
- 2t
L L"lLZ(t)
1 vy (1)
c 2 0 0 chz(f)
l 0 T 0 OJ

R
L
R
L

C

m(t)
ch (f)

0
1
c
[0

i1 (t)
le(t)

‘ (5.48)
|

A= o

Equation (5.43) and (5.48) can be represented with the following simplified equation.

dt

dt

Where

r r+R

S Ol ©

o IR

(i (t)]

i2(t)
Ve (8)

Ve, (1)

[Vin (t)_

ipc(t)
i1 (t)

iy (2).

~| e~ X

RO R

A= o ~Xx o

dx
— =A;x + Bju

X
= Azx + Bzu

o

2 Al o b~|:p

(5.49)

(5.50)

(5.51)

(5.52)

(5.53)
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r r+R 0 0 17
L L
0 r+R 1 0
A, = Lok (5.54)
0 C 0
! 0 0 0
C
1 R R 0 ]
L L L
o B o, _R
B, = Loyt (5.55)
0 -z 7 0
0 ! 0 !
" T C c |
The dynamic average equation can be obtained:
A = dSTAl + (1 - dST)AZ (556)
Substitute equation (5.52) and equation (5.54) into equation (5.56), we get
L L L
A= L L L (5.57)
C C
dsr 1 —dsr
- 0 0
C C

The dynamic average equation of B can be obtained using the following equation:

B = dSTBl + (1 - dST)BZ (558)
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Substitute equation (5.53) and (5.55) into equation (5.58)

1 (1 - dST)R R(dST - 1) dSTR
L L L L
(1—dsr)R dsr (dst — DR

0 L L L 5.50

, dr=1  1-dg dgr (5:59)
C C C

, dsr—1 dgr dgr — 1

L C c C

Therefore, the overall dynamic average equation of qZSI transfer function can be written

as:

[di(t)] [ r+R
dt L
di;,(t)
dt _ 0
dve,(£) (1 —dsr)
dt C
dvc, (t) _ @
dt C
1
L
0
+
0

dx
— = Ax + Bu
dt
dr =D dyr
L L
r+R dsr (dsy — 1) [iu(t)]
L L L [ i2(0) |
_ ﬁ 0 v (8)
C Ve (£)
(1 Cdsr) 0 0
(5.60)
(1-ds)R R(dgr— 1) dsrR
L L L
(1 —dsr)R dsr (dst — DR [vin(t)]
L L L [ipc (O ]
dsy — 1 1—dgr & i1 (t)
Cc C Cc ig2 (1)
dgp — 1 dgr dep — 1
C c c

In small-signal analysis of qZSI topology, the perturbations of the small-signal include

Vino Ipc, Ast, Ve1, Vez, i1 @and i, as shown in equation (5.61) to (5.67).

Vin = Vin + U
ipc = Ipc + Ipc
dsr = Dgr + dgr
ver = Ve +0a
Veg = Vi + 02

iy = Iy + 001

(5.61)
(5.62)
(5.63)
(5.64)
(5.65)
(5.66)

112



ip2 =12 + 112 (5.67)

Where v, represents the DC-input voltage perturbation, i represents the DC-link
current perturbation, d,represents the small-signal duty ratio perturbation, ¥g; and Uz,
represents the small-signal perturbation of capacitor voltage across C; and C, respectively,
i1 and i, represents the small-signal perturbation of capacitor current flowing through
inductor L, and L, respectively. On the other hand, V},, represents the peak DC-input
voltage, Ip represents the peak DC-link current, D, represents the peak duty ratio, Vi

and V., represents the peak capacitor voltage of C; and C, respectively, I;; and I},

represents the peak capacitor current flowing through of L; and L, respectively.

Substituting equation (5.61) til equation (5.67) into equation (5.60), the dynamic

state average equation with small-signal perturbations can be written as:

rd,(6) +71(0) ]
dt

d(I2 (1) + ()

dt
d(Ver (8) + 71 (1))

dt
AV, (1) + vc2(8))
dt . .
r+R (Dgr +dgr — 1) Dgr + dgr
L 0 L L
0 _T+R Dgr + dgr (Dgr + dsy = D[ 12 (&) + 72(2)
_ L L L IILz(f) + 02 (0) ] (5 68)
(1 — D¢y — dgr) Dy + dgr Ver (8) + 761 (8) )
c T ¢ 0 0 Ve (8) + U2(6)
Dgr + dsr (1 — Dgr — dgr) 0 0
L "¢ c
[1 R(1=Dsgr —dsy) R(Dsy+dsy—1)  (Dse +dsr)R ]
L L L L
0 R(1-Dsy—dsr)  (Dsr +dsr)R  (Dsr +dsr — DR|[Vin(t) + 7 (0)
n L L L Iluc(t) + @(t)‘
1— Dy —dgr 1— Dgp —dgr Dr + dgr Ip1(8) + 151 (1)
0 /¢ c c T2 () + ()
_1-Dg+dgy Dsr + dsr Dsr +dsr — 1

L c c c |
By doing linearization and applied Laplace transform on equation (5.68), only taking the
first order AC terms while eliminates others, the following equations (5.69) can be

obtained. Also, assuming that, i;; = [, and U = Ugy.
[Ls + (r + R)]I,(s)

= dsr(s)(Ver + Voo — Rlpc + Rlgy + Rlgy)
+ Uc1(s)(2Dsr — 1) + Ipc(s)(R — DsrR) + U (5)

(5.69)
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Csvgi(s) = i7(s)(1 — 2Dsr)
+ dsr($)(=Iyy — Iz + Ipc — gy + I3) (5.70)
+ ipc(s)(Dsy — 1) + i51(s)(1 — D)

By rearranging equation (5.70), we obtained the following simplified equation.

Csvgy (s) + dsr(s)Up1 + Iz — Ine + Ip1 — Ipz) + ipe(1 — Do) + i51(s)(Dsr — 1) (5.71)

n(s) = 1-2D,,

Substitute equation (5.71) into equation (5.69), we obtained the capacitor to shoot-

through duty ratio transfer function as per equation (5.72) below

6o = Lo =t = hia = Iy + 1) (L5 + G+ B)) + (Vs + Vip = Rl + Rl + RIs)(1=2D7)] (5,79
Uedst [LCs? + C(R+1)s + (1 — 2Dgp)?] '
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5.4 Modelling of MPPT and grid-tie qZS Cascaded Multilevel Inverter-based
STATCOM system

Figure 5.9 shows the qZCHI based grid-tie PV power system in real-time. Each
gZSI model is fed by an independent PV-panel. To abstract the maximum power, the
MPPT algorithm is implemented to the PV-panel. The total AC output voltage of the
inverter is a series summation of cascaded of n*" independent qZSI controlled by its
individual DC-link voltage controller. Each of the individual PV power source consists of
identical PV cells that internally connected in parallel and series. A complete qZCHI based
PV systems consists of two different controller modules. The first module consists of the
DC-link voltage control to accomplish DC-link voltage balance and hence providing a
smooth and equal AC voltage to the grid. This module is responsible to stabilize and
generate shoot-through duty ratio for the qZSI to increase or decrease the output voltage.
Another module consists of the power quality control of the input and the output side of
the PV-based qZSI which include the MPPT control of the PV-panel and the VAR
compensation at the PCC. In this module, the controller outputs desired modulation index
to the power inverters switches to achieve maximum power extraction from each of the
PV-array and to ensure the power injection to the grid at unity power factor with low
harmonic distortion. The following section includes the derivation and modelling of the

whole PV-based grid-tie ¢ZCHI based STATCOM system.
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Figure 5.9: qZCHI based grid-tie PV power system
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5.4.1 System modelling of grid-tie current loop

IPVn ILl
—> —>
|
‘W VPV+::C 925
n
~ i module

Figure 5.10: PV-based qZSI module

Figure 5.10 shows the PV-based qZSI module. Applying KCL to Figure 5.10, the
nt" qZSI-HBI module has the following equation:

Ipyn = Icpn = Ip1n (5.73)
Where Ipy,, is the nt® PV-array’s current, I-p, is the current that passes through the
capacitor of the PV-array terminal capacitor that fence the PV-array to the qZS network.
I; 1, 1s the first inductor’s current of the qZS network. The n in each component symbol
represents the nt" module of the qZSI.

dv
Iian = Ipyn — Cp (—;:”) (5.74)

Where C,, is the capacitance of the PV-array terminal capacitor. Using KVL to define the
equation at the AC output side of the qZSI, obtained the equation (5.75).

dl
Vper = Vg + Lfd—; + 75l (5.75)

Where Vpcr is the summation of DC-link voltage of n* modules. V; is the grid voltage,
I is the grid-injected current, Ly is the filter inductance and 75 is the parasitic resistance

of the filter inductor. By performing laplace transform to equation (5.75), obtained the

transfer function as per (5.76) below.
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Vper(s) = Vy(s) + sLels(s) + 1¢lg(s) (5.76)
Rearranging equation (5.76), obtained the following transfer function of the grid-injected

current:

I.(s) B 1
Voer(s) = Vy(s)  Lgs+ry

A PR-controller is commonly used in grid-tie closed-loop control system to track

Gr(s) = (5.77)

the desired reference of a AC voltage/current [59]. The transfer function of the PR-

controller can be defined as:

krw,
s? + w?

GPR(S) = kp + (578)

There is no work has been done to implement current reference algorithm (as
shown in section 5.2 above) when the qZSI consists of both MPPT control and grid-tie
current control (i.e., STATCOM). However, in [2], the author demonstrates the
combination of MPPT control, grid-tie current control and DC-link voltage control to
monopolize the DC-link voltage as well as power control implementation. According to
[60], the implementation of ideal PR-controller is not practical due to the infinite quality
factor. An approximated PR-controller is proposed in [60] and its transfer function is
demonstrated in equation (5.79). The approximated PR-controller has broader bandwidth
around the pre-set fundamental frequencies. In other words, the controller is less sensitive
to the frequency outside of the preferred zone and hence providing a more robust system

to frequency variations around these targeted frequencies.

Gon () = Ky + 2R WeS 5.79
PRAS) = Fp s2 4+ 2w,.s + w? (5.79)

The nt* qZSI-CHB module has the modulation signal defined in equation (5.80).

mn (5) l (5.80)

Viun = Vrn + 15(5) anDCT (s)
Where V},,,, is the n*" module modulating signal, while V},,, is the regulated modulating
signal from separate voltage control of n*"* module. Knowing that the modulating signal
plays an important role in the generation of AC output voltage. The relationship between

the modulating signal and the DC-link voltage is defined as per equation (5.81).
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_ Vper ()
Vben = O] (5.81)

Where Vp,, is the DC-link voltage in n*"* module.

From equation (5.81),

VDCT(S) = 271»(1:1 an(S) “Vben

, Vy(s)
Voer(s) = ZE_1 [V (S) - Vpen + =2

NnUpcn

) VDCn] (5.82)

Assume that the DC-link voltage for each module is kept being the same. Hence, by

rearranging equation (5.82), obtained the following equation:

Vg(s) = (an - Vr;ln)nVDCn (5.83)
Substitute equation (5.83) into equation (5.77) and simplify it, transfer function in

equation (5.84) can be obtained.

1)
G =
() §=1 V() * Vpen
k
15(5) = Gr()Vocn ) Vien(S) (5:84)
n=1
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5.4.2 System modelling of PV voltage loop

Rearranging equation (5.74) and apply Laplace transform, obtained the following transfer

function:

1
Vpyn(s) = s (IPVn(S) - ILln(S)) (5.85)
p

Assuming a 100% efficiency system, the output power of the entire system will be equal
to its input power. In equation (5.86), Py,;q represents the grid power, P,,,; represents the

DC-link output power, and P;,, represents the input power generated by the PV-array.

Pgrid=Pout=Pi

IVpe
: 2 = = Voenlpen = VPVnILlnnst (5.86)

Where I;1p,, represents the current that passes through the first inductor in nth qZS

network during the non-shoot-through state.

Using equation (3.21) and replace V;;,, in equation (3.21) with Vpy,, in this case, the

inductor current in non-shoot-through state has the following transfer function.

ISVDCn
I = 5.87
Hnst = Qpen (1 — 2D,) G0
During shoot-through state, the inductor current can be written as:
ILlnst = Ipyn (5.88)

Using the same analogy of inductor current described in chapter 3 and chapter 4, the

average inductor current (i.e., I;1,) in one switching cycle can be defined as:

Ipin = DnILlnst +(1- Dn)ILlnnst

Is(l - Dn)VDCn
ZVDCn(1 - 2Dn)

I 1n = Dplpyn + (5.89)

Figure 5.11 shows a bode plot example of the grid-tie current loop before and after
the AC current compensation by PR-controller. The following bode plot is designed based
on the parameters in section 4.2.1. The orange line represents the frequency response of

the system before compensation, while the blue line represents the frequency response of
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the system after compensation. The PR-controller parameters are designed to get a fast
dynamic and provide zero steady-state error at the fundamental frequency. The symbol
w, represents the corner frequency of the closed-loop transfer function of the grid-tie
current loop; wr represents the fundamental frequency of the grid voltage/current (i.e., 50

Hz or 314 rad/s). The corner frequency, w,, can be calculated using the following equation:

i

@n =77 (5.90)
wp also called the resonant frequency of the PR-controller. Noticed that when the
difference between the actual grid-current and its reference is compensated by using PR-
controller, it provides a large gain inside its bandpass region (i.e., in the range between
wy, and wg, making the crossover frequency tenfold the corner frequency [2]. Therefore,
the dynamic response of the grid-current/voltage can be enhanced without the detriment
of system stability. The complete design and simulation for section 5.3 and section 5.4
will be performed in future work.

Bode Diagram

150 T T T

— After compensation
100 } Before compensation |

. Magnitude (dB)
[=—
\
|

Phase (deg)

90 L h
10° 10!

Figure 5.11: Bode plot for grid-current closed-loop control
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Figure 5.12 represents the PV-based qZCHI STATCOM system control scheme
block diagram. Notice in Figure 5.12, the control system consists of total voltage loop and
separate voltage loop. The total voltage loop is used to track the summation of n* PV-
array voltages by comparing its value with the total output voltage reference from MPPT
algorithm. The difference in reference voltage will then be compensated by a controller
(i.e., lead compensator) and the generated reference value will be fed into the grid-tie
current loop as discussed in section 5.4.1. With the combination of total PV loop and grid-
tie current loop, the modulation output signal can be generated. This control loop
combination is required to generate the first ¢ZSI module’s modulation signal. Other than
that, this control loop is also employed in a single-stage grid-tie qZSI based STATCOM
system. On the other hand, each of the qZSI module (other than the first module) has its
own individual PV-array voltage loop to achieve MPPT. The (n — 1)* separate PV
voltage loops regulate the (n — 1)** PV-array voltages using their respective controller in
each of the module by generating each qZSI-CHB module modulation signal. This can
reduce the n‘" regulator’s burden, achieve a fast dynamic response and minimize the grid

voltage’s impact on the grid-tie current [61].
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Figure 5.12: Block diagram of PV-based qZCHI STATCOM system control scheme
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5.5 Simulation results

This section discusses the MATLAB/SIMULINK results for MPPT control and
gqZSI based STATCOM system under different loading conditions.

5.5.1 MPPT based duty cycle control of qZSI

In this simulation model, a PV-panel with model SunPower SPR-305-WHT was
used. The combination of 1 series and 2 parallel PV modules was selected in this model.
Table 5.1 shows the PV cell’s parameters used in this simulation model. In this section,
P&O algorithm was applied to the qZSI module for MPPT control. The voltage-ampere
and voltage-power characteristic of SunPower SPR-305-WHT module for a specific given
condition are shown in Figure 5.13. The model is simulated for various conditions and the
obtained results are presented and discussed in this section. The following simulation
model can be found in Figure A-6 in Appendix D. On the other hand, the P&O algorithm
was coded in MATLAB C programming script to be simulated in SIMULINK block

diagram. The code is presented in Appendix E.

Table 5.1: PV module parameters

Module type SunPower SPR-305-
WHT
Number of series-connected 1

modules per string

Number of parallel strings 2
PV Open circuit voltage, Vo, 64.2V
PV Short circuit current, /. 5.964
Voltage at MPP, V,,, 54.7V
Current at MPP [,,, 5.584
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Array type: SunPower SPR-305-WHT; 1 series modules; 2 parallel strings
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Figure 5.13: String array waveform at MPP (Current-voltage relationship and power-
voltage relationship)

In this simulation model, the temperature on the PV module was kept constant
while changing the solar irradiance projected to the PV module. Simulation was executed
in the case that the output load was kept constant (i.e., Rj,qq = 50€)) with varies PV
circumstances (i.e., PV-panels are shaded by clouds etc.). Figure 5.14 shows the changes
in the solar irradiance during the entire interval of 3s. The solar irradiance remained at
1 kw/m? within the interval of Os to 0.7s. The solar irradiance dropped and reach
0.5 kw/m? at 1.2s. The solar irradiance slowly went up and reach 1 kw/m? again at 2s
time interval. To shows the effectiveness of the designed controller, the solar irradiance
dropped instantaneously to 0.25 kw/m? at time interval of 2.3s. Lastly, the solar
irradiance raised back up instantaneously at 2.7s to 1 kw/m?. The initial duty ratio of
qZSlis set to be at a fixed value (i.e., 0.4). The controller starting time is set to be at 0.05s
for the qZSI system to stabilize itself before the controller has taken control over the output

voltage.
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According to Figure 5.13, the MPP is measured to be approximately 600W when
the solar irradiation reaches 1kw/m?. At MPP, the voltage and current are expected to be
54.7V and 10.964 respectively. At solar irradiation of 0.5kw/m?, the MPP located at
around 250W with 54.7V and 7.7A. The solar panel has a MPP located at 170W (voltage
and current are 54.7V and 5.54 respectively) when the solar irradiation is set to be

0.25 kw/m?.
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Figure 5.14: Changes in Solar Irradiance

Figure 5.15 and Figure 5.16 shows the duty cycle waveform and the DC-link
output voltage waveform respectively. Notice that in this simulation model, the duty ratio
did not change the DC-link voltage output. The reason is because the input voltage and
current are varying during the time interval as the solar irradiation changes. The controller
can maintain the DC-link voltage at stable and constant value even though the solar
irradiance changes. Noticed how the duty ratio reacts to the changes in solar irradiance;
duty ratio changes proportionally with the changes in solar irradiance. The instantaneous
changes in the solar irradiance at 2.3s and 2.7s caused an overshoot in DC-link voltage.

However, the overshoot voltage was somehow within an acceptable range. Nevertheless,
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in real-life, the solar irradiation should not be changes in such pace, so we can conclude

that the result is acceptable.
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Figure 5.16: DC-link voltage waveform
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As depicted from the name of MPPT algorithm, the most crucial parameters to be
confined is the input PV power. In other words, the final goal for MPPT algorithm to
achieve is to make sure the generated input power is corresponding to the MPP shown in
Figure 5.13. Figure 5.17 describes the input power waveform of the qZSI with changes in
solar irradiance. Unravel from the fact that Figure 5.13 only shows the theoretical value
of MPP for the ideal cases. In Figure 5.17, notice that there is slight discrepancy in the PV
generated power when MPPT algorithm was applied to the qZSI with solar irradiance
variation. Despite, the MPPT has performed its job well to maintain the input power to be

closed to the desired MPP.
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Figure 5.17: Input power waveform
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5.5.2 STATCOM control system

In this section, the STATCOM system is incorporated with the SIMULINK model
used in section 4.2. The complete simulation model can be found in Figure A-5 in
Appendix D. The proposed lead compensator is applied to obtain DC-link voltage balance
by controlling the shoot-through duty ratio. On the other hand, the modulation index that
has been set as a constant (i.e., 0.5) in section 4.2 is now replaced with an adjustable value;
the modulation index is now controlled by the STATCOM system. From the control
scheme shown in Figure 5.2, AC output current from the qZSI is measured and fed into
the abc-to-dq transformation block diagram. Meanwhile, the AC voltage at PCC is fed
into phase-lock loop (PLL) and i;, algorithm to calculate the desired phase angle and i,
reference respectively. Table 5.2 below shows the network parameters of the foregoing
SIMULINK model. Notice in the following simulation, the output AC voltage is scaled

down by ten-fold for better views when comparing the phase difference between voltage

and current.
Table 5.2: System parameters for qZSI STATCOM system
System parameters Value
Input voltage, V;, 12v
Desired DC-link output voltage, Vp 60V
Capacitor C; and C, value 1000uF
Inductance L, and L, value 100uH
Switching frequency, f; 10kHz
Shoot-through duty ratio, Dg; 0.4
System AC output frequency, f4¢ 50Hz
Coupling inductance, L¢ 54mH
Coupling parasitic resistance, Rf 17Q
d-axis current gain 0.20813
g-axis current gain 1.633505
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Figure 5.18(a) shows the combination of grid voltage (i.e., V;) and grid-current
(i.e., I;) waveforms before reactive power compensation. Table 5.2 shows all the system
parameters used in the simulation model. The simulation was conducted using two
different loading conditions where the load is being changed at the time interval of 2s. The
design of the STATCOM controller is explained and shown in section 5.2. The fully
development of the control system can be viewed in [55]. Figure 5.18(b) shows the
zoomed-in version of the grid voltage and grid-current waveform to provide a better view
on the phase difference between these two waveforms (i.e., the power factor). Clearly by

inspection of Figure 5.18(b), the grid-current is lagging of the grid voltage.

Figure 5.19 shows the grid voltage-current waveform after reactive power
compensation. The zoomed-in version shown in Figure 5.19(b) has proven that the
controller has performed the compensation pleasantly; reducing the time-shift between
grid voltage and grid-current (i.e., power factor improvement from 0.62 to 0.99); the
power factor is corrected significantly. Based on the graph, we can conclude that the

power factor for the inductive load can be compensated to nearly unity after compensation.
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Figure 5.18: (a) Grid voltage and current waveform before reactive power
compensation (b) Zoomed-in version of grid voltage and current waveform before
reactive power compensation
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Figure 5.19: (a) Grid voltage and current waveform after reactive power
compensation (b) Zoomed-in version of grid voltage and current waveform after
reactive power compensation

Figure 5.20 demonstrates the dynamic and transient performance of the proposed
STATCOM control scheme. The controller can maintain the output voltage at a constant
value when different loading condition is applied. At the time interval of 2s, the grid-
current shows a minor overshoot and it reaches steady-state within a very short interval,
confirms that the qZSI based STATCOM system can properly generate reactive power to

compensate for different loading conditions.
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Figure 5.20: Grid voltage and current waveform when varied loading condition was
applied

Figure 5.21 shows AC-output voltage and DC-link output voltage without the AC
filter. The controller can achieve stable DC-link voltage and maintain it at 60V within a
very short period, which has verify the analysis made earlier in chapter 4 (i.e., the
feasibility of lead compensator). Figure 5.22 indicates the modulation signal generated by
the STATCOM system to compensate with the reactive power generated. Notice that the
STATCOM system is only activated after the first 200 ms. Therefore, the initial
modulation signal is set to be 0.5. This is to make sure that the DC-link controller is able
to achieve optimal DC-link voltage compensation before the STATCOM system takes

control over the modulation signal.

Lastly, Figure 5.23 shows the i}, and i., current within the STATCOM system.
The I;4 is generated to compensate with the I (i.e., due to capacitive load). Figure 5.23
shows the current generated is opposed to each other. In other words, if capacitive reactive
current is present in the load, the STATCOM system will generate [, to cancel out the

negative reactive source current, and vice versa.
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5.6 Summary

This chapter is mainly focus on the power quality improvement of qZSI. The first part of
results illustrates that the MPPT algorithm has been successfully integrated to qZSI when PV
power system is included. The simulation results show that the controller can achieve MPP with
small variations from the theoretical value. The second part of the results shows the integration of
STATCOM system for reactive power compensation. The STATCOM system ensures that the
power factor of the system to reach unity. With the combination of lead compensator, the
controllers can maintain the output voltage at constant value. On the other hand, the modelling of
two energy storing battery-based qZSI has been conducted and shown in section 5.3. This includes
the derivation of large and small-signal transfer function of the proposed topology. Lastly, section
5.4 demonstrates the modelling of MPPT and grid-tie qZS Cascaded Multilevel Inverter-based
STATCOM system with the derivation of grid-tie transfer function as well as the transfer function

of total and separate PV voltage loop.
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Chapter 6: Conclusion and Future Work

6.1 Conclusion Remarks

To conclude, this research project has been carried out successfully through
simulation work performed in software MATLAB/SIMULINK. The simulation models
consist of three different parts. The first part comprises of the operating mode of qZSI
which can be characterized into three categories; CCM, BCM and DCM. Second part of
the research project consists of the design of DC-link voltage controller and followed by
cascading two qZSI module to generate multilevel output voltage. The third part of the

research project covers the power improvement strategy in qZSI.

The first part of research project presents a detailed analysis of CCM, BCM and
DCM analysis in qZSI. The mathematical equations to distinguish between these
operating modes have been derived. The simulation results have shown that the derived
equations were accurate. The derived equations also illustrate and allows researchers to
prevent qZSI to operate in DCM, by adjusting several parameters and form different
combination when designing qZSI. Thereupon, the obtained simulation results have

fulfilled and achieved the first objective of this research project.

In this research work, lead compensator is selected to replace the commonly used
controller in qZSI control system (i.e., PI controller) in the voltage loop of the qZSI control
system. An equation that compute DC-link voltage to inductor current is missing in
conventional qZSI voltage control loop. To compensate with this issue, the mentioned
equation is derived and included when lead compensator is used. However, this does not
mean that the control system designed by previous researcher is incorrect. By inspecting
equation (4.88), we have noticed that the transfer function consists of an integral term
multiply with a constant (i.e., gain), which is congruent with the integral term used in a PI
controller. Although lead compensator seems to be more complex than PI control, but the
design procedure of lead compensator is somewhat simple and easy to be implement.
Overall, the performance in lead compensator is rather similar to PI controller when apply
in qZSI. The major difference in the performance happens in the DC-link voltage

comparison of both methods. From the simulation results, PI controller offers higher

136



percentage overshoot during the start-up process and requires longer settling time to
achieve steady-state in real-time simulation. Nevertheless, controller’s performance can
be altered when different system parameters are employed. To prevent an unfair
judgement, further analysis must be performed in future work. However, based on the
selected parameters in this research project, lead compensator shows major dominance

over PI controller.

The last chapter of the research project is to enhance the input and output power
quality of the qZSI when PV power system is included. Output side of the qZSI refers to
the distribution of grid voltage and current. The solar irradiance and temperature change
rapidly throughout the day, which causes similar fluctuation in input PV power as well.
To comprehend this issue, MPPT algorithm is applied. Further regulation of input power
can be done by adding energy storing battery to the qZS module; connected the battery to
the qZS capacitor. The modelling of the two energy storing battery-based qZSI has been
included with the derivation of novel transfer functions which illustrate the foregoing
model. Later, the five-level QZCHI was adopted to be used in STATCOM application with
different loading condition. With a simulated reactive load, the gZZCHI STATCOM system

successfully compensated the reactive power and allow the power factor to attain at unity.
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6.2 Future works

With successful simulation execution of this research project, hardware
implementation can be performed in the future to further verify the practicality of the
derived mathematical equations. Based on literature reviews, most of the researchers only
analyse the performance of controller when qZSI operates in CCM. Thus, experiment can
be conducted to identify the performance of lead compensator and PI controller in qZSI
when the system is operating in DCM as well. Different combination of system parameters

should be tested to examine the accuracy of the derived equations.

Section 5.2 discusses the implementation of I5, algorithm in STATCOM control
system. Yet in section 5.4, the STATCOM approach is totally different from that in section
5.2.In [2], the author applied proportional resonant controller in the STATCOM feedback
loop to ensure that the voltage and current are in phase; Section 5.4 has similar approaches.
As mentioned earlier, no research has been done to implement I, algorithm based
STATCOM control system to qZSI when PV power system is included. Therefore, it
could be another novel research by integrating I, algorithm based STATCOM with PV

power system to output a modulation index to the inverter IGBTs.

Other than that, simulation and experimental implementation can be performed for
the two energy storing battery-based qZSI as the modelling of the proposed topology has
been done in section 5.3. The derived transfer function will be verified followed by the
design of DC-link controller-based on the proposed topology. Once the DC-link voltage
controller has reach the expected performance, PV power system and STATCOM system
can be merged into the module. Next, MPPT control will be implemented to regulate the
PV power when the energy storing battery has run out of power. Finally, the proposed

topology will be implemented in real-life experiment setup.
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Appendix

Appendix A: Derivation of Inductor Current Transfer Function in Non-Shoot-

Through state

During shoot-through state
Voegr =0 (A-1)
Where Vp . is the DC-link voltage in shoot-through state.
IDCST = ILlsT (A-2)
Where Ip¢, and I ;. is the DC-link output current and inductor 1 current respectively.

During non-shoot-through state (i.e., active-state), the DC-link output current is equal to
the AC output current. In equation (A-3), Ip¢,,, represents DC-link output current, while

I, represents the AC output current generated.
Incysr = 1o (A-3)
Over a full switching cycle, the output power, P, is defined as:
Pout = Vpc,,, X Ipc,,, X (1 = D) + Vpegp X Ipcg, X D
Pout = Vpe,,, X Ipc,,, X (1 =D) +0 X Ipc,, XD
Pout = Vpe,,, X 1o X (1 —D) (A-4)
Assuming input power equal to output power (i.e., Py, = Pyyy).

Vin X IL1 = VDCnst X IO X (1 - D)

1
VinXIlemX VinXIOX(l—D)
1-D A-5
=155 -
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Appendix B: qZSI transfer function design procedure

This section describes the calculation of the qZSI transfer function as shown in
section 4.2.1. The parameters in Table 4.1 is substituted to qZSI transfer functions to
obtain numerical equation for controller design in later stage. To generate a S0V voltage
from 12V input voltage, duty cycle of 0.38 in value is used. The inductor current can be
calculated using equation (3.46). In shoot-through state, the AC output current is equal to

zero. In non-shoot-through state, the AC output current can be calculated with following

equation:
V, Vpe 50V
AT RT R T 500
1 — Dgr
I =—>2"1
L 1_2DSTAC
j =038 (1) = 2.5834
L7™1-2x038"" "~

The minimum inductor value for qZSI to stay in CCM based on parameters shown in

Table 4.1

_ (Vi +Ve)Dsr (124 19)(0.38)
e 2L x f, 2% 2.583x 10000

= 0.000228H = 2.28uH

Since the inductance used in section 4.2.1 is lower than the calculated minimum
inductor value, the designed qZSI is operating in DCM. To calculate the voltage loop
transfer function, equation (5.36) is used.

o = [(Io — 11— ILZ)(LS +(r+ R)) + (Ver + Vez — Ripe)(1 — ZDST)]
vedst [LCs2 + C(R+7)s + (1 — 2Dgr)?]

G

Dedsr

_ [(1 - 2,583 - 2.583)(100 x 10765 + (3.22 X 1072 + 5.60 x 1072)) + (31 + 19 — 5.60 X 102)(1 — 2 X 0.38)]
- [(100 X 106 X 1 X 10=3)s% + (1 X 10~3)(3.22 X 10~2 + 5.60 X 10-2)s + (1 — 2 X 0.38)?
—0.000417s + 11.61906

G~ =
Yedst — (0,.0000001s2 + 0.0000882s + 0.0576

From the above calculation, it is obvious that the qZSI transfer function has a right-hand
plane zero at s = 27863.5, therefore, this indicates that qZSI operates in non-minimum

phase. To calculate the current inner loop transfer function, equation (4.37) is used.
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G = CS(VCl + VCZ - Rlo) + (ILI + ILZ - IO)(l B ZDST)
L4t [(Ls + R +1)[LCs? + (R +1)Cs + (1 — 2Dsr)?]]

G

Vedst

(100 x 10~3)s(31 + 19 — 50) + (2.583 + 2.583 — 1)(1 — 2 x 0.38)

[(100 X 1076 X 1 X 10-3)s2 + (1 X 103)(3.22 X 102 + 5.60 X 10~2)s + (1 — 2 X 0.38)2

c _ 499 x 1072%s + 1
vedst 0000000152 + 0.0000882s + 0.0576

Similar calculation can be performed calculated for the parameters shown in section 4.2.2.
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Appendix C: Tuning of PI controller in MATLAB/SIMULINK

Block Parameters: 0.0032_PI

X
PID Controller ~
This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as
anti-windup, external reset, and signal tracking. You can tune the PID gains automatically using the ‘Tune..." button
(requires Simulink Control Design).
Controller: |PI ~ Form: Parallel
Time domain:
® Continuous-time
O Discrete-time
Main  PID Advanced  Data Types  State Attributes
Controller parameters
Source: internal ~ = Compensator formula
Proportional (P): |46.4618204786391 [E
Integral (I): 30756.5160975512 [E P+ I%
Select Tuning Method: Transfer Function Based (PID Tuner App) v | Tune...
Initial conditions
Source: internal a
Integrator: |0
External reset: none
[[] Ignore reset when linearizing .
T ; >
7 Cancel Help Apply

Figure A-1: PI controller tuning block diagram in MATLAB/SIMULINK

Block Parameters: 0.02 X
PID Controller
This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as
anti-windup, external reset, and signal tracking. You can tune the PID gains automatically using the "Tune..." button
(requires Simulink Control Design).

Controller: P ~| Form: Parallel @
Time domain:
@ Continuous-time
(O Discrete-time
Main  PID Advanced  Data Types  State Attributes
Controller parameters
Source: internal ~| = Compensator formula
Proportional (P): [1.51878011122875e-05 IE »
Select Tuning Method: | Transfer Function Based (PID Tuner App) ~ | Tune..

Enable zero-crossing detection

J Cancel Help Apply

Figure A-2: P controller tuning block diagram in MATLAB/SIMUINK
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I

J— xd ot | —4.01E — 04s + 11.66348712
@- =) 0.00000015° + 0.00008825 + 0.0576 DI

‘ DC-link voltage loop3

Figure A-3: DC-link voltage control loop with PI controller

Iy % il @ L] = O
0.0032_PI P
DC-link current loop

0.049946154s + 0.961538462
0.00000015* 4 0.0000882s + 0.0576

DC-link voltage loop

—4.01E — 045 + 1166348712
0.0000001s # 0.0000882s + 0.0576

Figure A-4: Complete DC-link control system of qZSI model (with voltage and current
inner loop)

From Figure A-4, the PI controller represents the controller used in the DC-link
voltage loop, whereas the P controller is used in the inner current loop. Control system
with PI-P controller requires tuning both the PI and P controller concurrently as each of
the controller does have impact the overall transient response. Adjusting the transient time

and the transient behaviour of the controller until obtain satisfaction results.

Similar approach can be done by tuning the proportional gain of the current inner
loop when lead compensator is used in the voltage loop. However, lead compensator is
always designed ahead of the tuning procedure as this provide more flexibility to the
design process. The lead compensator will make sure that the voltage loop can attain stable

transient and dynamic response beforehand, reducing the burden of the P controller.
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Appendix D: Simulation Model

#4 1333414618
o S T

DT cumre ket . e o)

Figure A-5: Complete SIMULINK design of grid-tie qZSI based STATCOM system
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Figure A-6: qZSI topology with MPPT control
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Appendix E: MPPT Algorithm MATLAB C Code

The following appendix shows the MPPT algorithm (i.e., Perturb and Observed Algorithm)
MATLAB coding.

function D = POalgorithm(Parameter, Enabled, V, I)

Dint = Parameter(1); %initial D
Dmax = Parameter(2); %Maximum value for D (0.5)
Dmin = Parameter(3); %Minimum value for D

deltaD = Parameter(4); %increment of D in each cycle

persistent V_old P_old D old;

dataType = 'double’;

if isempty(V_old)
V_old=0;
P old=0;
D old=Dint;
end
P=V*I;
dV=V -V old,
dP=P - P_old;

if dP ~= 0 & Enabled ~=0
ifdP <0
ifdvV <0
D =D old - deltaD;
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else
D =D old + deltaD;
end
else
ifdv <0
D =D old + deltaD;
else
D =D old - deltaD;
end
end
else D=D old;

end

if D >= Dmax | D<= Dmin
D=D old;

end

D old=D;
V_old=V;
P old=P;
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