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ABSTRACT

Single-phase converters are mainly preferred to connect systems that work with relatively
low-power range, viz., uninterruptible power supply (UPS), distributed generation (fuel cell,
photovoltaic (PV), wind, etc.), battery or super-capacitor energy storage, electric vehicles,
adjustable-speed drives, etc. In such applications, the Z-Source Inverter (ZSI) and quasi-ZSI
(qZSI) can be employed, which can boost input dc voltages to achieve better dc-ac gain and
can also offer better EMI noise immunity. The active-front-end impedance-source inverters
(AFE-ISIs), such as Switched Boost Inverter (SBI), Current-Fed Switched Inverter (CFSI),
etc., can replace ZSI and qZSI, as AFE-ISIs reduce the passive component count and achieve
better efficiency than ZSI and qZSI. Compared to SBI, CFSI has a higher gain while having
the same component count as SBI. Also, unlike SBI, the CFSI provides a continuous input
current. Thus, CFSI is more suitable for renewable energy and fuel cell applications.

In order to improve the efficiency of CFSI by reducing the number of switches, this thesis
proposes a new topology named as Reduced-Switch CFSI (RSCFSI). It retains all advantages
of SBI and CFSI while removing one switch. Hence, the proposed inverter can achieve
improved efficiency compared to SBI and CFSI. In this thesis, the steady-state analysis of the
RSCFSI is illustrated, and the conventional simple boost control-based PWM (SBC-PWM)
is modified for RSCFSI. Furthermore, this thesis proposes another PWM strategy, namely
Enhanced Boost Control-based PWM (EBC-PWM), which can achieve a higher boost factor
and dc-ac voltage gain compared to SBC-PWM. In this thesis, a comparison between RSCFSI
and other existing AFE-ISIs is presented to highlight the advantages and limitations of the
RSCFSI. The RSCFSI is also implemented in hardware to verify the theoretical analysis.

This thesis also deals with the low-frequency ripple problem in single-phase AFE-ISIs,
which is one of the most troublesome issues in any single-phase inverter. If this low-frequency
ripple is not diminished below an engineering tolerance limit, the passive elements of the
active-front-end network are impacted by the low-frequency ripples, which eventually distorts
the output voltage. In this thesis, the low-frequency ripple of both SBI and RSCFSI is

analyzed, which outlines the presence of the second harmonic component. In the case of
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RSCFSI, the low-frequency ripple problem becomes more severe than that of SBI as it
contains an additional fundamental component. Based on the analysis, the amount of low-
frequency ripple present in the active-front-end network parameters is estimated for both
SBI and RSCFSI, which reveals that significantly larger passive components are required to
maintain smaller ripples, resulting in poor power density for both SBI and RSCFSI.

As a solution to the low-frequency ripple problem in SBI, this thesis proposes the Active
Power Decoupling (APD)-integrated SBI to deflect the low-frequency ripple to an auxiliary
capacitor. Three independent APD-integrated SBI topologies are explored and compared,
which indicates the boost-type topology is the most advantageous in reducing the low-
frequency ripple in the active-front-end network. As a result, smaller passive elements are
required in the active-front-end network. In order to properly mitigate the low-frequency
ripple for varying ac loads of the SBI and also to avoid overcharging of the auxiliary capacitor,
a closed-loop control strategy is developed for the APD-integrated SBI. A hardware prototype
is built for the boost-type APD-integrated SBI, and the advantages of APD integration are
corroborated by the experimental results.

In the case of the APD-integrated SBI, it is observed the extra switches and passive
elements introduce additional losses, which brings down efficiency. Therefore, this thesis
explores more efficient alternate solutions for the RSCFSI and further introduces the APD-
integrated RSCFSI (APDRSCEFSI). Since the low-frequency ripple energy is deflected to an
auxiliary capacitor without adding extra switches, the inverter can employ smaller passive
elements. It is observed when APDRSCFSI is operated with SBC-PWM, the dc-ac gain of the
inverter is lowered. As a solution, EBC-PWM is extended for APDRSCFSI to improve its dc-
ac gain. A comparison between RSCFSI and APDRSCFSI with SBC-PWM and EBC-PWM
is also presented in this thesis. The fundamental and second harmonic ripples in RSCFSI
pose additional challenges for the APD integration and corresponding closed-loop controllers.
So, this thesis illustrates a closed-loop control strategy, which incorporates dc-ac power
conversion as well as APD operation. The APDRSCEFSI is also implemented in hardware to

verify the theoretical analysis with experimental results.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Single-phase converters are mainly preferred to connect systems that work with relatively
low-power range applied to small consumers. A wide class of single-phase applications can
be achieved by using such converters [1, 2], viz., standby power supplies, uninterruptible
power supply (UPS), distributed generation (fuel cell, photovoltaic (PV), wind, etc.), battery
or super-capacitor energy storage, electric vehicles, distributed dc power systems, avionics,
adjustable-speed drives, flywheel energy storage systems, electronic loads, dc circuit breaker,
power factor correction (PFC), micro-inverters, line voltage regulators, universal active power
filters (APFs), etc. Generally, in such applications, a conventional single-phase voltage source
inverter (VSI), as shown in Fig. 1.1, can be employed. However, the conventional VSI has

some drawbacks as listed below:

(a) The upper and lower switches of each phase leg cannot be turned on simultaneously
either by purpose or by electromagnetic interference (EMI) noise. Otherwise, the
inverter phase leg(s) will be shorted, which is known as shoot-through. As a result
of the shoot-through, the switches would be destroyed. Generally, the shoot-through

problem arises from unintentional turning on of the switches owing to EMI noise. The

SJK} SﬂK} Lo

Vgc_D C T~ Cy ;JLO
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Fig. 1.1 Voltage Source Inverter (VSI).
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Fig. 1.2 Examples of two-stage system: (a) combination of a VSI and a step-up transformer and (b) combination
of a boost converter and a VSI.
shoot-through is a major factor affecting the reliability and overall lifetime of the VSI

[3,4].

(b) To prevent the occurrence of shoot-through, a dead-time is added to the gate pulses of
the upper and lower switches of each phase leg of the VSI. However, the implementation
of the dead-time introduces a complex circuitry, which causes waveform distortion and

other issues [5, 6].

(c) For VSI, the peak ac output voltage is limited below and cannot exceed the dc-link
voltage. Although energy and environmental considerations encourage the increased
use of the renewable energy sources, these sources generally provide significantly low
dc voltages at the VSI input. Therefore, either a step-up transformer should be placed

after the VSI, or an additional boost converter ought to be present before the VSI, in
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order to boost the output voltage of the renewable sources. But these solutions bring

additional issues [7].

(d) In Fig. 1.2(a), a step-up transformer is placed after the inverter output to boost the
output voltage of the renewable energy source. Here, to achieve high gain, the turns
ratio of the step-up transformer has to be high, which results in a bulky and noisy
transformer. As a result, the cost and size of the whole system is increased, and the

overall efficiency is hampered [8].

(e) Alternatively, an additional dc-dc boost converter can be employed before the inverter
input as shown in Fig. 1.2(b). However, in order to attain very high gain, the con-
ventional boost converters must be operated at a duty ratio (D) close to unity, which
indicates that the diode and the output capacitor must be conducted for a very narrow
pulsewidth while maintaining a high current [9]. This results in severe reverse recovery
of the diode, which increases the conduction loss and creates EMI noise. This issue is
exacerbated at high switching frequencies, as the reverse-recovery time of the diode
may be longer than the time available during (1 — D) interval. Furthermore, a boost

converter can only achieve a gain of 4 to 5 times [10].

In order to overcome the issues in traditional VSI, a family of impedance source inverters
(ISIs) are proposed in the literature [11-27]. In [11], the Z-source inverter (ZSI) has been
proposed to overcome the conceptual and theoretical barriers and limitations of the VSI,
which can boost input dc voltages to achieve better dc-ac gain and can also offer better EMI
noise immunity. The three-phase ZSI is proposed in [11], and its single-phase equivalent is
illustrated in [12]. As shown in Fig. 1.3, the single-phase ZSI is made up of an X-shaped
impedance network that connects the VSI with the dc source. The X-shaped impedance
network is composed of two inductors L; and L,, two capacitors C'; and C5, and one diode
D,.

However, the typical ZSI architecture has the drawback of having the diode D,, which

disconnects the impedance network from the source. Hence, the input current of the ZSI
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L,

%

Fig. 1.4 Quasi-Z-source Inverter (qZSI).

becomes discontinuous, which may be undesirable for some sources such as solar cells and
fuel cells [28]. Also, the negative terminals of the input source and the dc-link of the inverter
are not shared, which may introduce common-mode noise.

In order to obtain additional advantages over the ZSI, four quasi-ZSIs (qZSIs) have been
proposed in [13]. A qZSI with continuous input current is shown in Fig. 1.4. The qZSI
has lower component rating compared to ZSI as the impedance-source network capacitor
voltages are lower than those in case of the ZSI. Unlike ZSI, the negative terminal of the input
source and the negative terminal of the dc-link of the qZSI are also connected together, which
reduces the common-mode noise in the system. It has one more advantage over the ZSI, i.e.,

continuous input current owing to the presence of an input inductor.

TH-3349 166102001 4



1.1 INTRODUCTION

In literature, significant amount of discussions can be found on the applications of ZSI
and gqZSI in grid-connected photovoltaic systems [29-32], electric vehicles [33, 34], electric
motor drives [35, 36], distributed power generation [37], fuel cell power conversion [38, 39],

etc. However, both ZSI and qZSI are vulnerable to the following issues:

(a) The impedance networks of both ZSI and qZSI employ two inductors and two capacitors,
which greatly increase the power converter’s size and expense lowering its energy
density and efficiency. As a result, both architectures may not be appropriate for low

power applications where size, weight, and cost are major considerations [26].

(b) Generally, the impedance networks of ZSI and qZSI theoretically require two inductors
of equal size and two capacitors of equal size, which is extremely hard to achieve in a
hardware setup. Any kind of mismatch in the LC' values in the impedance network can

result in a dynamic stability problem [40, 41].

Several other impedance-source inverter topologies are derived from the basic principles
of ZSI and with a goal of increasing the boost factor, such as Extended-boost qZSI [14],
Switched Inductor ZS1/qZSI [15, 16], Enhanced-boost ZS1/qZSI [17-19], etc. However, all
of these topologies use quite higher number of inductors and capacitors, which makes them
practically unsuitable for low power applications. Furthermore, the single-phase variants
of these topologies would be heavily plagued with low-frequency ripples, which will then
require large passive elements in a huge quantities impacting power density, cost, efficiency,
reliability and lifetime of the overall system.

As a solution, another power converter is proposed in [24], known as Switched Boost
Inverter (SBI), shown in Fig. 1.5. The SBI was proposed by preserving the same dynamic
states as ZSI but reducing the passive component count by replacing the X-shaped impedance
network with an active-front-end (AFE) network. Therefore, the SBI can be termed as an
active-front-end impedance-source inverter (AFE-ISI). When compared to the original ZSI,
the SBI employs an additional active component and less number of inductors and capacitors,

while preserving its operating benefits [21, 23]. Having only one LC pair, the SBI does not
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face the dynamic stability problem arising from mismatch in LC' values, thereby making it a
compact solution. Also, the SBI is capable of supplying both dc and ac loads from a single dc
input. As a result, it can realize both the dc-to-dc converter and the dc-to-ac converter in a
single stage. This reduces the total size and expense of the system.

However, the gain of the SBI is (1 — D) times that of ZSI and qZSI. As a result, it is not
suitable for very high boost inversion. Also, similar to the ZSI, the input current of the SBI is
discontinuous because of the diode D,, which makes it unsuitable for applications involving
renewable energy sources.

As a solution, another AFE-ISI topology, called Current-Fed Switched Inverter (CFSI), is
proposed in [25], as shown in 1.6(a). Although CFSI has the same number of components as
the SBI, the components of the AFE network are rearranged so that the inductor L is connected
in series with the input voltage source V. Therefore, if a sufficiently large inductor is chosen
to provide operation in continuous conduction mode (CCM), the CFSI draws continuous input
current from the dc source, which makes it more suitable for renewable energy applications.
Also, the change in position of L helps CFSI to continuously charge L resulting in improved
gain, which is same as that of ZSI and qZSI. As a result, CFSI does not require extreme duty
ratio operation to achieve high voltage boost. Therefore, CFSI combines the gain advantage
of ZSI, manages to reduce passive elements like SBI and provides a continuous input current
like qZSI1. However, the voltage stress on the capacitor is still equal to the dc-link voltage,

same as that in SBI.

—‘/'

Fig. 1.5 Switched Boost Inverter (SBI).
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D,
e
<

(b)
Fig. 1.6 (a) Current-Fed Switched Inverter (CFSI) / Embedded type-2 quasi-SBI (qSBI). (b) Embedded type-1

qSBL

The CFSI is termed as the embedded type-2 quasi-SBI (qSBI) by M. K. Nguyen et al.
in [26], which presents a family of gSBIs. One such inverter is the embedded type-1 qSBI,
as shown in 1.6(b). In CFSI, the negative terminal of the input voltage and the negative rail
of the inverter bridge share a common point of connection. However, in embedded type-1
qSBI topology, the negative terminal of the input voltage is only connected with the negative
rail of the inverter bridge, when the inverter acts as a conventional VSI, and both diodes are
forward-biased. However, in the shoot-through state, the switch .S is on, and both diodes
are reverse-biased. Thus, the capacitor of the active-front-end network occurs across the the
negative terminal of the input voltage and the negative rail of the inverter bridge. Because of

this voltage difference, the embedded type-1 qSBI might face common-mode noise issues.
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This thesis proposes one more AFE-ISI topology, called Reduced-Switch CFSI (RSCFSI).
It retains all advantages of SBI and CFSI, while removing one switch. Hence, the proposed
inverter can achieve improved efficiency compared to SBI and CFSI. In this thesis, the steady-
state analysis of the RSCFSI is illustrated, and the conventional simple boost control-based
PWM (SBC-PWM) is modified for RSCFSI. Furthermore, this thesis proposes another PWM
strategy, namely Enhanced Boost Control-based PWM (EBC-PWM), which can achieve
a higher boost factor and dc-ac voltage gain compared to SBC-PWM. In this thesis, a
comparison between RSCFSI and other existing AFE-ISIs is presented to highlight the
advantages and limitations of the RSCFSI. The RSCFSI is also implemented in hardware to
verify the theoretical analysis with experimental results.

In addition to the drawbacks of single-phase VSI mentioned in pages 1-3, it also suffers
due to low-frequency ripple problem in all practical applications, where the input voltage
source V, is not a stiff voltage source [5]. Any system having a single-phase inverter,
viz., photovoltaic (PV) system, light-emitting diode (LED) lighting etc. is affected due
to low-frequency ripple. Therefore, all single-phase ISIs and AFE-ISIs are plagued with
low-frequency ripples. If this low-frequency ripple is not diminished below an engineering
tolerance limit, the impedance-source network and active-front-end network components
are impacted by the low-frequency ripples, which eventually distorts the output voltage.
Moreover, the power from PV array shows oscillation around maximum power point (MPP)
reducing efficiency [42]. This ripple results in light flicker in LED lighting applications
[43]. If a battery or fuel cell is utilized with single-phase inverter, significant low-frequency
current will be going into battery because of very small internal resistance of the battery
resulting in overheating [44] or considerable shortening of the lifetime of the fuel cell [45].
The low-frequency ripple of both SBI and RSCFSI is analyzed, which outlines the presence of
the double-line frequency (2w,) component. In the case of RSCFSI, the low-frequency ripple
problem becomes more severe than that of SBI as it contains an additional line frequency (w,)
component. Based on the analysis, the amount of low-frequency ripple present in the active-

front-end network parameters is estimated for both SBI and RSCFSI. A common solution
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to reduce the aforementioned low-frequency ripple is to employ bulky passive elements.
However, this leads to increased volume, weight and cost affecting power density, efficiency,
reliability and lifetime of the system [46]. Based on the low-frequency ripple analysis, the
design procedures for the selection of the passive elements of the active-front-end networks
of both SBI and RSCFSI are illustrated in this thesis.

Since significantly larger passive components are required to maintain smaller ripples,
resulting in poor power density for both SBI and RSCFSI. As an alternative, active power
decoupling (APD) based solutions are explored in literature, which are mostly limited to
single-phase VSI. Therefore, it remains to be explored for the AFE-ISIs. Although a few APD
solutions are also found for the ZSI and qZSI, these solutions cannot be directly applied to
the AFE-ISIs owing to their topological differences. As a solution to the low-frequency ripple
problem in SBI, this thesis proposes the Active Power Decoupling (APD)-integrated SBI to
deflect the low-frequency ripple to an auxiliary capacitor. Three independent APD-integrated
SBI topologies are explored and compared, which indicates the boost-type topology is the
most advantageous in reducing the low-frequency ripple in the active-front-end network. As
a result, smaller passive elements are required in the active-front-end network. In order to
properly mitigate the low-frequency ripple for varying ac loads of the SBI and also to avoid
overcharging of the auxiliary capacitor, a closed-loop control strategy is developed for the
APD-integrated SBI. A hardware prototype is built for the boost-type APD-integrated SBI,
and the advantages of APD integration are corroborated by the experimental results.

In the case of the APD-integrated SBI, it is observed the extra switches and passive
elements introduce additional losses, which brings down efficiency. Therefore, this thesis
explores more efficient alternate solutions for the RSCFSI and further introduces the APD-
integrated RSCFSI (APDRSCEFSI). Since the low-frequency ripple energy is deflected to an
auxiliary capacitor without adding extra switches, the inverter can employ smaller passive
elements. It is observed when APDRSCFSI is operated with SBC-PWM, the dc-ac gain of
the inverter is lowered. As a solution, EBC-PWM is extended for APDRSCEFSI to improve

its dc-ac gain. A comparison between RSCFSI and APDRSCFSI with SBC-PWM and EBC-
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PWM is also presented in this thesis. The w, and 2w, ripples in RSCFSI pose additional
challenges for the APD integration and corresponding closed-loop controllers. So, this thesis
illustrates a closed-loop control strategy, which incorporates dc-ac power conversion as well
as APD operation. The APDRSCFSI is also implemented in hardware to verify the theoretical
analysis with experimental results.

The remaining part of this chapter is organized as follows: in Section 1.2, a brief review
of AFE-ISIs and their advantages over ISIs are presented. Section 1.3 elucidates the low-
frequency ripple problem and describes potential solutions found in literature. In Section
1.4, the motivation and the objectives of the thesis are illustrated. Section 1.5 presents the
contributions of this thesis are presented. In Section 1.6, the organization of the thesis is

explained, followed by the conclusion of this chapter in Section 1.7.

1.2 REVIEW OF AFE-ISIS

In literature, the active-front-end impedance-source inverters (AFE-ISIs) are explored as
alternatives to the VSI and ISIs. Generally, an impedance network is present at the front-end of
the ISIs, which is replaced with an active-front-end network in AFE-ISIs. This helps to reduce
the number of passive elements in AFE-ISIs, resulting in improved efficiency and power
density. The most researched AFE-ISIs are SBI, CFSI and the family of qSBI topologies,
which are reviewed in this section.

In [24], the SBI is introduced as an alternative to the VSI and ZSI, which can retain the
advantages of the ZSI while reducing the number of passive elements. The circuit diagram
of SBI is shown in Fig. 1.5. Similar to the ZSI, the SBI has extra zero states in the form of
shoot-through switching states that are prohibited in the conventional VSI. The SBI utilizes
shoot-through states to improve dc-link voltage by turning on both upper and lower switches
of a phase leg. By effectively leveraging the shoot-through states of the inverter bridge, the
SBI has the benefit of stepping up the dc input voltage before the dc-ac power inversion, unlike

the conventional VSI. As a result, depending on the situation, the converter’s output voltage
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may be either greater or less than the input voltage, which accomplishes the functionality of
the two-stage system, mentioned in pages 2-3, in a single-stage.

The SBI preserves the same dynamic states as ZSI but reducing the passive component
count by replacing the X-shaped impedance network with an active-front-end network. As
shown in Fig. 1.5, SBI employs an additional active component and less number of inductors
and capacitors, compared to the original ZSI, while preserving its operating benefits [21, 23].
Having only one LC pair, the SBI does not face the dynamic stability problem arising from
mismatch in LC' values, thereby making it a compact solution.

Moreover, the inverter’s dependability is substantially enhanced since any kind of oc-
currence of shoot-through no longer has the capacity to ruin the circuit. By enabling the
shoot-through of the inverter phase leg switches, the SBI has a strong tolerance to EMI
noise. Also, the SBI does not require complex dead-time circuitry for the prevention of un-
wanted shoot-through state used in VSI, which also helps to avoid output waveform distortion
caused by the dead-time. As a result, it provides a low-cost, dependable, and high-efficiency
single-stage structure for buck and boost power conversion.

Also, the SBI is capable of supplying both dc and ac loads from a single dc input. As a
result, it can realize both the dc-to-dc converter and the dc-to-ac converter in a single stage.
This reduces the total size and expense of the system.

However, the SBI’s main disadvantages are:

1-D
(a) The boost factor of SBI is (1 5 D)’ and the boost factor of both ZSI and qZSI is

1
(1 5 D) . Therefore, the dc input voltage boosted by the SBI is (1 — D) times that

of ZSI and qZSI.

(b) Similar to the ZSI, the input current of SBI is also discontinuous due to the diode D,.

As a solution, Current-Fed Switched Inverter (CFSI) is proposed in [25], as shown in
1.6(a). CFSI combines the advantages of both ZSI and SBI. Similar to SBI, the CFSI preserves
the same dynamic states as ZSI but reduces the passive component count by replacing the

X-shaped impedance network with an active-front-end network while keeping the same
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component count as the SBI. In CFSI, the input current profile is much improved than that
of SBI and ZSI, and a continuous current is drawn from the dc source, similar to that of
qZSI. Also, the boost factor of CFSI is <$) , same as ZSI and qZSI, which indicates
that CFSI has a higher boost factor than SBI. In [26], CFSI is mentioned as a part of the
quasi-switched boost inverter (qSBI) family, and termed as the embedded type-2 qSBI. A
similar topology, named as Active Switched Capacitor qZSI (ASC-gZSI), is introduced in
[47], which is mentioned as the embedded type-1 qSBI in [26], as shown in Fig. 1.6(b).

As the name suggests, both types of embedded qSBI are similar in topological architec-
ture and features. However, there is a drawback of the embedded type-1 qSBI owing to a
topological difference, as the negative terminal of the dc source is disconnected by the diode
Dy, from the negative rail of the inverter bridge. As a result, the dc-link capacitor voltage
occurs across the negative terminal of the dc source and the negative rail of the inverter bridge
when the shoot-through states take place, and the switch S'is turned on while the diodes are
reverse-biased. The voltage between the negative terminal of the dc source and the negative
rail of the inverter bridge only becomes zero when both diodes are forward-biased during
conventional inverter operation. Owing to this voltage difference, the embedded type-1 qSBI
may face additional common-mode noises.

Similar to SBI, in gSBIs, the voltage stress of the capacitor of the active-front-end network
is equal to the dc-link voltage. To reduce the voltage stress, four qSBIs are presented in [26],
which are called dc-linked-type qSBIs, as shown in Fig. 1.7. In these converters, the dc source
is inserted between the active-front-end network and the dc-ac power conversion stage. In
dc-linked-type qSBI positive bus type-1 and type-2, the input source is inserted between the
active-front-end network and the positive terminal of the dc-link, where the positive terminal
of the input voltage is shared with the positive rail of the inverter bridge. In dc-linked-type
gSBI negative bus type-1 and type-2, the input source is inserted between the active-front-end
network and the negative terminal of the dc-link, where the negative terminal of the source

voltage is shared with the negative rail of the inverter bridge.
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Fig. 1.7 Examples of dc-linked-type qSBIs: (a) positive bus type-1, (b) positive bus type-2, (c) negative bus
type-1 and (d) negative bus type-2.

1-2D
same as that of SBI. The dc-linked-type qSBIs, introduced alongside the embedded-type

However, the boost factor of the dc-linked-type qSBIs reduces to < > , which is
gSBIs, is less favored mainly because of their low voltage gain and high input current ripple
[48]. Note that in embedded-type-1 and all dc-linked-type qSBIs, the negative terminals of
the input source and the dc-link are not shared because of the diode, which may increase
common-mode noises in the overall system.

In literature, the efficiency of AFE-ISIs is also researched. Generally, CFSI and qSBIs are
reported to achieve better efficiency compared to qZSI [49, 50]. Several PWM methods are
proposed for the qSBIs, which not only improve voltage gain but also better the efficiency
[51-53]. In [52, 53], a power loss distribution of various components of the CFSI is presented.
Similarly, in [49], a power loss distribution of various components of the embedded type-1
qSBI is exhibited. Generally, it is observed that the switching loss and the conduction loss of

the switches are the most significant contributors to the overall power losses. Therefore, in an
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effort to improve efficiency by reducing one of the switches, a new topology is derived from

CFSI and named as Reduced-Switch CFSI (RSCFSI) in this thesis.

1.3 LOW-FREQUENCY RIPPLE PROBLEM IN AFE-ISIS AND ITS

TRADITIONAL SOLUTIONS

The low-frequency ripple in the dc-link severely impacts the operation of the single-phase
AFE-ISIs. Similar to a traditional single-phase VSI, the elements of the active-front-end
network of the single-phase AFE-ISIs has to endure the low-frequency ripple power generated
from the ac load side. So, the dc capacitor voltage and inductor current of the active-front-
end network contain low-frequency ripple. In order to prevent distortion of the output
voltage of the inverter, this low-frequency ripple ought to be mitigated or at least limited
within an engineering tolerant range. Also, any single-phase AFE-ISI-integrated system,
e.g., photovoltaic (PV) system, light-emitting diode (LED) lighting, battery, fuel cell, etc. is
affected due to low-frequency ripple. The power from PV array shows oscillation around
maximum power point (MPP) reducing efficiency [54, 42]. This ripple results in light flicker
in LED lighting applications [43]. If a battery is utilized with single-phase AFE-ISIs, high
low-frequency current will be going into battery because of very small internal resistance
of the battery resulting in overheating [44]. Similarly, using a fuel cell with single-phase
AFE-ISIs will significantly reduce the fuel cell’s lifespan due to the high low-frequency
current flowing into the fuel cell as a result of the fuel cell’s low internal resistance [45].
Therefore, it can be observed that there are numerous use cases where suppressing dc-side
power oscillation is a priority.

So, it becomes necessary for the inverters to have the ability to process the ripple power
and protect the application from receiving an improper signal quality so that the ripple power
does not propagate through the converter. In order for the inverter to handle ripple power, it
must be able to store it. As a result, the most prevalent approach to eliminate low-frequency

ripple is to utilize large capacitor and inductor in the active-front-end network to store the
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ripple power. However, this leads to increased volume, weight and cost affecting power

density, efficiency, reliability and lifetime of the system [46, 55, 56].

1.3.1 Low-frequency ripple problem

One of the basic requirements of single-phase AFE-ISIs is that the output voltage and/or
output current need to be filtered or controlled to be sinusoidal. The expressions of sinusoidal

output voltage (v,) and output current (%,) can be considered as

vo(t) = V2V, sin w,t
(1.1)
io(t) = V/2I, sin(wet — )
where w, is the fundamental frequency, ¢ is the phase difference between v, and 7,,. Therefore,

the output power (p,) can be obtained as

Po(t) = vo(t) - 1o(t)
= V,1,cos ¢ — V,I, cos(2w,t — ¢) (1.2)

= Po+p;(t)

which contains two components: the constant active power (F,) and the low-frequency ripple
power (p).). In Fig. 1.5, the input power is coming from the source is constant. In order to
balance the input and output power, the low-frequency ripple power must be supplied by the
capacitor C' and inductor L of the active-front-end network. This results in large voltage
ripple on the capacitor and large current ripple on the inductor of the active-front-end network,
which can be analyzed with the determination of the ripple energy of single-phase AFE-ISIs.
Because p/. comprises the second harmonic (2w,) ripple, the low-frequency ripples of the
active-front-end network parameters contain the 2w, ripple. As a result, the dc-link voltage
has low-frequency ripples. The presence of low-frequency ripple on the dc-link voltage

distorts the output voltage.
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As a solution, large capacitors and inductors are used in the active-front-end network
to facilitate suppression of the low-frequency ripple. Thus, the minimization of the voltage
variation in the dc-link are achieved so that output voltage distortion can be prevented. Also,
the capacitors help to provide energy storage during hold up time.

In ISIs, the inductors and capacitors of the impedance network are utilized to buffer the
ripple power by designing suitable inductance and capacitance [29, 57-59]. In a similar
manner, for the qSBI, the passive elements of the active-front-end network are designed in
[49]. However, such impedance design is not explored for other AFE-ISISs, in particular for
SBI, in the literature. This thesis presents the low-frequency ripple analysis of the SBI. The
same analysis is also extended for RSCFSI. Based on the analysis, the design procedures for
the passive elements of the active-front-end network are illustrated. It is also shown that if the
components are chosen according to the analysis given in this thesis, the low-frequency ripple

in SBI and RSCFSI can be limited below the preferred engineering tolerance level.

1.3.2 Large capacitors as a potential solution

The type of capacitors used in AFE-ISIs depends on the various factors [60], viz., required
capacitance value, voltage rating, maximum operating temperature, frequency characteristics,
cost, size, reliability, etc. Fig. 1.8 illustrates the ranges of capacitance and voltage ratings
of various types of capacitors for power electronics applications [61]. There are two types
of electrolytic capacitors: aluminum and solid tantalum. Aluminum electrolytic capacitors
can be used in AFE-ISIs for applications of nearly 1 kV while providing a high capacitance
value. Solid tantalum capacitors are used primarily for low dc voltage applications below 100
V. Plastic film and ceramic capacitors can also be used in AFE-ISIs. However, they cannot
achieve a high capacitance value. The double-layer capacitors are unsuitable for AFE-ISIs
because their maximum achievable voltage rating is quite low despite having a very high
capacitance value.

The three types of capacitors, electrolytic, film and ceramic capacitors, which are suitable

for AFE-ISIs, exhibit specific advantages and shortcomings, as shown in Table 1.1 [62].
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Fig. 1.8 Application of different types of capacitors [61].

Electrolytic capacitors could achieve the highest energy density and lowest cost per joule
but with relatively high ESRs, low ripple current ratings, and wear-out issues due to the
evaporation of electrolytes. Film capacitors provide a well-balanced performance for high-
voltage applications (e.g., above 500 V) in terms of cost and ESR, capacitance, ripple current,
and reliability. Nevertheless, they have the shortcomings of large volume and moderate upper
operating temperature. Ceramic capacitors have a smaller size, wider frequency range, and
higher operating temperatures of up to 200°C. However, they suffer from higher costs and
mechanical sensitivity.

All of these three types of capacitors can fail due to intrinsic and extrinsic factors, such as
design defects, material wear-out, operating temperature, voltage, current, moisture, mechani-
cal stress, and so on. Generally, the failures can be divided into catastrophic failures due to
single-event overstress and wear-out failures due to the long-term degradation of capacitors
[62]. The most important reliability feature of film capacitors is their self-healing capability.
Initial dielectric breakdowns (e.g., due to overvoltage) at local weak points will be cleared,
and the capacitor will regain its full ability except for a negligible capacitance reduction.
With the increase of these isolated weak points, the capacitance of the capacitor is gradually

reduced to reach the end-of-life.
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Table 1.1 Performance comparisons of three types of capacitors [62]

Attributes Electrolytic | Film | Ceramic
Capacitance +++ ++ +
Voltage ++ +++ +
Ripple Current + +++ 4
Equivalent Series Resistance + +++ +++
Dissipation Factor + +++ T+
Frequency Range + ++ +++
Capacitor Stability ++ 4+ +
Overvoltage capability ++ +++ +
Temperature Range ++ + +++
Energy density +++ + ++
Reliability under stresses + +++ +++
Cost per joule +++ ++ +

+++ Superior  ++ Intermediate  + Inferior
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Fig. 1.9 Low-frequency ripple reduction using PWM strategies: (a) simple boost control-based PWM (SBC-
PWM) strategy for ISIs and (b) modified modulation signals in SBC-PWM.

The total lifespan of the system is impeded because electrolytic dc capacitors are com-
monly employed in AFE-ISIs to minimize low-frequency ripples. The greater the amount
of capacitors, the worse the system dependability. As a result, ISIs with a large number of

capacitors are regarded unreliable for single-phase applications.
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1.3.3 Other existing solutions found in literature

Although the solution of employing large passive elements is simple and straightforward,
the designed value of capacitances and inductances turned out to be significantly large, which
increases the volume, weight, and cost of single-phase AFE-ISIs. As a solution, another
different kind of approach to mitigate low-frequency ripples is explored in literature, which
is illustrated in Fig. 1.9. The modulation and carrier signals of the conventional simple
boost control-based pulse-width modulation (SBC-PWM), employed in ISIs, are shown in
Fig. 1.9(a), where the shoot-through signals are generated using the constant voltages +uvy.
In Fig. 1.9(b), +v are modified to contain the low-frequency ripples while generating the
shoot-through signals to damp the low-frequency ripples of capacitor voltages and inductor
currents of the ISIs. This approach can be executed in open-loop [30, 31] and in closed-loop
[32, 63] without needing any extra hardware components. In ISIs, it is observed that a
reduction in passive elements is achieved, but the values are still large. Although a similar
solution is explored for the CFSI in [64], such kind of solutions are not explored for other
AFE-ISIs in the literature. In CFSI, this approach can only reduce the input inductor size, and
the capacitor of the active-front-end network still remains significantly large.

In literature, a hybrid design solution composed of both electrolytic and film capacitors
instead of using only electrolytic capacitors is proposed [65], as illustrated in Fig. 1.10(a). A
dc-link composed of a 40 mF electrolytic capacitor bank and a 2 mF film capacitor is designed
for a 250 kW inverter by taking advantage of their different frequency characteristics. By
adopting this solution, the reliability of the capacitor bank is to be improved due to reduced
current stresses.

Another research direction is to reduce the energy storage requirement in the dc-link so
that electrolytic capacitors could be replaced by film capacitors to achieve a higher level of
reliability without considerably increasing the cost and volume. For example, the concept of
Fig. 1.10(b) is to synchronize the current ¢ pc; and i peo by an additional control scheme to
reduce the ripple current flowing through the dc-link capacitor [66]. However, this method is

not generalized, and the control strategy changes with changes in the connected converters.
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Fig. 1.10 Some types of capacitive dc-link design solutions [65, 66]: (a) hybrid dc-link bank design and (b) by
an additional control scheme.

In recent times, more research efforts have been put in to find generalized solutions so that
more reliable film capacitors can replace their electrolytic counterparts. As a more generalized
solution, Active power decoupling (APD) networks are explored in the literature and are

discussed in the following section.

1.4 ACTIVE POWER DECOUPLING NETWORKS

The APD networks are integrated with the converters and utilize additional energy storage
components, such as capacitors or inductors, to deflect and store the low-frequency ripple
energy from the dc-link so that the size of the dc-link capacitor in VSI or the size of the
passive elements of the impedance-source network in ISIs can be significantly lowered [67—
99]. Generally, the capacitive energy storage has been paid more attention due to the factors
such as volume and cost compared to the inductive energy storage. So, in this literature survey,
only the capacitive APD networks are explored. The APD topologies are divided into two

categories: (a) independent and (b) dependent.

1.4.1 Operating principles of APD

In Section 1.3, the output power of the VSI contains a constant and a ripple part, according

to (1.2). The schematic diagram of an APD circuit with a VSI is shown in Fig. 1.11(a). Note
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Fig. 1.11 Voltage source converter with an APD circuit [67]: (a) schematic diagram and (b) equivalent circuit.

that the input voltage is denoted by v, indicating that it is not a stiff source. When the APD

circuit is disabled, the input power of the inverter is

Pi(t) = vg(t) - din(t) = ve(t) - 4:(2) (1.3)

where v, is the dc-link voltage of the VSI. For simplicity, the effects of power losses and input

filters are neglected. According to power balance, using (1.2), one can write

pi(t) = po(t) = Py + p(t) (1.4)

Thus, the current drawn by the inverter bridge, 7;, is expressed as follows:

Bt) Vel Vil,
v, v, Ty

cos(2w,t — ) (1.5)

where V. is the average value of v.. In (1.5), it is assumed that v, ~ V.. Note that 7; has a dc

component and a second harmonic component.
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Fig. 1.11(b) shows the equivalent circuit diagram. When the APD network is not active,

the dynamic equation of the dc-link is

et i
A0 ) it »

1 ) :
=5 {im(t) —i;(t)}

io(t) = C

dv.(t)

—
dt

which indicates that in order to minimize the amount of voltage fluctuations in the dc-link

voltage, a significantly high value of C'is needed. Therefore, the dc-link capacitor of the VSI

is required to be large, as it is utilized as the low-frequency ripple energy storage devices.
When the APD network shown in Fig. 1.11(a) is activated, its equivalent circuit can be

drawn as shown in Fig. 1.11(b), and the dynamic equation of the dc-link is

du(t)

i.(t)y=C 7

— iin(t) — i(t) — in(1) (1.7)

where 7, is the ripple current drawn by the APD network. In (1.7), if 7,, becomes equal to the

ripple part of 7;, one can write

dvc(t) . 1 . V:)]o
dt = C j {%n(t) T Ve COS()O}

Volo
ir(t) = % cos(2wot — )

(1.8)

Thus, the low-frequency ripple arising due to the pulsating output power is diminished, and
the goal of the active power decoupling will come true. Since a large fluctuation range is
allowed in the energy storage component in the APD network, a much smaller energy storage

device is required in the dc-link [67, 68].

1.4.2 Independent APD topologies

As the name suggests, in the independent decoupling topologies, the single-phase inverters
and the APD networks operate independently. Usually, the APD network is connected to the

dc-link of the single-phase inverters in parallel or series. The basic idea of the parallel decou-
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Fig. 1.13 Single-phase VSI with full-bridge APD network connected in series [73-76].

pling concept is to inject compensation current to the coupling point, preventing the ripple
current from flowing into the dc capacitor. Similarly, the basic idea of the series decoupling
concept is to inject the compensation voltage in series to mitigate dc-link voltage ripple. The
single-phase inverter is responsible for the regulation of the dc-link voltage/current, and the
APD network’s task is to absorb the ripple power. The introduction of the additional APD
network will not change the operating point of the original single-phase inverter. Meanwhile,
the control methods and modulation strategies for the original single-phase inverter and
the APD network can be designed independently. Some of the existing independent APD
networks are briefly reviewed in the following paragraphs.

Fig. 1.12 shows a single-phase VSI with the full-bridge APD network, which is connected
in parallel with the dc link [69-72]. The APD network consists of an energy storage capacitor
(s, an auxiliary inductor L, and a full-bridge power module with switches S5-Ss. In this

circuit, the full-bridge power module regulates the voltage on the capacitor C in such a way
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Fig. 1.14 Single-phase qZSI with buck-type APD network [78-80].

that the power flow cancels out the low-frequency. The purpose of the inductor L, just to
smooth the switching frequency. Thus, L, can be small as it is not utilized as a energy storage
device. The APD network has low voltage stress but may need a capacitor with relatively
large capacitance. The peak capacitor voltage of Cs may be determined by the design, and as
a result, the capacitor value can be made smaller. S. Harb et al., 2013, studied and further
developed the ripple decoupling concept above for PV system with isolated transformer cases
[72]. Another full-bridge APD network, as shown in Fig. 1.13, can be connected in series with
the dc-link capacitor [73-76]. The APD network, which is a capacitor-supported full-bridge
power module without an external dc source, is connected between the positive terminal of the
dc-link and the positive rail of the inverter bridge. The APD network generates an ac voltage
that counteracts the ripple voltage on the dc-link. Thus, the input of the grid-connected inverter
is a dc voltage equal to the average value of the voltage v., i.e., devoid of low-frequency ripple,
across the dc-link capacitor C'. While the APD network has to suffer high voltage stress but
only needs a capacitor with relatively small capacitance. Note that in both full-bridge APD
networks, the presence of four additional switches impacts overall system efficiency [67, 68].

M. Saito et al., 2003, proposed the single-phase VSI with the buck-type APD network
in [77]. The buck-type APD network is also integrated with qZSI in [78-80], as shown in

Fig. 1.14. The APD network consists of an auxiliary capacitor C}, an auxiliary inductor L,
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Fig. 1.15 Single-phase qZSI with boost-type APD network [89].

and a half-bridge power module containing two additional switches S5 and Sg. The auxiliary
capacitor C is utilized as the energy storage component, and the auxiliary inductor L; is
employed to transfer the ripple energy between the auxiliary capacitor and the dc-link. The
inverter bridge is still in charge of regulating the dc-link voltage, whilst the APD network is in
charge of regulating the ripple power that originates from the ac side. The auxiliary capacitor
voltage should be lower than the dc-link voltage, which makes it suitable for cases where the
dc-link voltage is relatively high. The APD network has been further investigated in terms of
operating principles, operational modes and control strategies in [81, 82].

The integration of the boost-type APD network with the single-phase VSI is well-studied
[83—88]. The boost-type APD network is also integrated with the qZSI in [89], as illustrated in
Fig. 1.15. The components of the buck-type APD network are reorganized to obtain the boost-
type APD network. Similar to the buck-type APD network, C serves as the energy storage
element, while L, is used to facilitate the transfer of ripple energy between the auxiliary
capacitor and the dc-link. The responsibility of controlling the dc-link voltage lies with the
inverter bridge, while the APD network is responsible for compensating the low-frequency
ripple power. It should be noted that the voltage of the auxiliary capacitor must be adjusted
to a level that exceeds the voltage of the dc-link. This characteristic makes it particularly

suitable for situations where the dc-link voltage is relatively low. The boost-type bidirectional
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Fig. 1.16 Single-phase VSI with buck-boost-type APD network [90].

power converter has the capability to draw a continuous input current. Therefore, in contrast
to the buck-type APD network, the boost-type APD network has the capability to provide a
continuous compensating current to the dc-link.

In buck-type or boost-type APD network, the auxiliary capacitor voltage is limited to be
either lower or higher than the dc-link voltage. This limitation can be relaxed by using the
buck-boost-type APD network shown in Fig. 1.16. This widens the potential applications
of the APD network [90]. The components of the buck-type APD network are reorganized
to obtain the buck-boost-type APD network, and its functionality is similar to buck-type
and boost-type APD network. However, the drawbacks are reduced efficiency and increased
volume of the auxiliary inductor L,. As the injected current is discontinuous, this APD

network is not an option for high power applications.

1.4.3 Dependent APD topologies

When an independent APD network 1is integrated with any single-phase inverter, the
introduction of extra active switches in the circuit results in more switching loss. Hence, the
overall efficiency of the system is reduced. The total device rating and weight of the system
are also increased without any additional increase in power transfer, meaning the system
power density is poorer. As a solution, the dependent APD networks are explored in the
literature. In dependent APD networks, the APD network can share power semiconductor

devices with the original converter partially or fully. The shared bridge leg has to undertake
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Fig. 1.17 Dependent APD network based on Fig. 1.12 [94]: (a) integrated with single-phase qZSI [95] and (b)
modified version with single-phase VSI [96].

two tasks simultaneously: dc-ac power conversion and ripple power buffering. The obvious
advantages are better power density and increased efficiency due to fewer active switches
compared to the independent topologies. However, there are also some demerits. Some of the
existing dependent APD networks are reviewed in the following paragraphs.

In [94], a dependent APD network has been derived from the converter shown in Fig.
1.12. In [95], the same APD network is integrated with the single-phase qZSI, as shown in
Fig. 1.17(a). The middle bridge leg, consisting of S3-.5S5, is shared by the original converter
and the APD network. As the auxiliary inductor L, is only utilized to smooth high-frequency,
it can be taken quite small so that the voltage across it can be neglected. Thus, another
configuration, shown in Fig. 1.17(b), can be obtained by a trivial modification [96]. However,
in Fig. 1.17(b), the output current dynamics are coupled with the voltage across the energy

storage capacitor C'y, which complicates controller design. Although two active switches are
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Fig. 1.18 Dependent APD network based on Fig. 1.14.

/

saved, smaller operating range of the dc-link voltage and higher voltage stresses are some of
the disadvantages.

Fig. 1.18 shows a dependent APD network derived from the converter in Fig. 1.14 [98, 99].
This decoupling topology achieves a significant minimization of switches as no additional
switches are added. In [99], an automatic power decoupling control concept is applied,
which significantly improves the transient performances of the system, and the computational
complexity of the controller can be simplified. However, in this APD network, the output
voltage becomes restricted.

Thus, it can be observed that a lot of research has been carried out to solve the low-
frequency ripple problem by integrating APD topologies with VSI and ISIs. However, the
application of APD topologies to the single-phase AFE-ISIs, in particular to SBI and RSCFSI,
is not explored in literature. In this thesis, the low-frequency ripple problem of single-phase
SBI is mitigated by integration of independent APD networks. Furthermore, a dependent
APD-integrated RSCFSI is proposed in this thesis to mitigate the low-frequency ripples of

RSCFSL

1.5 RESEARCH MOTIVATION AND OBJECTIVES OF THE THESIS

As discussed in Section 1.2, several AFE-ISIs are proposed in the literature as an alter-
native to the conventional VSI. The AFE-ISIs can operate in a wide range of voltages and

protect the inverter switches against shoot-through. Among AFE-ISIs, SBI reduces passive
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component count and achieves better efficiency than ZSI and qZSI. However, the application
of SBI is restricted because of its lower voltage gain. Also, the input current profile of SBI is
discontinuous, which makes it less appropriate for several applications. The CFSI can solve
the problems of SBI as it improves voltage gain and provides a continuous input current. In
the literature, the efficiency analysis of AFE-ISIs reveals that switching and conduction loss
of the switches are the most significant contributors to the overall power losses. Therefore,
the efficiency improvement of AFE-ISIs via topological modifications can be explored.

As discussed in Section 1.3, in the single-phase AFE-ISIs, a low-frequency ripple power
is generated from the ac load side. Since the input power is coming from the dc source is
constant, to balance the input and output power, the passive elements of the active-front-end
network must supply the low-frequency ripple power. On the dc side, this mismatch in
power results in a large voltage ripple on the capacitor and a large current ripple on the
inductor. In order to prevent distortion of the output voltage of the inverter, this low-frequency
ripple ought to be mitigated or at least limited within an engineering tolerant range. The
low-frequency ripple analysis and the design of passive elements of the active-front-end
network for low-frequency ripple mitigation for the single-phase AFE-ISIs, in particular for
SBI, are not researched in the literature.

The commonly employed solution to reduce low-frequency ripple is to use a bulky
capacitor in the dc-link. As large capacitors, electrolytic capacitors are conventionally utilized
due to their availability and cost, but they have a limited lifetime, which affects system
reliability. As a solution to the low-frequency ripple problem, the APD networks have been
explored in literature, as discussed in Section 1.4. The APD networks are kept in parallel
to the dc-link and utilize additional energy storage devices to store the ripple energy of the
dc-link, thereby reducing the size of the dc-link capacitor in VSI or the size of the passive
elements of the impedance-source network in ISIs. A lot of research has been carried out to
mitigate the low-frequency ripple problem by integrating APD networks with VSI and ISIs.
However, the application of APD networks to the single-phase AFE-ISIs, in particular for

SBI, is not explored in the literature.
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Based on the above research motivations, the objectives of the thesis are listed as follows:

(1) To perform the low-frequency ripple analysis of the single-phase SBI, and to formulate
a procedure to design suitable capacitance and inductance for the active-front-end

network to achieve minimization of the low-frequency ripple.

(2) To derive an APD-integrated single-phase SBI so that low-frequency ripple can be

mitigated and overall system lifetime can be improved.

(3) To derive an AFE-ISI topology from SBI achieving better voltage gain, continuous

input current and better efficiency than SBI.
(4) To propose a PWM strategy for the derived topology achieving better voltage gain.

(5) To perform the low-frequency ripple analysis of the proposed single-phase AFE-ISI
topology, and to formulate a procedure to design suitable capacitance and inductance

for the active-front-end network to achieve minimization of the low-frequency ripple.

(6) To integrate an APD topology with the proposed topology mitigating low-frequency

ripple and improving overall system lifetime.

(7) To perform a detailed comparison of single-phase SBI with and without APD, the
proposed topology with existing AFE-ISIs, and the proposed topology with and without
APD.

1.6 CONTRIBUTIONS OF THE THESIS

Based on the objectives listed in Section 1.5, the contributions of the thesis are listed

below:

(1) The low-frequency ripple of single-phase SBI is analyzed. Based on the analysis, the
amount of low-frequency ripple present in the dc-link capacitor voltage and inductor
current is estimated for the SBI. When the information about the low-frequency ripple of

the active-front-end network parameters is combined with the estimated high-frequency
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ripple, a selection procedure for the passive elements is formulated so that both low-

and high-frequency ripple is minimized.

(2) The APD-integrated single-phase SBI is proposed so that low-frequency ripple is
minimized without requiring large passive elements. As a result, the electrolytic
capacitors is replaced with film capacitors and overall system lifetime is improved. A
comparative analysis of the SBI with the APD-integrated SBI is also presented to point

out the advantages and disadvantages of the proposed topology.

(3) An AFE-ISI topology, named as Reduced-Switch Current-Fed Switched Inverter
(RSCFSI), is derived from SBI and CFSI. The RSCFSI can achieve better voltage
gain, continuous input current and better efficiency than SBI. A comparative analysis
of RSCFSI with other AFE-ISIs is presented to highlight its advantage in terms of

efficiency.

(4) The Simple Boost Control-based PWM (SBC-PWM) is modified and extended for the
RSCEFSI. Another PWM strategy is also proposed for the RSCFSI, known as Enhanced
Boost Control-based PWM (EBC-PWM), which can help produce higher voltage gain.

(5) The low-frequency ripple analysis is extended for the single-phase RSCFSI. Based on
the analysis, the amount of low-frequency ripple present in the active-front-end network
parameters is estimated for RSCFSI, and a selection procedure for the passive elements

of the active-front-end network is formulated.

(6) The APD-integrated RSCFSI (APDRSCEFSI) is also proposed mitigating low-frequency
ripple and improving overall system lifetime. A comparative analysis of the RSCFSI
with the APDRSCEFSI is also presented to point out the advantages and disadvantages

of the proposed topology.

(7) All of the above contributions are implemented in hardware, and the experimental

validations are performed for all of the proposed topologies and PWM strategies.
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1.7 ORGANIZATION OF THE THESIS

The thesis is organized into five chapters. Chapter 1 presents a background of the
thesis and a brief review of the single-phase AFE-ISIs. Next, a discussion about inherent
low-frequency ripple issues of single-phase AFE-ISIs is demonstrated. The motivation is
presented to fill the research gaps found in the literature survey about the AFE-ISIs and the
low-frequency ripple problem of the AFE-ISIs. Based on the motivation, a set of objectives is
established. The organization of the thesis is given at the end of Chapter 1.

In Chapter 2, a brief introduction to single-phase SBI is illustrated, and its steady-state
analysis is presented. The low-frequency ripple of SBI is analyzed. Based on the analysis,
the amount of low-frequency ripple present in the active-front-end network parameters is
estimated for the SBI, and a selection procedure for the passive elements of the active-front-
end network is formulated. As a solution to the low-frequency ripple problem, the integration
of the single-phase SBI with an independent APD topology is proposed to deflect the low-
frequency ripple to an auxiliary capacitor. Three independent APD topologies are explored
and compared to select the appropriate topology. Apart from the auxiliary capacitor, the APD
topology contains two switches and one auxiliary inductor. The passive element selection
procedure is modified for the active-front-end network, and the same is also extended to the
passive elements of the APD topology. A comparative analysis of the SBI with the APD-
integrated SBI is also presented to point out the advantages and disadvantages of the proposed
topology. In order to properly mitigate the low-frequency ripple for varying ac loads of the
SBI and also to avoid overcharging of the auxiliary capacitor, a closed loop control strategy is
developed for the APD topology. A hardware prototype is built for the APD-integrated SBI,
and the advantages of the APD integration is corroborated with the experimental results.

In Chapter 3, the Reduced-Switch Current-Fed Switched Inverter (RSCFSI) is introduced,
which has reduced one switch and has improved dc-dc voltage gain and efficiency over SBI.
The derivation and steady-state analysis of the RSCFSI are explained. The conventional
SBC-PWM of ISIs is modified for RSCFSI to incorporate simultaneous functionality of the

the shoot-through operation and the dc-ac power conversion for the generation of the gate
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pulses. A new PWM strategy, namely Enhanced Boost Control-based PWM (EBC-PWM),
1s proposed, which can achieve more boost factor and dc-ac voltage gain compared to SBC-
PWM. A comparative analysis of RSCFSI with other AFE-ISIs is presented to highlight its
advantage in terms of efficiency. The hardware prototype is built for the single-phase RSCFSI
to validate the theoretical analysis with experimental results.

In Chapter 4, the low-frequency ripple problem of the single-phase RSCFSI is investi-
gated. The amount of low-frequency ripple present in the active-front-end network parameters
is estimated for the RSCFSI, and a selection procedure for the passive elements of the active-
front-end network is formulated. Furthermore, an APD-integrated RSCFSI (APDRSCFSI)
is introduced as a solution that deflects the aforementioned low-frequency ripple energy to
an auxiliary capacitor without adding more active switches. As a result, the inverter can
employ smaller passive elements. In addition, the EBC-PWM strategy is also extended for
APDRSCEFSI. As a result, the dc-ac voltage gain of the APDRSCFSI is improved, and the
voltage stresses of the switches are reduced. A comparative analysis of the RSCFSI with the
APDRSCEFSI is also presented. A closed-loop control technique that combines output voltage
control and APD functionality is also illustrated. The APDRSCFSI is validated to illustrate
the advantages with the help of experimental results.

In Chapter 5, the concluding remarks of the thesis are presented. Based on the concluding

remarks, the future scopes of research are proposed.

1.8 CONCLUDING REMARKS

This chapter provides the background information on the thesis, as well as a comprehensive
review of the single-phase AFE-ISIs. Further, a discussion of the inherent low-frequency
ripple problem of single-phase AFE-ISIs is presented. The motivation of this thesis is to
address the research gaps discovered in the literature survey about AFE-ISIs and the low-
frequency ripple problem associated with AFE-ISIs. A list of objectives is defined based on

the motivation. The organization of the thesis is provided at the end of this chapter.
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CHAPTER 2

SWITCHED BOOST INVERTER: ANALYSIS AND

MITIGATION OF LOW-FREQUENCY RIPPLE

2.1 INTRODUCTION

In Chapter 1, the drawbacks of the conventional VSI are explained, viz., lower peak ac
output voltage compared to dc input voltage, essential requirement of dead-time for prevention
of shoot-through in the legs of inverter bridge, etc. The Switched Boost Inverter (SBI) can
eliminate these drawbacks using its active-front-end network. The shoot-through zero states
are introduced into the inverter’s switching operation to boost the dc input voltage so that the
effective input voltage to the inverter bridge is higher. As a result, higher ac output voltage
can be achieved compared to conventional VSI. SBI can function with both dc and ac loads
simultaneously and shows superior electromagnetic interference (EMI) noise immunity and
more reliability. With the variation of shoot-through zero state duration, the ac output voltage
can be varied widely. In this chapter, the circuit diagram and the steady-state analysis of SBI
are presented.

Similar to a conventional single-phase VSI, the elements of the active-front-end network
of the single-phase SBI have to endure the low-frequency ripple power generated from the
ac load side. So, the capacitor voltage and inductor current of the active-front-end network
contain low-frequency ripple. As a result, the dc-link voltage contains low-frequency ripple,
which distorts the waveform of the output voltage. Furthermore, any single-phase SBI-
integrated system, viz., photovoltaic system, light-emitting diode (LED) lighting, fuel cell,
battery, etc., is affected due to low-frequency ripple. Therefore, this low-frequency ripple
should be mitigated or limited within an engineering tolerant range.

The solution to the inherent low-frequency ripple issue in single-phase SBI is not explored
in the literature. However, a lot of research has been carried out to solve this ripple problem

for VSI and impedance-source inverters. The low-frequency ripple analysis and mitigation
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of SBI and impedance-source inverters are not the same due to their topological differences.
However, since they share some similar operational features, the low-frequency ripple reduc-
tion techniques for impedance-source inverters may be extended for SBI with appropriate
modifications.

A common solution to reduce low-frequency ripple is to use bulky capacitor and inductor
in the active-front-end network. In this chapter, the ripple energy of SBI is analyzed, and
the amount of low-frequency ripple present in the active-front-end network parameters is
estimated. Based on the analysis, a selection procedure for the passive elements of the active-
front-end network is illustrated. However, the utilization of bulky passive elements leads to
increased volume, weight and cost affecting power density, efficiency, reliability and lifetime
of the system.

As a solution, active power decoupling (APD) topologies have been explored in the
literature. In the traditional single-phase converters, additional active energy storage networks
are connected in parallel to the dc-link to store the ripple energy, thereby, reducing size and
weight of passive elements in the active-front-end network. As APD topologies can entirely
eliminate low-frequency ripple power, it is highly effective for the single-phase SBI with
battery or fuel cells. Among the existing techniques, the independent APD networks generally
work independent of the inverter, which makes the control strategy much easier to implement.
In this chapter, three independent APD topologies are integrated with SBI to minimize the
passive elements of the active-front-end network. A comparison between three APD networks
is also presented, and the independent Boost-type is chosen for implementation in hardware,
because this topology can draw ripple current continuously and has higher auxiliary capacitor
voltage, which results in lower capacitance and less complexity.

The ripple energy analysis of boost-type APD-integrated SBI is performed to estimate
the amount of ripple to be diminished. The passive elements of the active-front-end network
and APD topology are selected based on this analysis. The magnitude of the low-frequency
ripple on capacitor voltage and inductor current is dependent on the load current. Also, the

voltage across the auxiliary capacitor is required to be regulated to prevent over-voltage, as the
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auxiliary capacitor stores the ripple energy. Therefore, to achieve these two objectives, closed-
loop control is employed. Two different types of current controllers, proportional-integral (PI)
and proportional-resonant (PR) controllers, are compared, and the PR current controller is
chosen due to its superior steady-state error accuracy in tracking ac signals [100]. With the
help of the small signal analysis of the APD topology, the parameters of the PR controller are
designed, and a study is presented in this chapter. In order to validate the theoretical analysis,
both single-phase SBI and boost-type APD-integrated SBI are fabricated in hardware. In the
prototype of the proposed system, the gate pulses for the APD topology and SBI switches, as
well as closed-loop control and PR controller, are implemented using TMS320F28335 digital
signal processor (DSP). A sine-triangle pulse width modulation-based technique described
in [20] is used for the gate-pulse generation of the SBI. Both the steady-state and transient
performance of the system are demonstrated in the experimental results.

This chapter is organized as follows: Section 2.2 focuses on single-phase SBI topology
and its steady-state analysis. In Section 2.3, the low-frequency ripple analysis and the design
of passive elements of the active-front-end network of SBI are illustrated. The mitigation of
the low-frequency ripple of SBI is explained in Section 2.4 with the help of APD integration.
In Section 2.5, the low-frequency ripple analysis of APD-integrated topologies are illustrated,
and a design procedure for passive elements of active-front-end network and APD topology
is also presented. Section 2.6 demonstrates the comparison between three APD-integrated
SBI topologies. In Section 2.7, a closed-loop control strategy for ripple current compensation
is described. The experimental studies are discussed in Section 2.8. Finally, Section 2.9

concludes this chapter with a summary.

2.2 STEADY-STATE ANALYSIS OF SBI

The circuit diagram of the single-phase SBI is shown in Fig. 2.1. In SBI, the active
switch S is essential to step up the dc input voltage (V,). Apart from V, and S, the dc-side
comprises of the input inductor (L), the dc-link capacitor (C') and two diodes (D, and Dy).

The four switches (S7.4) with anti-parallel diodes (D);_4) are responsible for the dc-ac power
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Fig. 2.1 Circuit diagram of a single-phase Switched Boost Inverter (SBI).

conversion. As shown in Fig. 2.1, the single-phase SBI utilizes the active-front-end network
to boost the input dc voltage by the additional shoot-through zero switching states. As a
result, higher ac output voltage can be achieved compared to classical VSI. SBI can function
with both dc and ac loads simultaneously and shows superior electromagnetic interference
(EMI) noise immunity and more reliability. With the variation of shoot-through zero state
duration, the ac output voltage can be varied widely. A resistance R, is connected across
capacitor C' as the dc load. In absence of R, a relatively large inductor L will be required to
maintain continuous conduction mode. The shoot-through duty ratio DD can be expressed as
D = Ty, /Ts, where Ty, is the total duration of the shoot-through time interval, and T is the
total switching time period.

For the circuit analysis of the single-phase SBI during shoot-through and nonshoot-
through intervals, it is assumed that the SBI consists of all ideal elements and is operating in a
continuous conduction mode. In the shoot-through interval, it is considered that the switches
are turned on simultaneously without any dead time, and the fundamental frequency (f) of
output ac voltage is much smaller than the switching frequency ( f,) of the inverter switches.

Fig. 2.2 shows two operational states of the SBI, i.e., shoot-through and nonshoot-through,

with respective equivalent circuits. In shoot-through, there are two modes, and in nonshoot-
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Fig. 2.2 Different states of operation of SBI: (a) shoot-through and (b) nonshoot-through.

Table 2.1 Switching states and inverter output voltage in different modes

State Mode | ON Elements OFF Elements | vgp
Shoot-through . S, 51, S 52, 53, Da, Dy | 0
2 S, S, S3 S1, S4, Dy, Dy 0
3 S1, 53, Dg, Dy So, Sy 0

Nonshoot- 4 Sy, S3, D, Dy S1, Sa U
-through 5 | Si,S4, D, Dy Sa, Ss e
6 Sa, S4, Dy, Dy S1, 53 0

through, there are four modes, based on the switching states of the active switches and diodes
as mentioned in Table 2.1.

During the shoot-through interval D - T, either one of the inverter legs is shorted simulta-
neously with the switch S. In mode-1, S, S; and S, are turned on together, and in mode-2, S,
Sy and S5 are turned on together. Note that SBI can also go into this state by tuning on all five
switches simultaneously. The diode D, is reverse-biased as a voltage of (V,, — v.) appears
across it, where v, is the dc-link capacitor voltage, and V/, is less than v.. Similarly, the other
diode Dy is reverse-biased as the dc capacitor C' appears across it. Thus, the mathematical

equations of the inverter in this interval can be written as:

ie(t) = —ip(t) — ige(t) (2.1)
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where vy, and 7, are the inductor voltage and current, respectively; ¢. is the capacitor current;

v; 1s the effective input voltage to the inverter; 74, is the current drawn by the dc load R..
During the nonshoot-through interval (1 — D) - T, the inverter is indicated by a current

source i;, because the SBI operates as a classical VSI. The switch S is turned off, and the

diodes are forward-biased. The mathematical equations in this time interval are obtained as:

vi(t) = Vg — ve(?)

ic(t) = ir(t) — 45(t) — iac(t) (2.2)

where 7; is the current drawn by the inverter in the nonshoot-through interval.

Applying small ripple approximation to (2.1) and (2.2), one can obtain

Ve, fo<t< DT
v (t) = (2.3)

Vg—Ve, D Ty <t <Tj

I if0<t<D-T,
io(t) = (2.4)

I, — 1 —Ie; DT, <t <1

where V., I, I;. and I; are the dc components of v, i1, 74. and 7;, respectively. In steady-state,
over one switching cycle, the average voltage across the inductor (vy),, and average current

through the capacitor (ic>TS should be zero. Thus, using volt-second balance, one can write
(r(@))g, =D Vet (1=D)-(Vy=Ve) =0. (2.5)

From (2.5), the average value of v, is determined as:

1-D
v — (1_2D> V, = By, 2.6)
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where B signifies the boost factor.

Similarly, using capacitor amp-second balance, one can obtain
(ic(t))p, =D (=1 — lae) —(1=D)- (I = I; = Ia.) = 0 2.7
From (2.7), the average value of i, is derived as:

1-D 1
Iy = (1 —2D> I+ (ﬁ) e (2.8)

2.3 LOW-FREQUENCY RIPPLE ANALYSIS OF SBI AND DESIGN OF

PASSIVE ELEMENTS OF ACTIVE-FRONT-END NETWORK

The elements of the active-front-end network of the single-phase SBI has to endure
the low-frequency ripple because of the power mismatch between the constant dc input
power and the pulsating power generated from the ac load side. As a result, the capacitor
voltage and inductor current of the active-front-end network contain low-frequency ripple.
In Subsection 2.3.1, a low-frequency ripple analysis is illustrated to estimate the amount of
the low-frequency ripple in the active-front-end network. In order to prevent distortion of
the SBI’s output voltage, this low-frequency ripple ought to be mitigated or at least limited
within an engineering tolerant range. Thus, a design procedure for the passive elements of the

active-front-end network is described in Subsection 2.3.2 to limit the low-frequency ripple.

2.3.1 Low-frequency ripple analysis of SBI

The output voltage and/or output current of single-phase SBI should be sinusoidal. The

expressions of sinusoidal output voltage (v,) and output current (¢,,) can be considered as

Uo(t) = V2V, sin w,t
2.9)

io(t) = V2, sin(wet — )

where w, 1s the fundamental frequency, and ¢ is the phase difference between v, and i,,.
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Therefore, the output power (p,) can be obtained as

Polt) = a(t) - io(t) = Voly cos  — VoI, cos(2wot — @) = Py + pl(t) (2.10)

which contains two components: the constant active power (F,) and the low-frequency ripple
power (p.). In Fig. 2.1, the input power is coming from the source is constant. In order
to balance the input and output power, the low-frequency ripple power must be supplied
by the capacitor C' and inductor L of the active-front-end network. This results in large
voltage ripple on the capacitor and large current ripple on the inductor of the active-front-end
network, which can be analyzed with the determination of the ripple energy of single-phase
SBI. Because p, mostly includes second harmonic (2w,) ripples, the low-frequency ripples
of the active-front-end network parameters primarily contain 2w, ripples. As a result, the
dc-link voltage has low-frequency ripples. The presence of low-frequency ripple on the
dc-link voltage distorts the output voltage.

For the computation of the total ripple power, the effect of the output filter inductor
(L) and the output filter capacitor (C';) should also be taken into account. Note that (' is
connected across the load as shown in Fig. 2.1. Thus, the voltage across C is the output

voltage v,. Therefore, the current through C' is

dv,(t
ics(t) = C; Udi ) _ V2w, CV, cos wot 2.11)
Thus, the power drawn by C'; is expressed as,
per(t) = vo(t) ~icruy = woCy V.2 sin 2w,t (2.12)

Similarly, from Fig. 2.1, it can be noticed that the current through L is

ing(t) = io(t) — ics(t) = V21, sin(wet — @) — V2w,C}V, cos wot (2.13)
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Therefore, the voltage across L is

dir¢(t
vr(t) = Lf%s) = \/§woLf[O cos(wot — ) — \/§szfo‘/:, sin w,t (2.14)

Thus, the power drawn by L is expressed as,

pry(t) = vrp(t) -ips(t)
= WL 12 sin(2wyt — 2¢) — W2LCp{w,C V.2 sin 2w,t — 2V, 1, cos(2w,t — )}

(2.15)

In (2.15), the second term can be ignored, because it is significantly smaller than the first term.

Therefore, (2.15) can be approximately written as
pri(t) & w,L 12 sin(2wet — 2¢) (2.16)
Thus, the total ripple power (p,.) becomes,

pe(t) = Pi.(t) 4+ prs(t) +poy(t)
= —V,1,c08(2w,t — ©) + WoL 12 sin(2w,t — 2¢) + w,Cy V.2 sin 2w,t (2.17)

= Ry sin(2w,t — )

where

Ry = \/(VOIO cosp 4+ woLpI2sin2¢)? + (w,CpV2 + woL 12 cos2¢p — V,1,sin p)?

V=t -1 Vol, cosp + woLffg sin 2
= tan
wWoC'tV2 4+ woLpl? cos2¢ — V,I,sin ¢

The ac modeling approach, as explained in [3], is applied to (2.1) and (2.2) to derive the

average over one switching cycle as follows:

LS a0}y, = Vy — (1 = 20(0)} - (w0
1 (2.18)
O 0y, = {1~ 20(0)} - (20, — 1~ dD)} - (0
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where (ir,(t)) 7., (ve(t)), and (i;(t)), are the average of iy, v. and i;, receptively, over one
switching period. It is assumed that the dc input voltage is purely dc. The dc load 1. is also
ignored. The small-signal perturbations are considered for the rest of the parameters around

their respective average values and are represented by ‘~’ above these variables as follows:

(in(t)) g, = I +in(t);

(ve(®)) g, = Ve + 0c(t); (2.19)
<ii(t)>TS =1+ iz(t>
Note that the objective here is to derive a relationship between i, 0, and 7;, Hence, the

shoot-through duty ratio is also taken as constant so that d(¢) = D. Thus, (2.18) is perturbed

and linearized to construct the small-signal equations of SBI as

Lol ()} =V, — (1~ 2D) - (Vi + (1)
(2.20)

OV + ()} = (1=2D) - {Io +i5(0)} — (1~ D) - {1 + (1))

Equating the first order ac terms on both sides, the dynamic equations are obtained as

dgL(t) -
Ld~dt = —(1—=2D) - 0.(t) 01
Ml _ (1~ 2p) 3y - (1~ D))

Using Laplace transform, (2.21) is taken into s-domain, and is presented as

sLip(s) = —(1 —2D) - 0.(s)

(2.22)
sC.(s) = (1 —2D) -ig(s) — (1 — D)ig(s).
Solving (2.22), the relationship among 1;, U. and 7;, in s-domain is obtained as
~ - SL(l - D) ~
e =" epprere i (2.23)
-, (1-D)(1-2D) - '

is) = A opye g e i)
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At frequency 2w,, from (2.23) one can obtain

. Jj2w,L(1 — D) ~
c 2 o) — — 7 2 o
Ueli2w0) = ~ T 5 —gere U%) 2
) Wy) = * 1] 4Wo
L (1-2D)2 —dw2LC "V
which can be rewritten using phasor notations as
— Jj2w,L(1 — D) =
Ve2w, = — © 2w
’ (1-2D)2 — 4w2LC ’ (2.25)
= (1-D)(1-2D) = ’

Lo = (19D — 402LC 1R

= = ~ -
where %; 9., , Ucow, and iy o, are the second harmonic ripples of i;, 0. and i, respectively,

expressed using phasor notations.
During the shoot-through interval, power is not transferred from input to output of the
inverter, and the current drawn by the inverter ¢; is also zero. So, the power is coming from the

dc side only in the nonshoot-through interval and is equal to the output power p, as follows
pi(t) = (1 = D) - vi(t) - 1:(t) = po(?) (2.26)
which can be expanded with respective low-frequency ripples as follows
(1= D) - {Ve+0e(t)} - {Li + :(t)} = P +p,(t) (2.27)
In (2.27), equating the dc parts on both sides, one can obtain
(1-D)-Vo-I; =P, (2.28)
The fundamental component of the voltage across the terminals a-b can be expressed as

Vap1 (1) = Uo(t) +vpp(t) = Apsin(wot + ) (2.29)
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where

Ar = 1/2{(V, + wo L1, sin p)? + (w,L 1, cos p)?
f f

— tan’! woL I, cos ¢ (2.30)
o V, + woL I, sin g
Also, the peak fundamental output ac voltage is
Bt = M -V, = A, (2.31)

where M is the modulation index of the inverter. Using (2.10) and (2.31) in (2.28), the average

value of ¢; is obtained as

Vi, M
I SR 2.32
- D A$COSSO (2.32)

In (2.29), vy can be ignored as it is much smaller than v, so that one can approximately

obtain the following

Vap1 () = U,(1) (2.33)
and (2.31) is approximated as
V2V,
c= 2.34
Ve=—/ (2.34)
So, (2.32) is approximated as
MI
I~ ——2—cosy (2.35)
V2(1 - D)

In (2.27), taking only the low-frequency ripple part and assuming V, >> v., one can write
(1—D) V.- ii(t) = p,(t) (2.36)
Therefore, the expression of 1; can be derived as
~ MI,

i;(t) = —m cos(2w,t — ) (2.37)
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which can be expressed using phasor notations as

= MI,
et 2.38

Thus, (2.25) and (2.38) and are solved to obtain low-frequency part of ¢;, and v,, i.e., i; and

U, respectively, as follows

— V2w, LMI,
sk, b= Z(90°
Vezae = Goare— 1 —2py <00 T4 239
= (1-2D)M1I, '
daer — -
b2 = PlaLC — (1—2D7 " ¥
which can be rewritten in time-domain as follows:
V2w,LM]I,
Ue(t) = in(2w,t —
%lt) = Grcez — (= 2p)7 Sn(2wet —¥) (2.40)
~ (1-2D)M]I, '
in(t) = cos(2w,t — )

V2[4LCw? — (1 — 2D)?]

It is clear from (2.40), both L and C need to be very large in order to maintain smaller

values of v, and 7.

2.3.2 Design of passive elements of the active-front-end network of SBI

The passive components in the active-front-end network are chosen in such a manner so
that both high- and low-frequency ripple are limited within a specified tolerant range. Thus,

(2.1) can be approximated as

Aig,
L =V,
DT,
Av,

DT

(2.41)
C

= | = I
Using (2.6) in (2.41), the capacitor requirement for the mitigation of high-frequency ripple is

DT ;M1 ,cosp
>
V2a(1 — D)V,

(2.42)
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where « is the preferred allowance of high-frequency ripples of v, as follows:

Av
a > =

x 100% (2.43)

[

Similarly, the required inductor to restrict the high-frequency current ripple is obtained as

- V2D(1 - D)T,V,

L 2.44
, bM I,cosp (244)
where 0 is the preferred allowance of high-frequency ripple of ¢;, as follows:
Aj
b> =L x 100% (2.45)
Iy,

However, these values of capacitor and inductor may not be sufficient for mitigation of
low-frequency ripple within required limit. The peak-to-peak low-frequency ripple of the

capacitor voltage v, 1s

(5.)0 = 25, = 2/ 2w, LMI,
e ¢ [4LCw? — (1 — 2D)?]

(2.46)

Similarly, the peak-to-peak low-frequency ripple of the inductor current 77, can be expressed

as
2 2(1 — 2D)M],

i) pp — i VAL — (L= 2D (2.47)

Let x be the desired low-frequency ripples of v, as follows:

>21}c
x
- W

x 100% (2.48)

Similarly, let y be the desired low-frequency ripple of i, as follows:

~

)
y > ILLL x 100% (2.49)
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Table 2.2 Simulation parameters and component values

Parameter/Component Attributes
Input voltage (V) 100V
Modulation index (M) 0.5
Shoot-through duty ratio (D) 0.4
Fundamental frequency (f,) 50 Hz
Inverter switching frequency (f;) 10 kHz
Inductor (L) 2.75 mH
DC-link capacitor (C') 100 pF
DC Load (Rg.) 400 ©, 250 W
Output filter inductor (L) 1 mH
Output filter capacitor (C'y) 11 yF
AC Load (R,) 36 €2, 250 W

Thus, the minimum capacitor requirement for limiting low-frequency ripple using the selected

inductor value in (2.44) is obtained as

(1-2D)M]I, (1-2D)?
o ﬂwwo(l — D)V, 4w2L

(2.50)

In order to mitigate both high- and low-frequency ripple, the capacitor must be chosen larger
than both the values of C' obtained in (2.42) and (2.50). Based on the value of chosen capacitor,
y needs to be calculated again to check whether it matches ripple limit.

2(1 — 2D)?

ALCw? — (1 —2D)?] cos 2.51)

yZ[

If it is not within limit, a larger inductor is selected and capacitor value is again calculated.
This procedure is continued until all ripples are within tolerance limit.

In this work, taking = = 2.5%, C' is chosen as 570 pF, and considering y = 25%, L is
selected as 2.75 mH. The design of passive elements is verified in simulation with parameters
given in Table 2.2. The simulation results are shown in Fig. 2.3, where the waveforms of the
dc-link capacitor voltage v, the inductor current i, of active-front-end network, the output
voltage v, and the output current ¢, are plotted. The peak-to-peak ripple of v, is found to
be 6 V, and the average value of v, is observed to be 300 V. Thus, the calculated value of z

= 2%. Similarly, the peak-to-peak ripple of iy, is found to be 2 A, and the average value of
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Fig. 2.3 Simulation results of single-phase SBI to verify the design of passive elements. v.: dc-link capacitor
voltage, i1, inductor current of active-front-end network, v,: output voltage and ¢,,: output current.
i1, is observed to be 9 A. Therefore, the calculated value of y = 22.2%. Note that the peak
amplitude of v, is 150 V, and the peak amplitude of ¢, is 4 A. So, it can be concluded that the
designed values of passive elements of the active-front-end network can satisfactorily restrict

the low-frequency ripples below desired limitations.

2.4 LOW-FREQUENCY RIPPLE MITIGATION IN SBI

As discussed in Chapter 1, the integration of APD and ISIs are found in literature, in which
the independent APD networks are connected across the dc-link to suppress the low-frequency
ripple [77-90]. The same connection can be used for SBI, and the general circuit diagram
of an APD-integrated SBI topology can be derived as shown in Fig. 2.4. Alternatively, the
independent APD networks can be connected across the dc-link capacitor to suppress the

low-frequency ripple as shown in Fig. 2.5. Three most common independent APD topologies,
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Fig. 2.4 Circuit diagram of a single-phase SBI with APD networks connected across the dc-link.
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Fig. 2.5 Circuit diagram of a single-phase SBI with APD networks connected across the dc-link capacitor.

namely buck, boost and buck-boost-type are illustrated in Fig. 2.6. Any of these APD
topologies can be integrated with the single-phase SBI in accordance with the circuit diagrams
shown in Fig. 2.4 and 2.5. All of these topologies comprise of two switches ()1, (J2), one
auxiliary capacitor (C) for the storage of low-frequency ripple energy and one auxiliary
inductor (L,) for facilitation of low-frequency ripple energy transfer from C to C. Note that
L, does not store any energy over a switching cycle. Depending on the value of the ripple
current 7,, the amount of ripple reduction in the capacitor voltage and inductor current of the
active-front-end network is determined.

However, the connection of the APD network across the dc-link in any ISI and AFE-ISI
topology has a considerable issue arising from the APD operation during shoot-through state,
and this behavior is also observed in APD-integrated SBI. During shoot-through state, the dc-

link voltage becomes zero in SBI, because any one of the inverter leg is shorted. Consequently,
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Fig. 2.6 Different types of APD networks: (a) buck, (b) boost and (c) buck-boost.

the APD network is also shorted during shoot-through state of the SBI. This is explained
for each of the buck, boost and buck-boost APD networks in the following with the help of
equivalent circuit diagrams. Since the connection of the APD network across the dc-link in
SBI possesses unintentional issues in different ways in all three APD topologies owing to the
shoot-through state of the SBI, the low-frequency ripple reduction functionality of the APD
networks is significantly hampered. To prevent this, in this chapter, the APD networks are
connected across the dc-link capacitor C' instead of the dc-link as shown in Fig. 2.5. In the
following sections, both connections are explored for all three APD topologies to explain the

benefit of connecting the APD network across the dc-link capacitor instead of the dc-link.

2.4.1 Buck-type APD

As the name suggests, the auxiliary capacitor voltage v., in this APD topology is main-

tained to be lower than the capacitor voltage v..

A) Buck-type APD network connected across the dc-link

The circuit diagram of the single-phase SBI with buck-type APD network connected
across the dc-link is illustrated in Fig. 2.7. The equivalent circuit diagrams in different
operational modes are shown in Fig. 2.8.

Mode-1: As shown in Fig. 2.8(a), in this mode, (), is turned on and ()5 is turned off, while
the SBI is in shoot-through state. The auxiliary inductor L is discharged, and the auxiliary

capacitor C; are charged by L. The APD operation becomes hampered in this mode, because
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Fig. 2.7 Circuit diagram of SBI with buck-type APD connected across the dc-link.

one of the inverter leg is shorted. As the APD functionality becomes dependent on the inverter
in this mode, this is an undesired mode of operation.

Mode-2: In this mode, ), turned off and ()5 is turned on, L, is discharged and Cj is
charged by L, as observed in Fig. 2.8(b). Although the SBI is in shoot-through state, the APD
network is disconnected from the inverter in this mode. Therefore, the APD functionality
remains independent of the inverter.

Mode-3: This mode is similar to the operation of APD when it is connected across the
dc-link of a conventional VSI, because the SBI operates in the nonshoot-through state. In
this mode, C' charges both L, and C'; by turning on the switch ()1, as shown in Fig. 2.8(c).
In this mode, the ripple energy of C'is transferred to L, and Cy. As L, is not utilized as a
ripple energy storage device over a switching period, the energy stored by L, in this mode is
discharged in modes 1, 2 and 4. In this mode, the APD functionality remains independent
of the inverter, because the ripple energy of C' is only transferred without affecting the
steady-state operation.

Mode-4: Similar to mode-2, in this mode, (), turned off and (), is turned on, L, is
discharged and C is charged by L;. The SBI operates in nonshoot-through, but the APD
network is disconnected from the inverter in this mode, as observed in Fig. 2.8(d). Therefore,
the APD functionality remains independent of the inverter.

The undesired mode of operation is also verified in simulation with the parameters given in

Table 2.2. The auxiliary inductor L, is taken as 1 mH, and the auxiliary capacitor C's is chosen
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Fig. 2.8 Different modes of operation of single-phase SBI with buck-type APD network connected across the
dc-link: (a) mode-1: SBI is in shoot-through state, )1 is on; (b) mode-2: SBI is in shoot-through state, )5 is on;
(c) mode-3: SBI is in nonshoot-through state, (); is on; (d) mode-4: SBI is in nonshoot-through state, ()5 is on.
as 220 uF. The APD switching frequency is 20 kHz. The simulation results are shown in Fig.
2.9. The auxiliary inductor voltage v, ,, the auxiliary inductor current iy, the gate signals
of the switches S, ()1 and ()2, i.e., Gs, Gg1 and G, respectively, are plotted in Fig. 2.9(a).
It is observed that during shoot-through state, when G's and G'; are high simultaneously,
i1s has a negative slope, which indicates the discharging of L. In the nonshoot-through
state, when G'g is low, and G g, is high, i1, has a positive slope, which shows the charging
of L,. Therefore, the charging of L; is facilitated by turning on of the switch ();. But this
is interrupted, when S turns on, impacting the transfer of the ripple energy from C' to Cj.
Irrespective of the shoot-through or nonshoot-through state of SBI, when G, is high, L; is
discharged as indicated by the negative slope of 7.

In Fig. 2.9(b), the waveforms of the dc-link capacitor voltage v., the active-front-end

network inductor current 77, and the auxiliary capacitor voltage v., are plotted. The average
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Fig. 2.9 Simulation results of single-phase SBI with buck-type APD connected across the dc-link.

value of v, 1s 296 V, and the average value of v.s is 120 V, which indicates the APD functions
in buck-mode. The peak-to-peak ripple of v. is 12 V, and the peak-to-peak ripple of ¢, is 4
A. The amount of ripple can be reduced further if the APD network is connected across the

dc-link capacitor.

B) Buck-type APD network connected across the dc-link capacitor

The circuit diagram of the single-phase SBI with buck-type APD network connected
across the dc-link capacitor (' is illustrated in Fig. 2.10. The equivalent diagrams are shown
in Fig. 2.11. The main advantage of connecting the buck-type APD network across the dc-link
capacitor is that the undesired mode-1 of the buck-type APD network connected across the
dc-link is avoided.

As shown in Fig. 2.11, the SBI is in shoot-through state in modes 1 and 2, and is in
nonshoot-through state in modes 3 and 4. However, the state of the inverter does not impact
the APD functionality. In modes 1 and 3, when (), is turned on, and ()5 is turned off, both

auxiliary inductor L and the dc-link capacitor C' charge the auxiliary capacitor C'. Thus, the
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Fig. 2.10 Circuit diagram of SBI with buck-type APD connected across the dc-link capacitor.

ripple energy is deflected from C' and gets stored in C. So, C is the ripple energy storage
device. Note that the ripple current ¢, is same as the auxiliary inductor current i;, and the
auxiliary capacitor current 7.;. Therefore, the mathematical equations during this time interval

can be obtained as:

vps(t) = ve(t) — ves(t)
Ges(t) = ips(t) (2.52)

ir(t) = is(t)

In modes 2 and 4, when (), is turned off, and (- is turned on, the auxiliary capacitor C
is charged by the auxiliary inductor L. In these modes, L transfers the energy stored in the
modes 1 and 3 to C. Thus, the ripple energy is transferred from C to C via L. Here, L; is
not used as a energy storage device in buck-type APD, and it is only employed to transfer the
ripple energy from C' to C;. Therefore, the mathematical equations during this time interval

are expressed as:

es(t) = ip4(t) (2.53)
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Fig. 2.11 Different modes of operation of single-phase SBI with buck-type APD network connected across the
de-link capacitor: (a) mode-1: SBI is in shoot-through state, Q1 is on; (b) mode-2: SBI is in shoot-through state,

()2 is on; (c) mode-3: SBI is in nonshoot-through state, ()1 is on; (d) mode-4: SBI is in nonshoot-through state
and ()5 is on.

During shoot-through, the analytical equations are given in (2.1), which is modified as:

ie(t) = —ip(t) — ige(t) — ips(t) (2.54)

During nonshoot-through, the analytical equations are given in (2.2), which is modified as:

vr(t) =V — ve(t)
ie(t) = ip(t) —ii(t) — ige(t) — ips(t) (2.55)

v;(t) = v.(t)
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Fig. 2.12 Simulation results of single-phase SBI with buck-type APD network connected across the dc-link
capacitor.

However, (2.54) is valid in mode-1, and (2.55) is valid in mode-3 of buck-type APD-integrated
SBI. In modes 2 and 4, (2.1) and (2.2) are valid, because turning off the switch ), disconnects
the APD network from the SBI.

The theoretical analysis is verified in simulation with the parameters given in Table 2.2.
The auxiliary inductor L, is taken as 1 mH, and the auxiliary capacitor C is chosen as 220
UF. The APD switching frequency is 20 kHz. The simulation results are shown in Fig. 2.12.
The auxiliary inductor voltage v, s, the auxiliary inductor current 75, the gate signals of the
switches S, @1 and ()9, i.e., Gs, Gg1 and Go, respectively, are plotted in Fig. 2.12(a). It is
observed when G, is high, and G is low, L is charged as the slope of i, is positive. The
approximate voltage across L is 100 V, which is equal to (v, — v.,). Similarly, when G
is low, and Gy is high, L, is discharged as the slope of i, is negative. The approximate
voltage across L, is —200 V, which is equal to —v.,. When G5 becomes high, both charging
and discharging of L, remains unaffected by the shoot-through state, unlike the buck-type

APD network connected across the dc-link as shown in Fig. 2.9(a).
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Fig. 2.13 Circuit diagram of SBI with boost-type APD connected across the dc-link.

In Fig. 2.12(b), the waveforms of the dc-link capacitor voltage v., the active-front-end
network inductor current ¢;, and the auxiliary capacitor voltage v, are plotted. The average
value of v, is 296 V, and the average value of v is 205 V, which indicates the APD functions
in buck-mode. The peak-to-peak ripple of v, is 6 V, and the peak-to-peak ripple of iy, is 3
A, which suggests the amount of ripple is reduced compared to the buck-type APD network

connected across the dc-link as shown in Fig. 2.9(b).

2.4.2 Boost-type APD

As the name suggests, the auxiliary capacitor voltage v.s is maintained above the dc-link

capacitor voltage v, in this APD topology.

A) Boost-type APD network connected across the dc-link

The circuit diagram of the single-phase SBI with boost-type APD network connected
across the dc-link is illustrated in Fig. 2.13. The equivalent circuit diagrams of different
operational modes are shown in Fig. 2.14.

Mode-1: As shown in Fig. 2.14(a), in this mode, (), is turned on and (- is turned off,
while the SBI is in shoot-through state. The auxiliary inductor L; is shorted, and the auxiliary
capacitor C is open-circuited. So, both L, and Cj are neither charged nor discharged in this

mode. Thus, the APD network does not function as intended in this mode, because one of the
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Fig. 2.14 Different modes of operation of single-phase SBI with boost-type APD network connected across the
dc-link: (a) mode-1: SBI is in shoot-through state, )1 is on; (b) mode-2: SBI is in shoot-through state, )5 is on;
(c) mode-3: SBI is in nonshoot-through state, (); is on; (d) mode-4: SBI is in nonshoot-through state, ()5 is on.
inverter leg is shorted. Since the APD functionality becomes dependent on the inverter in this
mode, this is an undesired mode of operation.

Mode-2: In this mode, (), turned off and ()5 is turned on, L, is discharged and Cj is
charged by L, as observed in Fig. 2.14(b). As the SBI is in shoot-through state, the APD
network goes into this mode. Therefore, the APD functionality remains dependent of the
inverter, similar to mode-1. Hence, this is also an undesired mode of operation. This indicates
during the complete shoot-through interval, the APD network cannot function as intended.

Mode-3: This mode is similar to the operation of APD when it is connected across the
dc-link of a conventional VSI, because the SBI operates in the nonshoot-through state. In this
mode, C' charges L, by turning on the switch ()1, as shown in Fig. 2.14(c). In this mode, the
ripple energy of C'is transferred to L. As L, is not utilized as a ripple energy storage device

over a switching period, the energy stored by L, in this mode is discharged to C's in mode-4.
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Fig. 2.15 Simulation results of single-phase SBI with boost-type APD connected across the dc-link.

In this mode, the APD functionality remains independent of the inverter, because the ripple
energy of C' is only transferred without affecting the steady-state operation.

Mode-4: Similar to mode-3, the SBI operates in nonshoot-through. The ripple energy of
C' is deflected to (s as it is charged by both C' and L, as observed in Fig. 2.14(d). Similar to
mode-3, the APD functionality also remains independent of the inverter in this mode, because
the ripple energy of C'is only transferred without affecting the steady-state operation.

The undesired modes of operation are also verified in simulation with the parameters
given in Table 2.2. The auxiliary inductor L; is taken as 1 mH, and the auxiliary capacitor
C is chosen as 220 pyF. The APD switching frequency is 20 kHz. The simulation results
are shown in Fig. 2.15. The auxiliary inductor voltage v ,, the auxiliary inductor current
i1s, the gate signals of the switches S, ; and ()9, i.e., Gg, Gg1 and Gy, respectively, are
plotted in Fig. 2.15(a). It is observed that during shoot-through state, when G and G are
high simultaneously, vy is zero, and the slope of 77 does not change, indicating that L; is

neither charged nor discharged. Conventionally, in boost-type APD, (), is turned on to charge
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Fig. 2.16 Circuit diagram of SBI with boost-type APD connected across the dc-link capacitor.

L with the deflected ripple energy of C'. But the shoot-through state of SBI interrupts the
charging of L indicating that the operation of APD is impacted by the inverter operation.

Similarly, when G's and G are high, L, is discharged, as iy has a negative slope.
Conventionally, in boost-type APD, () is turned on to facilitate the charging of C; by both
C and L,. However, due to the interruptions caused by the shoot-through states, v, actually
could not boosted. A lower v, results in charging of L, when ()5 is turned on. Thus, the APD
fails to function as intended owing to interaction with the shoot-through state of SBI.

In Fig. 2.15(b), the waveforms of the dc-link capacitor voltage v., the active-front-end
network inductor current ¢;, and the auxiliary capacitor voltage v, are plotted. The average
value of v, is 296 V, and the average value of v, is 222 V, which indicates the APD actually
functions in buck-mode instead of operating in the boost-mode, because of the interruptions
caused by the shoot-through states of SBI. The peak-to-peak ripple of v, is 10 V, and the peak-
to-peak ripple of 7y, is 3.5 A. The amount of ripple can be reduced further if the boost-type

APD network is connected across the dc-link capacitor.

B) Boost-type APD network connected across the dc-link capacitor

The circuit diagram of the single-phase SBI with boost-type APD network connected
across the dc-link capacitor C'is illustrated in Fig. 2.16. As shown in Fig. 2.17, the SBI is

in shoot-through state in modes 1 and 2, and is in nonshoot-through state in modes 3 and 4.
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Fig. 2.17 Different modes of operation of single-phase SBI with boost-type APD network connected across the
de-link capacitor: (a) mode-1: SBI is in shoot-through state, Q1 is on; (b) mode-2: SBI is in shoot-through state,
Q)2 is on; (c) mode-3: SBI is in nonshoot-through state, (), is on; (d) mode-4: SBI is in nonshoot-through state,

Q2 is on.

However, the state of the inverter does not impact the APD functionality. In modes 1 and
3, when () is turned on, and (), is turned off, L is charged by C'. Hence, i, is same as 7.
Note that i.; becomes zero indicating no change in the voltage across C. The ripple energy

is stored in L in this interval. So, the mathematical equations are obtained as:

vrs(t) = ve(t)

ies(t) = 0 (2.56)

in(t) = ips(t)

In modes 2 and 4, when (), is turned off, and ()5 is turned on, C is charged by both C

and L, which indicates ripple energy discharge of L stored from C' during previous interval.
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Here, 7, is same as iy, and i.s. Thus, the ripple energy is deflected from C' to C; and is stored
in C, while L does not store any energy over a complete switching period. The mathematical

equations during this time interval are written as:

vs(t) = ve(t) — ves(t)
ies(t) = ips(t) (2.57)

Z.'r’ (t) = iLs (t)

During shoot-through, the analytical equations are given in (2.1), which is modified as:

ie(t) = =i (t) = dac(t) — iLs(t) (2.58)

During nonshoot-through, the analytical equations are given in (2.2), which is modified as:

v (t) = Vg — ve(?)
ie(t) = ip(t) —ii(t) —ige(t) —ips(t) (2.59)

v (t) = ve(t)

Note that (2.58) is valid for modes 1 and 2 of boost-type APD-integrated SBI. Similarly, for
modes 3 and 4, (2.59) is valid.

The theoretical analysis is verified in simulation with the parameters given in Table 2.2.
The auxiliary inductor L, is taken as 1 mH, and the auxiliary capacitor C is chosen as 220
uF. The APD switching frequency is 20 kHz. The simulation results are shown in Fig. 2.18.
The auxiliary inductor voltage v, s, the auxiliary inductor current 7,5, the gate signals of the
switches S, 1 and Qo, i.e., G g, G1 and G 9, respectively, are plotted in Fig. 2.18(a). It is
observed when G, is high, and G is low, L, is charged as the slope of i is positive. The
approximate voltage across L, is 300 V, which is equal to v.. Similarly, when G, is low, and

G2 1s high, L, is discharged as the slope of ¢, is negative. The approximate voltage across
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Fig. 2.18 Simulation results of single-phase SBI with boost-type APD connected across the dec-link capacitor.

L, is —100 V, which is equal to (v, — v.s). Since v, is more than v, in boost-type APD, v
becomes negative in this case. When GG g becomes high, both charging and discharging of L,
remains unaffected by the shoot-through state, unlike the boost-type APD network connected
across the dc-link as shown in Fig. 2.15(a).

In Fig. 2.18(b), the waveforms of the dc-link capacitor voltage v., the active-front-end
network inductor current ¢;, and the auxiliary capacitor voltage v, are plotted. The average
value of v, 1s 296 V, and the average value of v.s is 372 V, which indicates the APD functions
in boost-mode. The peak-to-peak ripple of v, is 3.5 V, and the peak-to-peak ripple of 7, is 3
A, which suggests the amount of ripple is reduced compared to the boost-type APD network

connected across the dc-link as shown in Fig. 2.15(b).

2.4.3 Buck-boost-type APD

As the name suggests, the auxiliary capacitor voltage v.s can be maintained above or
below the dc-link capacitor voltage v., depending on the duty ratio of the switch ()1, in this

APD topology.
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i

Fig. 2.19 Circuit diagram of SBI with buck-boost-type APD connected across the dc-link.

A) Buck-boost-type APD network connected across the dc-link

The circuit diagram of the single-phase SBI with buck-boost-type APD network connected
across the dc-link is illustrated in Fig. 2.19. The equivalent circuit diagrams of different
operational modes are shown in Fig. 2.20.

Mode-1: As shown in Fig. 2.20(a), in this mode, (), is turned on and () is turned off,
while the SBI is in shoot-through state. The auxiliary inductor L, is shorted, and the auxiliary
capacitor C is open-circuited. So, both L, and C are neither charged nor discharged in this
mode. Thus, the APD network does not function as intended in this mode, because one of the
inverter leg is shorted. Since the APD functionality becomes dependent on the inverter in this
mode, this is an undesired mode of operation.

Mode-2: In this mode, (), turned off and ()5 is turned on, L, is discharged and Cj is
charged by L, as observed in Fig. 2.20(b). Although the SBI is in shoot-through state, the
APD network is disconnected from the inverter in this mode. Therefore, the APD functionality
remains independent of the inverter.

Mode-3: This mode is similar to the operation of APD when it is connected across the
dc-link of a conventional VSI, because the SBI operates in the nonshoot-through state. In this
mode, C' charges L, by turning on the switch ()1, as shown in Fig. 2.20(c). In this mode, the
ripple energy of C'is transferred to L. As L, is not utilized as a ripple energy storage device

over a switching period, the energy stored by L, in this mode is discharged to C'; in modes 2
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Fig. 2.20 Different modes of operation of single-phase SBI with buck-boost-type APD network connected across
dc-link: (a) mode-1: SBI is in shoot-through state, ()1 is on; (b) mode-2: SBI is in shoot-through state, Q)5 is on;
(c) mode-3: SBI is in nonshoot-through state, ); is on; (d) mode-4: SBI is in nonshoot-through state, ()5 is on.
and 4. In this mode, the APD functionality remains independent of the inverter, because the
ripple energy of C'is only transferred without affecting the steady-state operation.

Mode-4: Similar to mode-2, in this mode, (), turned off and (), is turned on, L, is
discharged and C is charged by L;. The SBI operates in nonshoot-through, but the APD
network is disconnected from the inverter in this mode, as observed in Fig. 2.20(d). Therefore,
the APD functionality remains independent of the inverter.

The undesired modes of operation are also verified in simulation with the parameters
given in Table 2.2. The auxiliary inductor L, is taken as 1.5 mH, and the auxiliary capacitor
(s is chosen as 220 pyF. The APD switching frequency is 20 kHz. The simulation results
are shown in Fig. 2.21. The auxiliary inductor voltage vy, the auxiliary inductor current
i1s, the gate signals of the switches S, 1 and ()9, i.e., Gg, Gg1 and G, respectively, are

plotted in Fig. 2.21(a). It is observed that during shoot-through state, when G and G, are
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Fig. 2.21 Simulation results of single-phase SBI with buck-boost-type APD connected across the dc-link.

high simultaneously, vy is zero, and the slope of i1 does not change, indicating that L; is
neither charged nor discharged. Conventionally, in boost-type APD, @), is turned on to charge
L, with the deflected ripple energy of C'. But the shoot-through state of SBI interrupts the
charging of L, indicating that the operation of APD is impacted by the inverter operation.
Similarly, when G's and G are high, L, is discharged, as iy has a negative slope.
Conventionally, in boost-type APD, () is turned on to facilitate the charging of C; by both
C and L,. However, due to the interruptions caused by the shoot-through states, v, actually
could not be boosted. A lower v, results in charging of L, when () is turned on. Thus, the
APD fails to function as intended owing to interaction with the shoot-through state of SBI.
In Fig. 2.21(b), the waveforms of the dc-link capacitor voltage v., the active-front-end
network inductor current ¢;, and the auxiliary capacitor voltage v, are plotted. The average
value of v, 1s 296 V, and the average value of v s is 120 V, which indicates the APD functions
in buck-mode, because of the interruptions caused by the shoot-through states of SBI. As
the duty ratio of (); is taken as 0.55, the APD should have operated in boost-mode. The

peak-to-peak ripple of v, is 12 V, and the peak-to-peak ripple of i, is 4 A. The amount of
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Fig. 2.22 Circuit diagram of SBI with buck-boost-type APD connected across the dc-link capacitor.

ripple can be reduced further if the APD network is connected across the dc-link capacitor as

discussed in the following.

B) Buck-Boost-type APD network connected across the dc-link capacitor

The circuit diagram of the single-phase SBI with buck-boost-type APD network connected
across the dc-link capacitor C' is illustrated in Fig. 2.22. As shown in Fig. 2.17, the SBI is
in shoot-through state in modes 1 and 2, and is in nonshoot-through state in modes 3 and 4.
However, the state of the inverter does not impact the APD functionality. In modes 1 and 3,
when () is turned on, and ()5 is turned off, L, is charged by C', and i, is same as iy;. Since
ics 1S zero, there is no change in v.;. The mathematical equations during this time interval can

be obtained as:

vrs(t) = ve(t)
fealt) = 0 (2.60)
ir(t) = ips(t)
In modes 2 and 4, when () is turned off, and () is turned on, the auxiliary capacitor C
is charged by the auxiliary inductor L,. As () is turned off, the APD network is essentially

disconnected from SBI. In this interval, L transfers the ripple energy to C';, which was stored

from C' in the previous interval. Thus, the ripple energy is transferred from C' to C via L.
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Fig. 2.23 Different modes of operation of single-phase SBI with buck-boost-type APD network connected across
the dc-link capacitor: (a) mode-1: SBI is in shoot-through state, ()1 is on; (b) mode-2: SBI is in shoot-through
state, () is on; (¢) mode-3: SBI is in nonshoot-through state, ()1 is on; (d) mode-4: SBI is in nonshoot-through
state and ()5 is on.

Therefore, the mathematical equations in this time interval are obtained as:

vps(t) = —ves(t)

es(t) = izs(t) 2.61)

i(t) =0

During shoot-through, the analytical equations are given in (2.1), which is modified as:

(2.62)
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Fig. 2.24 Simulation results of single-phase SBI with buck-boost-type APD network connected across the dc-link
capacitor.

During nonshoot-through, the analytical equations are given in (2.2), which is modified as:

vr(t) = Vg — ve(t)

ie(t) = ir(t) — ds(t) — iac(t) — irs(t) (2.63)

However, (2.62) is valid in mode-1, and (2.63) is valid in mode-3 of buck-boost-type APD-
integrated SBI. In modes 2 and 4, (2.1) and (2.2) are valid, because turning off the switch ),
disconnects the APD network from the SBI.

The theoretical analysis is verified in simulation with the parameters given in Table 2.2.
The auxiliary inductor L is taken as 1.5 mH, and the auxiliary capacitor C is chosen as 220
uF. The APD switching frequency is 20 kHz. The simulation results are shown in Fig. 2.24.
The auxiliary inductor voltage v; s, the auxiliary inductor current 7y, the gate signals of the
switches S, 1 and ()9, i.e., Gs, Gg1 and Go, respectively, are plotted in Fig. 2.24(a). It is

observed when G, is high, and G is low, L, is charged as the slope of i is positive. The
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approximate voltage across L, is 300 V, which is equal to v.. Similarly, when G, is low,
and G is high, L, is discharged as the slope of i, is negative. The approximate voltage
across L is —365 V, which is equal to —v.,. When G becomes high, both charging and
discharging of L4 remains unaffected by the shoot-through state, unlike the buck-boost-type
APD network connected across the dc-link as shown in Fig. 2.21(a).

In Fig. 2.24(b), the waveforms of the dc-link capacitor voltage v., the active-front-end
network inductor current ¢;, and the auxiliary capacitor voltage v., are plotted. The average
value of v, is 296 V, and the average value of v is 365 V, which indicates the APD functions
in boost-mode. The peak-to-peak ripple of v. is 5 V, and the peak-to-peak ripple of i, is 2.75
A, which suggests the amount of ripple is reduced compared to the buck-boost-type APD

network connected across the dc-link as shown in Fig. 2.21(b).

2.5 LOW-FREQUENCY RIPPLE ANALYSIS AND DESIGN OF PASSIVE

ELEMENTS OF APD-INTEGRATED SBI

As discussed in Section 2.4, the connection of the APD network across the dc-link in
SBI possesses unintentional issues in different ways in all three APD topologies owing to the
shoot-through state of the SBI. Therefore, the low-frequency ripple reduction functionality of
the APD networks is significantly hampered. As a solution, the APD networks are connected
across the dc-link capacitor. In this section, the low-frequency ripple analysis of APD-
integrated SBI topologies is illustrated, considering the APD networks are connected across

the dc-link capacitor.

2.5.1 Low-frequency ripple analysis
A) With buck-type APD

Fig. 2.10 shows the circuit diagram of the single-phase SBI with buck-type APD network
connected across the dc-link capacitor. Similar to Section 2.3, the ac modeling approach is

also applied to (2.52) and (2.53) so that the small-signal equations of the APD network can
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be obtained as follows:

d ~ . -
LsE{ILS +irs(t)} = Do - {Ve+ 0.(t)} — {Vis + es(t) }
d -
Csa{vcs + Ues(t)} = Ips + 115(2) (2.64)
I +0,(t) = Dy - {Ips +ips(t)}
where the turn on duration of () is D, - T;. Here, D, is considered as constant. It is assumed
that the switching frequencies of the APD switches and the switch S are the same. Also, R

is not considered as it does not contribute to the low-frequency ripple. In steady-state, the

following expressions are obtained

‘/cs = Da : ‘/c
(2.65)
I, =D, Is=0
The dynamic equations of the APD network are found to be
dips(t
L, Ziﬁ( ) _ Dy 5u(t) = Ba(t)
dies(t) -
Cy———= = izt (2.66)
g el
ir(t) = Dy - ips(t)
Also, the dynamic equations of SBI from (2.21) are modified as
dir(t
8 ® - Zopy. g
; fﬁ@) (2.67)
O=E2 = (1=2D) iy (t) = (1 = D) - i4(t) = Dy iz (t)

Following the procedure presented in Section 2.3, 7;, and @, of the buck-type APD-integrated

SBI are derived as

in(t) = (1 = 2D)MI, cos(2w,t — )
V2[4LCwW? — (1 —2D)2 + k]
V2w,LMI,

[4LCw? — (1—2D)% + k]

(2.68)

5u(t) = sin(2w,t — )
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where
4w?LCyD?

ky = —o—5a_
"1 — 4w?L,C,

(2.69)

The auxiliary capacitor voltage ripple v is generally in phase with low-frequency ripple
component v, indicating transfer of ripple energy from C' to C;. The expression of 7.5 can be

written for buck-type APD topology as follows:

D,

Bes 1) = 1= 402L,Cy

Te(1). (2.70)

The ripple current i,, which is generally in phase with inductor current ripple i, is

expressed for buck-type APD topology as follows:

o WPLCD? .
in(t) = in(t) = ﬁ(f’_ ARG 2.71)

B) with boost-type APD

Fig. 2.16 shows the circuit diagram of the single-phase SBI with boost-type APD network
connected across the dc-link capacitor. The ac modeling approach is applied to (2.56) and

(2.57) so that the small-signal equations of the APD network can be obtained as follows:

d - . 4
LSE{ILS +irs(t)} = {Ve +0:(6)} — (1 — Da) - {Ves + 0es() }
d ~
CogpVer - 0ua(t)} = (1= D) - {Tz + ia(t)) @7
I +0,(t) = Ipg +ips(t)
Here, D, is considered as constant. It is assumed that the switching frequencies of the APD

switches and the switch S are the same. Also, 7. is not considered as it does not contribute

to the low-frequency ripple. In steady-state, the following expressions are obtained

1 =D, (2.73)
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The dynamic equations of the APD network are found to be

dlLS(t) . ~
L, ~dt = 0.(t) — (1 = D) - es(t)
Csd”;_st(t) = (1 = Dy) - irs(t) (2.74)

in(t) = ips(t).

Also, the dynamic equations of SBI from (2.21) are modified as

dig(t) N
7 - =—(1=2D) - %{1) 2.75)
o2 _ (1 _ap) Fyft) = (1 - D) - Ft) — a0

dt

Following the procedure presented in Section 2.3, i, and @, of the boost-type APD-integrated

SBI are derived as

ir(t) = 1 —2D)M1, cos(2w,t — )
V2[ALCW? — (1 — 2D)? + k] 2.76)
(t) = V2w,LMI, sin (2wt — ) '
YA T ULCw — (1= 2D kg e T ¥
where
2
by = 4w, LC, (2.77)

(1—D,)? —4w?L,C,

The auxiliary capacitor voltage ripple v., is generally in phase with low-frequency ripple
component ¥, indicating transfer of ripple energy from C' to C. The expression of 0.; can be
written for boost-type APD topology as follows:

D,
(1— D,)? — 4w2L,C,

Tes () = Te(t). (2.78)

The ripple current i,, which is generally in phase with inductor current ripple iy, is

expressed for boost-type APD topology as follows:

N 4w? LC, =
i () = 1,.(t) = VI = Do) — L. ir(t). (2.79)
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C) with buck-boost-type APD

Fig. 2.22 shows the circuit diagram of the single-phase SBI with buck-boost-type APD
network connected across the dc-link capacitor. Similar to Section 2.3, the ac modeling
approach is applied to (2.60) and (2.61) so that the small-signal equations of the APD network

can be obtained as follows:

d ~ . -
LSE{[LS +irs(t)} = Do - {Ve +0c(t)} — (1 = Da) - {Ves + Ues(8) }
d -
Oﬁ{vm + s (t)} = (1 — Dg) - {Ips +ips(t)} (2.80)
L +i.(t) = Dy - {115+ irs(t)}
Here, D, is considered as constant. It is assumed that the switching frequencies of the APD
switches and the switch S are the same. Also, the dc load R, is not considered, because

it does not contribute to the low-frequency ripple. Therefore, in steady-state, the following

expressions are obtained

(2.81)

The dynamic equations of the APD network are found to be

L dips(t)

= Do 0clt) = (1 = Da) - Tes (1)
diies (1)
dt

%T(t) =D, - %Ls@)'

C = (1 F Da) ’ st(t) (2.82)

Also, the dynamic equations of SBI from (2.21) are modified as

dig (t)
dt
di,(t)
dt

L

= —(1-2D) - &.(t)
(2.83)

e — (1-2D) Gy (t) = (1= D) - is(t) = Da-ins(t)
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Following the procedure presented in Section 2.3, i, and ¥, of the buck-boost-type APD-

integrated SBI are derived as

- (1—2D)MI,

() = cos(2w,t —
u() V2[4LCwW? — (1 — 2D)2 + k] ( ?) 84)
(t) = V2w, LM]I, (2t — ) '
Y T ULOw2 — (1— 2D + &y ¥
where
2 2
k= dwiLCD; (2.85)

(1= Da)? = 4w3LCs

The auxiliary capacitor voltage ripple v, is generally in phase with low-frequency ripple
component ¥, indicating transfer of ripple energy from C' to C'. The expression of 0., can be
written for buck-boost-type APD topology as follows:

Du(1—-D,)
(1— D,)? — 4w2L,C,

Tos(t) = Bo(t). (2.86)

The ripple current i,, which is generally in phase with inductor current ripple ., is

expressed for buck-boost-type APD topology as follows:

~ 402 LC,D? 4
.r - .r — N v a ) . 2.
(1) = i) = e e 1) 87

2.5.2 Design of passive elements

The auxiliary capacitor C can be selected based on the ripple energy of the dc-link
capacitor C. If ripple energy E, is assumed to be constant, it can be derived from low-

frequency ripple power, given in (2.17), as follows:

5o Peak-to-peak vale of p,

T

RO ~ Io\/‘/-o2 + (WoLf]o)2

2w, Wo Wo

(2.88)

Here, it is assumed that the output voltage v, and the output current 4,, given in (2.9), are
in phase, i.e., ¢ = 0. To design the auxiliary capacitor Cj, the ripple energy stored in C

corresponding to the allowable peak-to-peak voltage ripple of auxiliary capacitor is required,
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which is expressed as

1 1 1 A 1 A A
DPes = 5031}2 503/02 = _Cs(‘/cs +6cs)2 - 505(‘/05 - 603)2 = 031/03(2{)05) (289)

cs-Max cs-Min 9

where 0, is the peak value of v.s, as expressed for three different types of APD networks in

the following

For Buck: .. — D, V2w, LM,
T 4w2L,Cy [ALCw? — (1 —2D)? + ki
) D V2w, LM,
For Boost: 0,y = 7 : 1= 2D 20
OrBoost  te = T D 4BL,C; [ALCuE— (1=2DF k]
D,(1 - D,) V2w, LM,

For Buck-Boost: ﬁcs =

(1—D,)? — 4w2L,C; [ALCw? — (1 —2D)? + k]

This energy storage must be more than the total ripple energy (£,) expressed in (2.88).

Therefore, C, can be chosen as follows:

B Io\/V2 + (woLys1,)?

C, -
wo‘/cs(Qﬁcs)

2.91)

The auxiliary capacitor voltage V., and the corresponding peak-to-peak voltage ripple Qs
both have inverse relationship with C;, according to (2.91). Therefore, with the help of
controller tuning, more ripple can be allowed in C or higher V¢ can be selected, so that C
can be reduced.

It is clear that buck-type APD is ideal for devices with lower rating as voltage stress on
the switches and capacitor are minimum. However, this limits its capability to reduce the
ripple, because higher voltage can reduce more ripple as well as capacitor size. Therefore, in
boost-type APD or buck-boost-type APD in boost mode, by allowing higher voltage, smaller
capacitors can be employed due to more reduction in ripple.

Since the auxiliary inductor L, is not used as a ripple energy storage device, it does not
store any energy over a switching period. Therefore, the estimation of L, does not involve

the calculation of stored energy; instead, the allowable peak current through L, needs to be
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calculated. The peak auxiliary inductor current (i 1s) for different APD networks, considering

both low- and high-frequency ripples, are found to be:

~

For Buck: iy, = Z)—r + Aipg

For Boost: iy, = i, + Aiy, (2.92)

~

For Buck-Boost: i, = Z)—r + Aipg

where Aip is the high-frequency ripple component, expressed in the following for three

different types of APD networks as:

— D,T.
For Buck: Air, = (Ve = Vis) DaT

2L,
VoD, T
For Boost:  Air, = (2.93)
2L,
VeD, T,
For Buck-Boost:  Air, = T

Based on Cj, the selection of L; is carried out, which depends on maximum allowable
current stress through the switches /pgg. Note that L, is not storing any energy and is being
used to charge and discharge the auxiliary capacitor C by deflecting ripple energy from C.
The values of ¢ s found in (2.92) must not exceed /pgg. Therefore, L for all three types of

APD networks can be chosen as follows:

I
1—- DT " 2 L:1)?
( oy S{VCS+ %0, C. Vs \/Vo +(wo f o) }

Buck: L, = 7
Ipss — V—O\/VO2 + (woLf1,)?
I,
Da(l — DQ)TS {‘/cs + m\/‘{? + (woLfIO)Q}
Boost: L, = 7 o5 e (2.94)
Ipss — m\/vg + (woLsl,)?

I
(1= Do)T {Vcs t o Ve (woLffo>2}
Buck-boost: L, = 2woC's Ves

1
I -2\ /V2 oLl,)?
DSS (1—Da)Vcs\/ o+ (Wolsl,)
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Fig. 2.25 Waveforms of single-phase SBI with boost-type APD. (a) 71 : inductor current of active-front-end
network, (b) v.: capacitor voltage of active-front-end network, (c) ¢,.: ripple current and (d) v.s: auxiliary
capacitor voltage.

There is another way to achieve complete elimination of voltage and current ripple, i.e.,
ir = 0 and 9, = 0. For example, in boost-type APD-integrated SBI, according to (2.76), the

design target should be

(1= D,)? = 4u?L,C, (2.95)

This requires D, to be close to 1, which results in very high V., according to (2.73). As an
example, the simulation results are shown in Fig. 2.25 for D, = 0.72, C; = 200 uF and
Ls; = 1 mH in accordance with (2.95) with the parameters mentioned in Table 2.2. It is
observed that v. and 7, do not contain any low-frequency ripple while v, and 4, contain low-
frequency ripple. It is to be noted that V_ is nearly 1070 V which is very high as D, = 0.72.
Choosing a smaller D, would result in much larger L and C. For example, for D, = 0.2, L,
=4 mH and C = 405 pF.

Therefore, in order to completely eliminate of the low-frequency ripple, auxiliary passive

elements L, and C; need to be larger, and this affects overall power density of the system.
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Alternatively, the APD network can be utilized to store a part of the low-frequency ripple
energy instead of the complete ripple energy. In that case, the required C; and L, would be
much smaller. At the same time, the reduction in the low-frequency ripple energy would also
help reduce dc-link capacitor. Thus, the design target is chosen such that the capacitor voltage

ripple and inductor current ripple are reduced by a factor k as follows:

A(ﬁc)SBI Z k
(’Uc)SBI_APD (2.96)
(i1)sBI > 7. .

(gL ) SBI_APD

where (0.)sp; and (% 1)sp1 can be obtained from (2.40); (0. )sp1_app and (E L)SBI_APD are given
in (2.68), (2.76) and (2.84) for buck-type, boost-type and buck-boost-type APD topologies,
respectively.

For a certain amount of ripple energy £, the auxiliary capacitor voltage V. and the
voltage ripple Av,., are both inversely proportional to the value of C';. So, by allowing more

ripple in the C'; or by selecting higher Vs, power density can be improved.

o >F=1 Lo/ V5 + (woLs1,)?

- 2.97
N k wO‘/CS (2668) ( )

Once C is chosen, L, can be designed based on (2.94).

Although APD topology is handling most of the low-frequency content, the active-front-
end network is still required to keep high-frequency and low-frequency within a limit. The
required capacitor to limit the high-frequency ripple is given in (2.42). However, this capacitor
may not be sufficient for mitigation of low-frequency ripple within the limit. If the low-
frequency ripple in v, is considered to be 20, < xV,, the minimum capacitor requirement for

limiting low-frequency ripple using the selected inductor value in (2.44) is obtained as

(1-2D)M]I, (1-2D)?
¢ >
V2kzw,(1 — D)V, 4w L

(2.98)
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In order to mitigate both high- and low-frequency ripple, C' must be chosen larger than
both the values obtained in (2.42) and (2.98). If the low-frequency ripple in 7, is considered
to be 2% 1 < yl, based on the value of chosen capacitor, y needs to be calculated again to
check whether it matches ripple limit. If it is not within limit, a larger inductor is selected and
capacitor value is again calculated. This procedure is continued until all ripples are within a
limit.

According to k = 5, a = 2%, b = 40%, x = 5% and y = 20%, the chosen values of C, L,
Cs and L are 100 pF, 2.75 mH, 220 pF and 1 mH respectively. As C'is smaller, conventional
electrolytic capacitors can be replaced with film capacitors, thereby, significantly enhancing

overall reliability and lifetime of the system [46].

2.6 COMPARISON OF THREE APD-INTEGRATED SBI TOPOLOGIES

In this section, a comparison of three APD-integrated SBI topologies is presented, consid-
ering the APD networks are connected across the dc-link capacitor. The average auxiliary

capacitor voltages V., for different APD topologies are expressed as follows:

For Buck: V.., =D, V.

Ve
For Boost: V., = .
or Boos 1D, (2.99)
For Buck-Boost:  V, Da 1%
or Buck-Boost: e = -V
1-D,

In buck-type APD topology, the voltage stress across the switches are equal to the peak of
the dc-link voltage v., which indicates that the switching voltage stress is comparatively less
than other two topologies. In boost-type APD topology, the voltage stress across the switches
is observed to be peak of the auxiliary capacitor voltage v.s, which is comparatively higher
than buck-type APD, and comparatively lower than buck-boost-type APD. In buck-boost-type
topology, the voltage across the switches can be as high as the sum of peak of the auxiliary
capacitor voltage v.; and peak of the dc-link voltage v.. Therefore, the voltage stress in

switches in buck-boost-type is comparatively higher than both buck- and boost-type APD.
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Table 2.3 Comparison of component values for three APD-integrated SBI topologies

SBI w. Buck | w. Boost | w. Buck-boost
D, NA 0.75 0.2 0.55
V.. NA 25V | 375V 367V
C | 570uF | 100 4F | 100 uF 100 uF
L 275mH | 2.75mH | 2.75 mH 2.75 mH
C, NA | 220uF | 1354F 135 uF
L, NA 0.6 mH 0.6 mH 1.9 mH
Loss 65W 5W 3W 10W
n 87% 86% 86.4% 85%
300.0 -
298.0
Ve(V) 29601 Buck
294.0
2920 -
300.0 -
298.0
'UC(V) 296.0 /\/\M Boost
294.0
292.0 -
300.0 -
298.0 -
Ve(V) 2960 Buck-Boost
294.0 -
292.0 -
0.400 0.410 0.420 0.430 0.440
Time (t)

Fig. 2.26 Comparison of dc-link capacitor voltage ripple of three APD-integrated SBI topologies.

Table 2.3 shows a comparison of the selected values of C; and L,, which indicates
minimum C§ can be chosen for boost-type as well as buck-boost-type, and minimum L can
be selected for buck-type and boost-type. The auxiliary capacitor voltage Vs are chosen as
225V, 375 V and 367 V for buck, boost and buck-boost, respectively, whereas allowable
peak-to-peak ripple across the auxiliary capacitor C is kept as 20 V for all APDs. Although
buck-type APD has less voltage stress on switches, it requires more C. The buck-boost can
operate as either buck-type or boost-type, but it has the highest voltage stress across switches,
and it requires more L, thereby making it the least favorable choice. As both minimum
capacitor and inductor can be found for boost-type APD, it is clearly the most favorable APD

in terms of power density with the conditions used for this analysis.

TH-3349 166102001 83



CHAPTER 2 SBI: ANALYSIS AND MITIGATION OF LOW-FREQUENCY RIPPLE

Note that reduction of ripple using APD topologies will reduce efficiency. However, this
compromise will be overcome by the fact that reduction in ripple will facilitate the use of film
capacitor, which in turn improve overall system lifetime and reliability. Therefore, the most
favorable APD topology should result in the least reduction in efficiency. The superiority of
the boost-type APD is further affirmed in the efficiency analysis, where SBI with boost-type
APD shows the least amount of reduction of efficiency. Note that the integration of APD
topologies with SBI reduces capacitor requirement in the active-front-end network by nearly
6 times.

From the simulation results of three APD-integrated SBI topologies as shown in Fig. 2.26,
it is observed that the amount of ripple achieved with buck, boost and buck-boost-type APD
are 6.5V, 4.5 V and 6 V respectively. Therefore, maximum ripple reduction is achieved with
boost-type APD.

As a conclusion, this comparison clearly indicates that the integration of the boost-type
APD network with the single-phase SBI is the most advantageous among all three APD
topologies. Therefore, a closed-loop control is proposed for the boost-type APD-integrated
SBI, where the boost-type APD is connected across the dc-link capacitor, as shown in Fig.

2.16, and it is implemented in hardware.

2.7 CLOSED-LOOP CONTROL STRATEGY OF APD

The schematic diagram of the closed-loop control strategy for boost-type APD is shown
in Fig. 2.27. The main objective of the closed-loop control of the APD topology is to deflect
the second harmonic ripple energy from the dc-link capacitor C' to the auxiliary capacitor
(. This involves two steps: the generation of the reference ripple current by extracting the
low-frequency ripple from the dc-link capacitor voltage and tracking this reference. As C;
is utilized as a ripple energy storage device, the voltage across C; might become too high
if it is not discharged properly. Therefore, the closed-loop control also needs to prevent
any over-voltage situation of Cs. Additionally, the closed-loop control is also required to

compensate for low-frequency ripple current accurately against any load changes.
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Fig. 2.27 Control strategy of boost-type APD.

2.7.1 Generation of reference ripple current

In order to generate the average value, the measured v. is passed through a moving
average filter (MAF), as shown in Fig. 2.27. The average value V., is subtracted from v, to
obtain the complete harmonic content which is passed through a resonant filter to extract the
dominant second harmonic part ¢;,.r. Generally, 71,5 can be taken as the reference ripple
current. However, the auxiliary capacitor Cs; will be over-charged as it is now storing the
ripple content. As a result, the voltage across C; will increase dangerously. Therefore, the
closed-loop control must regulate the auxiliary capacitor voltage v, to prevent its over-voltage.

Hence, an additional dc bias current 7y, s is added to ¢y, so that

Z-ref = 7;17“ef + i2ref (2.100)

Thus, it is ensured that a constant average auxiliary capacitor voltage V., is maintained.

2.7.2 Tracking the reference ripple current

The current through the auxiliary inductor needs to track the reference ripple current,
iref. The current controller should ensure zero steady-state error, good attenuation at second
harmonic as well switching frequency and good transient performance. To achieve this,

proportional-integral (PI) and proportional-resonant (PR) are considered as current controllers.
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For designing of the parameters of the current controller, the control to ripple current transfer

function is required. So, small-signal analysis of the boost-type APD topology, as shown in

Fig. 2.16, is carried out, and the following expressions are obtained as

d%r(t) /ﬁc(t) — (1 — Da) . f)cs(t) + da(t) Vs

Ls a0
Cd”;ft) = “;%(di) — () — 1) (2.101)
.20 _ (1 p,). i)
The transfer function of ripple current to capacitor voltage can be derived as
Vel S e
i ™ R T g1

1-D,
(2.103)

The control parameter is the duty ratio, d,, of the switch ();. So, the transfer function of

control to the ripple current can be obtained as

= Ve Rae(sCRae +1) (2.104)
’l~)cs(8)=0, :L:CZ‘(S)ZO Rdc S LSCRdC + SLS + Rdc

The current loop gain can be written as

Ti(s) = Gu(s) - Gi(s) = (Kp + %) - Gi(s) (2.105)

where G;(s) is a PI controller. As the reference signal contains ac components, it is difficult

to eliminate steady-state error, and the error further increases with increase in the frequency.

So, the controller can be modified for ac reference signals [100].

Gem(s) = %[Gci(s + j2w,) + Gei(s — j2w,)] (2.106)
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Table 2.4 Simulation parameters and component values

Parameter/Component Attributes
Input voltage (V) 100V
Modulation index (M) 0.5
Shoot-through duty ratio (D) 0.4
Fundamental frequency (f,) 50 Hz
Inverter switching frequency (f;) 10 kHz
Inductor (L) 2.75 mH
DC-link capacitor (C') 100 pF
APD switching frequency (fs) 20 kHz
APD inductor (L) 1 mH
APD capacitor (C') 220 uF
DC load (Rg.) 400 ©2, 250 W
Output filter inductor (L s) 1 mH
Output filter capacitor (C'y) 11 uF
AC load (R,) 36 €2, 250 W

which can be written in the form of a PR controller as follows

2s

Gem(s)=Kp+ Kgp ———
(s) p+ Kp 2+ (20,)?

(2.107)

Instead of using the structure of (2.107), an additional damping can be included. The

damping factor, &, can be taken between 0.01 and 0.02 [100]. Thus, (2.107) becomes

4€w,s
52 + 4€w,s + (2w,)?

Gem(s) = Kp + Kp - (2.108)

The single-phase SBI with boost-type APD network connected across the dc-link capacitor,
shown in Fig. 2.16, is simulated to compare the performance of PI and PR current controllers
with parameters mentioned in Table 2.4. As shown in Fig. 2.28(a) and (b), the PR controller
tracks the reference current better than the PI controller, which corroborates with the previous
analysis. This is also evident from the steady-state error plot of both controllers in Fig. 2.28(c).
The steady-state error calculation is based on RMS values of reference and actual current
waveforms. The steady-state error is nearly three times in the case of PI compared to PR, as
the PR controller introduces a very high gain at the second harmonic, making the steady-state

error close to zero.
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Fig. 2.28 Tracking performance of different current controllers: (a) proportional-integral (PI) controller, (b)
proportional-resonant (PR) controller and (c) steady-state error using PI and PR controllers.

Further study has been carried out for the selection of the parameters K p and K based on
stability and transient performance as well as several other constraints as the APD topology is
working primarily for ripple reduction. A high gain must be available at the second harmonic
ripple frequency, i.e., 100 Hz for accurate tracking of the ripple current in order to achieve
proper mitigation. Generally, a gain of 20dB or higher is recommended for a good design.
However, while designing the loop gain, enough phase margin (y,,,) must be present to ensure
relative stability.

Since the current loop should have fast dynamics, high bandwidth is essential. As the
APD switching frequency (f,) is 20 kHz, the crossover frequency (f.) of the current loop
should be below 10 kHz in order to provide adequate attenuation at f,. The lower limit of f.
is set based on the second harmonic, i.e., 100 Hz ripple. In order to avoid interaction with
the 100 Hz, a separation of at least half decade must be present [101]. So, f. should be more

than 500 Hz. The system performance with the variation of K p and K has been tabulated in
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Fig. 2.29 Bode diagram of open-loop gain for current control loop. (a) variation of K from 0.5 to 50.0 while
keeping Kp = 0.05 and (b) variation of Kp from 0.005 to 0.5 while keeping K = 5.0.

Table 2.5 from which it is found that the selection of Kp = 0.05 and Kr = 5.0 results in f,. =
2510 Hz , ¢,,, = 83.2°, gain at 100 Hz = 40 dB and attenuation at switching frequency = 18.4
dB, which is satisfying all aforementioned criteria.

A bode plot is given in Fig. 2.29(a), where K, is varied from 0.5 to 50.0 while keeping
Kp =0.05. As Kp is increased, gain at 100 Hz has also increased. However, with more

increment, a reduction of ¢, is also observed. So, Kz = 5.0 is chosen. Another bode plot is
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Table 2.5 Effect of variation of Kz and Kp

Kp Kr | f.Hz) | ¢, | Gain@100 Hz | Gain@20 kHz
0.005 | 0.5 653 65.4° 19.8 dB -38.4 dB
005 | 05 2490 | 89.3° 19.8 dB -18.4 dB
0.5 0.5 | 23900 | 90° 25.8dB 1.52dB
0.005 | 5.0 1010 | 18.6° 40.7 dB -38.2dB
005 | 5.0 2510 | 83.2¢ 40.7 dB -18.4 dB
0.5 5.0 | 23900 | 89.9° 40.7 dB 1.54 dB
0.005 | 50.0 | 2730 | 5.26° 59.9dB -33.3dB
0.05 | 50.0 | 3300 | 47.8° 59.9dB —-18.4 dB
0.5 | 50.0 | 23900 | 89.3° 59.9dB 1.59 dB
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Fig. 2.30 Bode diagram in closed-loop for voltage control loop.

shown in Fig. 2.29(b), where K p is varied from 0.005 to 0.5 while keeping K =5.0. As Kp
is increased, ,,, has increased, and f, has also increased which results in less attenuation at

fs. So, Kp =0.05 is chosen.

2.7.3 Control of auxiliary capacitor voltage

As discussed earlier, v is required to be regulated, and it is achieved with a voltage
controller added in the form of a PI controller. As shown in Fig. 2.27, the measured v, is
passed through a moving average filter (MAF) so that the dc component V., can be extracted.

Then V,, is compared with the reference value V; and the error is given to the PI controller.
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In the voltage loop, the bandwidth can be relatively lower compared to the current
controller. So, the closed-loop gain of the current controller can be taken as unity. Thus, the

voltage loop gain can be written as

Ty(s) = Geo(s) - Guls) = (Kp + %) ~ (1 ;O? ) (2.109)

where G, is a PI controller and G, is taken from (2.103).

In order to avoid interaction with 100 Hz current ripple, the crossover frequency should
be set at least half decade separated from 100 Hz. Hence, the crossover frequency in the
voltage loop is recommended to be lower than 20 Hz. It should be chosen such that enough
attenuation can be achieved at 100 Hz. In this work, the crossover frequency is selected as 8
Hz. As aresult, more than 40 dB attenuation is provided at 100 Hz, as shown in Fig. 2.30,

which should adequately mitigate the second harmonic ripple.

2.8 EXPERIMENTAL RESULTS

In the hardware fabrication of the SBI, the gate pulses for the switches are implemented
using TMS320F28335 digital signal processor (DSP) [102]. A sine-triangle pulse width
modulation-based technique described in [20] is used for the gate-pulse generation of the SBI.
A hardware prototype of single-phase APD-integrated SBI has been built which is shown
in Fig. 2.31. The experimental results of the single-phase SBI without APD topology is
presented in Fig. 2.32(a) and (b). All parameters are the same as the value used in simulation
and are mentioned in Table 2.4. The components used in the hardware setup are listed in
Table 2.6.

The input dc voltage V, is kept at 100 V. The average capacitor voltage V. of the active-
front-end network is observed to be 265 V. As the shoot-through duty ratio D is taken as
0.4, the calculated V, is 300 V, according to (2.6). The drop in boosted voltage is due to
non-idealities present in the hardware circuit. The average inductor current /;, is observed to

be 7.5 A, which is in accordance with (2.8). As shown in Fig. 2.32(a), the peak-to-peak ripple
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Fig. 2.31 Hardware prototype of single-phase APD-integrated SBI.

Table 2.6 Components used in hardware setup

Component Part No. and Manufacturer
S1, Sa, S3, Sy IRG7PH42UDPBF (International Rectifier)
S IRG7PH42UPBF (International Rectifier)
D,, Dy DSEI60-06A (IXYS)
Gate Driver FOD3180 (Fairchild)
Inductor Core E 100/60/28 (EPCOS)
Voltage Transducer LV 25-P (LEM)
Current Transducer LA 55-P (LEM)

Table 2.7 Comparison of low-frequency ripples obtained from experimental results

SBI without any APD | SBI with boost-type APD
Fig. No. 2.32(a) 2.32(b) 2.33(a)-(b) | 2.33(c)-(d)
DC-link capacitor C 100 uF 570 pF 100 pF 100 pF
Peak-to-peak ripple in v, 40V 8V 8V 56V
Peak-to-peak ripple in i, 8 A 1.6 A 1.6 A 14 A
Peak-to-peak ripple in v NA 10V 12V

in v, is 40 V, and the peak-to-peak ripple in ¢, is 8 A, when the dc capacitor C'is only 100
uF. When C'is increased to 570 uF, the peak-to-peak ripple in v, is reduced to 8 V, and the
peak-to-peak ripple in 77, has decreased to 1.6 A as evident from Fig. 2.32(b). The amount of
low-frequency ripples are consistent with (2.40). The filter ac output voltage is 90 V RMS,

although the waveform is found to be slightly distorted when C'is 100 uF.
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Fig. 2.32 Experimental results of single-phase SBI without APD: (a) C' = 100 puF without APD and (b) C' =
570 uF without APD. DC input voltage V, = 100 V, v.: capacitor voltage of active-front-end network, v,
low-frequency ripple of v,, i1.: inductor current of active-front-end network, i7,: low-frequency ripple of i1, ves:
auxiliary capacitor voltage, v.s: low-frequency ripple of v.s, v,: load voltage.

Fig. 2.33(a)-(d) show experimental results of single-phase SBI with APD. Note that as
mentioned in Section 2.5, for the complete elimination of ripple in v. and 77, as shown in
Fig. 2.25, very high auxiliary capacitor voltage v.s or very large auxiliary capacitor Cs and
inductor L, are required. In order to prevent this, the design target is chosen such that the
voltage ripple is reduced by a factor k. Hence, k is chosen as 5 so that similar levels of ripple
reduction as Fig. 2.33(b) can be achieved. So, according to (2.97) and (2.94), C, and L, are
selected as 220 pF and 1 mH respectively with allowed peak-to-peak voltage ripple across
C taken as 10 V. The reference for auxiliary capacitor voltage (V) is taken as 300 V. As
shown in Fig. 2.33(a), similar peak-to-peak ripple in v, as Fig. 2.33(b) have been attained,
when the SBI is operating with the APD and C' is 100 pF. The APD is operated in closed-loop,
and the current and voltage controller parameters are same as those designed in the previous
section. The average auxiliary capacitor voltage (V.,) is found to be around 300 V, which
means the voltage controller in closed-loop is working. The waveform of v, has improved due
to reduced ripple in v.. The ripple content of v., v.s and ¢;, are observed separately with ac
coupling mode in the oscilloscope. As shown in Fig. 2.33(b), a reduction of 80% in voltage

ripple has been achieved as the peak-to-peak ripple in v.. is observed to be 8 V, and a reduction
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Fig. 2.33 Experimental results of single-phase APD-integrated SBI: (a) k =5, C' = 100 pF with APD when
ves = 10V, (b) low-frequency ripple of v, v.s and iy, in (a), (¢) k =7, C'= 100 puF with APD when v s = 12
V and (d) low-frequency ripple of v, v¢s and ir, in (c). dc input voltage V; = 100 V, v.: capacitor voltage of
active-front-end network, v.: low-frequency ripple of v,, ¢r: inductor current of active-front-end network, .
low-frequency ripple of i1, v.s: auxiliary capacitor voltage, v.s: low-frequency ripple of v.s, v,: load voltage.
of 80% in current ripple is obtained as the peak-to-peak ripple in i;, has been found to be 1.6
A. The amount of low-frequency ripples are consistent with (2.76). Therefore, a reduction
of 82.5% in capacitor requirement in the active-front-end network and a reduction of 45% in
overall capacitor requirement have been achieved in the system.

As shown in Fig. 2.33(c) and (d), by allowing more voltage ripple across C;, k can be

further increased to 7, which indicates the peak-to-peak ripple in v, is reduced 7 times, while
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Fig. 2.34 Transient response of single-phase APD-integrated SBI: (a) change in voltage ripple with change
in load current i, and (b) low-frequency ripples of v, and v, in (a). v.: capacitor voltage of active-front-end
network, @.: low-frequency ripple of v, v.s: auxiliary capacitor voltage, ¥.s: low-frequency ripple of v, io:
load current.

keeping values of both C; and L, unchanged. The ripple content of v., v.s and ¢, are observed
separately with ac coupling mode in the oscilloscope. It is observed from Fig. 2.33(d), since
the allowed peak-to-peak voltage ripple across C has increased to 12V, the peak-to-peak
ripple in v, has reduced to 5.6 V, and the peak-to-peak ripple in ¢; has suppressed to 1.4
A. Table 2.7 presents the low-frequency ripples in v, and ¢;, for single-phase SBI with and
without APD.

The transient performance of the single-phase APD-integrated SBI is demonstrated in
Fig. 2.34. As shown in Fig. 2.34(a), with a reduction in load current from 3.25 A (p-p)
to 6.5 A (p-p), the ripple content in both v. and v.s have also decreased. It can also be
observed in Fig. 2.34(a) that the auxiliary capacitor voltage V,, is regulated to its reference
V. during the change in load. The ripple in v, has increased from 4 V to 8 V and the ripple
in v, has increased from 5 V to 10 V as observed in Fig. 2.34(b). Thus, the single-phase
APD-integrated SBI shows satisfactory steady-state and transient performances.

A comparison of the efficiency of the single-phase SBI with 100 pF, with 570 uF and with
APD is presented in Fig. 2.35. It is observed that system efficiency is decreasing with more

output power. In general, more efficiency has been achieved with larger capacitance due to
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Fig. 2.35 Efficiency comparison for single-phase SBI: C'= 100 uF without APD, C' = 570 pF without APD and
C =100 pF with APD.

smaller ripples when APD is not operational. When single-phase SBI is operated with APD,
a slight drop in efficiency is observed due to additional switches and passive elements. The
reduced efficiency is considered a compromise to achieve better reliability and lifetime of the
system. Since the dc-link capacitor used in the system is reduced, and the auxiliary capacitor
is also relatively small, film capacitors can be employed instead of conventional electrolytic
ones for all of the capacitors in the boost-type APD-integrated SBI. Since film capacitors
have significantly better reliability and lifetime than electrolytic capacitors, overall system

reliability and lifetime are improved with the compromise of slightly reduced efficiency.

2.9 SUMMARY

In this chapter, the steady-state analysis of the single-phase SBI is presented, and the
low-frequency ripple problem of the single-phase SBI is illustrated. Based on the low-
frequency ripple analysis, the passive elements of the active-front-end network of the SBI are
designed, which reveals that significantly large passive elements are required to restrict the
low-frequency ripple. As a solution, the single-phase SBI is integrated with three independent
APD networks in order to transfer low-frequency ripple power directly from the ac load to
an auxiliary capacitor. A low-frequency ripple analysis of the APD-integrated SBI has been
carried out, and it is observed that significantly less ripple on the capacitor voltage and the

inductor current of the active-front-end network has been achieved. Owing to the additional
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APD network, a reduction in both capacitor and inductor requirements is achieved. Based
on the analysis, a design procedure for the passive elements of the active-front-end network
and APD topology has been presented. A comparison between three APD networks suggests
the boost-type APD network is the most suitable type for integration with single-phase SBI.
Hence, the boost-type APD-integrated SBI is chosen for hardware implementation. A closed-
loop control strategy for accurate low-frequency ripple mitigation has been presented. The
proportional-resonant (PR) is chosen as the current controller as a very low steady-state error
has been observed for PR while tracking reference ripple current. The parameters of the
PR controller have been chosen based on the small-signal analysis of the APD topology.
The system is fabricated in hardware, and the presented experimental results for steady-state
operation and transient performance of the system due to ac load change are consistent
with the analysis. When single-phase SBI is operated with APD, a slight drop in efficiency
is observed due to additional switches and passive elements. The reduced efficiency is
considered a compromise to achieve better reliability and the lifetime of the system because
more reliable film capacitors can be employed instead of conventional electrolytic ones for all

of the capacitors in the boost-type APD-integrated SBI.
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CHAPTER 3

REDUCED-SWITCH CURRENT-FED SWITCHED

INVERTER

3.1 INTRODUCTION

Chapter 1 presented several drawbacks of the conventional single-phase VSI, viz., lower
peak ac output voltage compared to dc input voltage, essential requirement of dead-time for
prevention of shoot-through in the legs of inverter bridge etc. The AFE-ISIs can eliminate
these drawbacks using the active-front-end network. Several AFE-ISIs are proposed in the
literature as an alternative to the conventional VSI. The AFE-ISIs can operate in wide range
of voltages as well as protect the inverter switches against shoot-through. Among AFE-ISIs,
the SBI reduces the number of passive elements and achieves improved power density than
ZSI and qZSI. In Chapter 2, the circuit diagram and steady-state analysis of SBI are presented.
Note that the voltage gain of SBI is lower than ZSI and qZSI as observed in Chapter 2.
Thus, the application of SBI becomes restricted. Also, the input current profile of the SBI is
discontinuous, which makes it less appropriate for renewable energy applications. The CFSI
can solve the problems of the SBI as it improves voltage gain as well as provides a continuous
input current. However, the lower efficiency is still an issue in existing AFE-ISIs. Therefore,
better topological solutions are explored in this chapter, and as a result, the Reduced-Switch
Current-Fed Switched Inverter (RSCFSI) is proposed. The RSCFSI has one less switch than
SBI and CFSI, while retaining all features of CFSI.

In this chapter, the RSCFSI topology is derived from the complimentary current-fed dc-dc
topology. The operating principles, the boost factor and the dc-to-ac gain of the RSCFSI
depends on the PWM strategy. To achieve a boost factor that is same as the CFSI, the gate
pulses of RSCFSI are generated using the simple boost control-based PWM (SBC-PWM)
strategy. In this chapter, with SBC-PWM, the operating principles of RSCFSI are explained,

and its boost factor and the dc-to-ac voltage gain are derived. Furthermore, the enhanced boost
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control PWM (EBC-PWM) is proposed to improve the boost factor of the inverter. Similarly,
with EBC-PWM, the operating principles of RSCFSI is illustrated, and its boost factor and
the dc-to-ac voltage gain are derived in this chapter. A comparison between SBC-PWM and
EBC-PWM is also presented. In order to illustrate the advantages of RSCFSI, it is compared
with SBI and CFSI. A closed-loop control strategy is proposed to regulate its output voltage
and the dc-link voltage.

This chapter is organized as follows: in Section 3.2, the derivation of RSCFSI topology is
explained along with the complete circuit diagram. In Section 3.3, the operating principles of
the single-phase RSCFSI are explained with the SBC-PWM strategy. Section 3.4 describes
the EBC-PWM strategy. Both PWM strategies are compared in Section 3.5. A comparison
of the RSCFSI topology with the existing AFE-ISI topologies is presented in Section 3.6.
A closed-loop control for the RSCFSI is illustrated in Section 3.7. The RSCFSI and the
PWM strategies are validated with the help of hardware prototype, and the corresponding
experimental results are illustrated in Section 3.8. Finally, the summary of this chapter is

given in Section 3.9.

3.2 DERIVATION OF SINGLE-PHASE RSCFSI TOPOLOGY

The circuit diagram of the current-fed dc-dc topology is shown in Fig. 3.1(a). In D
interval, both switches are in position ‘1°, and the equivalent circuit is shown in Fig. 3.1(b).

The instantaneous voltage across L is:

vr(t) = Vg —v.(t) 3.1

In (1 — D) interval, both switches are in position ‘0’, and the equivalent circuit is shown

in Fig. 3.1(c). The instantaneous voltage across L is:

v (t) =V, + ve(t) (3.2)
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Fig. 3.1 (a) Circuit diagram of the current-fed dc/dc topology, (b) with switch at position 1, (¢) with switch at
position 0 and (d) conversion ratio.

From the volt-second balance of the inductor L, the average voltage across L over one
switching cycle is zero, which gives:
(0L@))g, =D - (Vg =Ve) + (1= D) - (Vg + V) = 0. (3.3)
where V. is the average value of the output capacitor.

Therefore, the conversion ratio of current-fed topology can be obtained as follows:

V. 1
V, 2D-1

(3.4)

The conversion ratio of current-fed topology is plotted in Fig. 3.1(d). It is noted that the
converter gain is negative when the duty ratio (D) of the converter is between 0 and 0.5, and

the gain is positive when D is beyond 0.5. If the gain is desired to be positive when D is in
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Fig. 3.2 (a) Circuit diagram of the complementary current-fed dc/dc topology, (b) with switch at position 1, (c)
with switch at position 0 and (d) conversion ratio.
between 0 and 0.5, the D and (1 — D) intervals of current-fed topology must be interchanged
[25]. Thus, the complementary current-fed dc/dc topology is obtained as shown in Fig. 3.2(a),
which is derived by interchanging the positions ‘1’ and ‘0’ in current-fed dc/dc topology.

In D interval, the switches are kept at position ‘1°, and the equivalent circuit is shown in

Fig. 3.2(b). The instantaneous voltage across L is:

v (t) =V, + ve(t) (3.5)

In (1 — D) interval, the switches are placed at position ‘0’, and the equivalent circuit is

shown in Fig. 3.2(c). The instantaneous voltage across L is:

vr(t) = Vg — ve(t) (3.6)
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From the volt-second balance of the inductor L, the average voltage across L over one

switching cycle is zero, which gives:

(r(@))g, =D - (Vo +Ve) + (1 = D) - (Vg = Vo) = 0. 3.7)

Thus, the conversion ratio of complimentary current-fed dc/dc topology is obtained as

Ve
— = 3.8
v, (3.8)

The conversion ratio is plotted in Fig. 3.2(d). When D < 0.5, the output of the converter
is positive. For D > 0.5, the output polarity becomes negative. In this chapter, D < 0.5 1s
only considered as a valid region of operation to make switch realization easier.

Fig. 3.3(a) shows the realization of Fig. 3.2(a) using active and passive switches, i.e., two
switches, S, and .5, and two diodes, D, and D,,. The load is realized using a resistor 1,. The
switch S, can be replaced with two switches, 51, S;. Similarly, the switch S, can be replaced
with two switches, S3, So. With four switches, the modified circuit is depicted in Fig. 3.3(b).
The circuit is redrawn with a different orientation in Fig. 3.3(c). Instead of connecting the
load across the capacitor, if it is connected across the terminals a-b, an alternate circuit is
realized as shown in Fig. 3.3(d). In this circuit, the inverter is realized using existing four
switches S1-5,. However, in this circuit, the voltage across R, contains both dc component
and ac component. To offset this dc component, an offset capacitor is added in series with the
load as shown in Fig. 3.3(e).

This topology is called Reduced-Switch Current-Fed Switched Inverter (RSCFSI) in this
thesis. Its complete circuit diagram is illustrated in Fig. 3.4. Note that one inductor (L), one
capacitor (C') and two diodes (D,, D;) complete the active-front-end network. In this thesis,
the active devices in RSCFSI are realized using insulated gate bipolar transistors (IGBTs). In
Chapter 2, the inverter input voltage v; has been used in the circuit analysis for SBI. However,
in RSCFSI, the same voltage cannot be defined in a similar manner owing to the topological

difference between RSCFSI and SBI. Alternatively, the voltage across the series combination
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Fig. 3.3 Derivation of RSCFSI topology from complimentary current-fed topology: (a) realization using active
and passive devices, (b) redrawing (a) using four switches instead of two, (c) redrawing (b), (d) shifting of load
to the switching terminals and (e) addition of the offset capacitor to form the complete RSCFSI topology.
of switches 57, Sy is taken as v;1, and the voltage across the series combination of the switches
Ss3, Sy is taken as v;o as shown in Fig. 3.4. In SBI, v;; = v;2 = v;, but in RSCFSI, v;; and v;,
are different because of the position of the diodes D, and D,

The main topological difference between the RSCFSI and the CFSI is the presence of an

additional active switch .S in the CFSI, shown in Fig. 3.5. This switch is essential for the

shoot-through state in CFSI so that the dc input voltage (V) can be stepped up and applied as
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Fig. 3.4 Circuit diagram of Reduced-Switch Current-Fed Switched Inverter (RSCFSI).
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Fig. 3.5 Circuit diagram of Current-Fed Switched Inverter (CFSI).

the effective input voltage of the inverter bridge. However, the RSCFSI does not require this
additional switch for the shoot-through state. Instead, the shoot-through of the both inverter
legs is part of its operation, when S7, So, S3 and Sy are turned on at the same time. Therefore,
the RSCFSI provides single-stage dc-ac inversion as well as buck and boost capabilities. In
the nonshoot-through interval of the inverter, either S, S; or S3, S4 are turned on together
to transfer power to the load. In a VSI structure, shoot-through in any of the inverter leg
is not permitted due to the potential damage to switches. Therefore, a dead-time between
complementary switching signals is always in place. As turning on of both switches of an

inverter leg is a valid state, RSCFSI has better EMI noise immunity, similar to SBI and CFSI.
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Table 3.1 Possible operational states of RSCFSI with switching conditions and inverter output voltage

State ON Elements | OFF Elements | vgp
Shoot-through 1 S, Sa, 53, 54 D, Dy Ve
Shoot-through 2 So, S3, S4, Dy S1, D, 0
Shoot-through 3 S, Sa, S3, Dy S4, D, Ve
Shoot-through 4 S1, 8o, S4, D, S3, Dy Ve
Shoot-through 5 S1, Ss3, S4, D, Sy, Dy, 0

Nonshoot-through 1 | Sy, S, Dg, Dy S3, Sy Ve
Nonshoot-through 2 | S5, S4, Dg, Dy S1, S —Ve
Nonshoot-through 3 | Sy, S3, Dg, Dy Sa, Sy 0
Nonshoot-through 4 | Ss, Sy, D, Dy S, S3 0

The operating principles, boost factor and dc-to-ac gain of RSCFSI depend on the PWM
strategies. The possible operational states are presented in Table 3.1, where five shoot-through
states and four nonshoot-through states are shown with switching conditions. In shoot-through
state-1, all four switches of RSCFSI are turned on simultaneously. In shoot-through states 2-5,
three switches are turned on at the same time. The nonshoot-through states 1-4 are similar to
the switching states of a conventional VSL

Based on the possible operational states, two PWM strategies are illustrated in this chapter
as follows: (i) simple boost control-based PWM (SBC-PWM) and (ii) enhanced boost control-
based PWM (EBC-PWM). In SBC-PWM, shoot-through state-1 and nonshoot-through states
1-4 are utilized from all the possible states described in Table 3.1. With this PWM strategy,
the boost factor and dc-ac voltage gain of RSCFSI are the same as that of CFSI. To further
improve the boost factor and dc-ac voltage gain, the EBC-PWM strategy is proposed. In EBC-
PWM strategy, shoot-through states 1-3 and nonshoot-through states 1-4 are utilized from all
the possible states described in Table 3.1. The detailed operating principles of RSCFSI with

SBC-PWM and EBC-PWM are described in Section 3.3 and Section 3.4, respectively.

3.3 SIMPLE BOOST CONTROL-BASED PWM STRATEGY

3.3.1 Operating principles of RSCFSI using SBC-PWM

For the circuit analysis of the single-phase RSCFSI during shoot-through and non-shoot-

through interval, it is assumed that the RSCFSI consists of all ideal elements and is operating
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Fig. 3.6 Equivalent circuit diagrams of RSCFSI: (a) shoot-through state-1 and (b) nonshoot-through states 1-4.

in a continuous conduction mode. The equivalent circuit diagram of the RSCFSI during the
shoot-through state is shown in Fig. 3.6(a). In the shoot-through state, all four switches are
turned on together. The diodes D,, D, becomes reverse biased, because the capacitor C'
is placed parallel to them. As shown in Fig. 3.6(a), the inductor L is charged by the input
voltage V;, and the capacitor C' together during this interval. As observed in Fig. 3.6(a), both
v;1 and v,y are zero, because all four switches are turned on. The inverter output voltage v, is
equal to v.. However, in SBI and CFSI, v,;, remains zero during the shoot-through interval,
and the power coming from the dc side is considered as zero. Owing to a non-zero vy, the
power delivered to the ac side is non-zero for RSCFSI in this interval. Therefore, the inverter
is represented as a current source ¢;. The duration of the shoot-through time interval is D - T,
where D is shoot-through duty ratio, and 7’ is the total switching time period. Following this

analysis, the mathematical equations are expressed as:

v (t) = Vg + v (1)

io(t) = —ip(t) — is(t)
v (t) =0 (3.9)
Via(t) = 0

Vap(t) = ve(t)

The equivalent circuit diagram of the RSCFSI during the nonshoot-through state is shown
in Fig. 3.6(b). During the nonshoot-through interval, the RSCFSI operates similar to the

conventional single-phase VSI. The diodes D, and D, become forward-biased, because none
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of the inverter legs are shorted in this interval. Therefore, both v;; and v;, becomes equal to
v.. Hence, in the equivalent circuit shown in Fig. 3.6(b), the inverter can be represented as a
current source ¢; during the nonshoot-through interval. Note that the duration of this interval
is (1 — D) - T;. In this interval, the input inductor L is discharged, and the dc-link capacitor
C'is charged by the input voltage source V, along with L. Also, the power is delivered to the

ac load through the inverter. Hence, the mathematical equations can be written as:

v (t) = Vg — ve(t)

io(t) = ip(t) — ii(t)

v (t) = via(t) = ve(t)

(3.10)

3.3.2 Determination of dc-dc gain with SBC-PWM

Applying small ripple approximation to (3.9) and (3.10), the voltage across inductor L

and the current through capacitor C' in one switching period of 7 are obtained as:

Vo+ Ve, if0<t<D-T;

vp(t) = 3.11)
V,—V., ifD T, <t<T,
—I;,—1I;; if0<t<D-T,

ic(t) = (3.12)
I.—1I; ifD-T,<t<T,

In steady-state, over one switching cycle, the average voltage across the inductor (v, (%)),

and the average current through the capacitor (i.(t)), should be zero. Therefore, using

inductor volt-second balance, one can write

(o)) g, =D - (Vo + Vo) +
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From (3.13), the average value of v, is determined as:

1
m:(l_w)-vg:BFVg (3.14)

where B is the dc-dc gain or boost factor of RSCFSI. Similarly, using capacitor amp-second

balance, one can obtain
(ic()p, =D (I —L)+(1-D)-(Ip — ;) =0 (3.15)

From (3.15), the average value of i, is derived as:

1
I, = (1—20) e (3.16)

where [; is the average value of 7;.

3.3.3 Determination of dc-ac gain with SBC-PWM

The relationship between the peak value of the fundamental ac output voltage of the

inverter v, and input dc source voltage V/ is,

1
@able-n:M-<1_2D)-x/g (3.17)

where M is the modulation index of the inverter. Furthermore, the relationship between the

output voltage (v,) and v

Uab(t) = Uo(t) — Ucd(t) + U[J(Zf) (318)
For sinusoidal output voltage (v,) and current (7,), the expressions can be taken as

Uo(t) = V2V, sin w,t
(3.19)

io(t) = V21, sin(w,t — )
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where w, is the fundamental frequency and ¢ is the phase difference between v, and 7,. In

Fig. 3.4, it can be noticed that 7, flows through L. Thus, the voltage across L is

diy(t)
dt

vrp(t) = Ly = V2I,wL; cos(wt — ¢) (3.20)

In the shoot-through states, as v,;, cannot always be deemed zero, a dc offset will be
reckoned in v,;,. The duration of the shoot-through state is D - T, and v, is equal to v,. in this

state. Therefore, the dc offset in v,;, becomes

D

o :D- C: . .
Vor Ve=1—3p "

(3.21)

Consequently, a dc capacitor Cy; is essential to counter the dc offset at the output so that

the average voltage across C; becomes

Vea=Voir =D - Ve (3.22)

which ensures that v, remains entirely ac. As the current 7, is flowing through the offset

capacitor C'y, one can write
) dvcd(t)

Cy e = i,(t) (3.23)
Therefore, the voltage across C; can be derived as
21, )
vea(t) =D -V, — V2 cos(wot — @) = Vg + Deq(t) (3.24)

Wolig

where V.4 and v, are average and low-frequency components of v.4, respectively.

Therefore, the relationship between the v, and v,,; becomes

Vabl (t) = Uo(t) + @cd(t) + ULf(t)

1
=2V, sinwt — V21, (m — wa) cos(wt — @) (3.25)
d

= V2V, sinwt — V21, X cos(wt — )
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1
where X = | —— — wL |. Considering the output load as
f wC, f g

Zo = Ro+on

| Zo| = / R2 + X2 (3.26)

X
—tan! [ =2
o= tam (R>

where R, and X, are considered to be the resistive and the inductive part of the load, respec-

tively, connected at the output. From (3.26), one can write

1, = % CoS (3.27)

(o]

Using (3.27) in (3.25),

X
Vap1 (1) = V2V, {sin wt — Rf cos @ cos(wt — @)} = V2V, Ay sin(wt — ) (3.28)

o

where

X (X ?
Al = \/{1+ R: singpcos<p} +{FZCOSZ¢}
X
{R: coszgo}

X
{1 e Rf Sin<pcos<p}

o

/\1 = tan'l

Considering ¢ = 0, the peak output ac voltage is derived by solving (3.17) and (3.28) as

M M 1
7}0:\/51/;:—: ~Vc:]\/[’-(—)~V 3.29
A /14 (Xs/R,)? 1-2D) ** 529
Since R, >> X/, one can write M’ ~ M, which indicates
Up X Vgp1 =M - V. =M 1 V. (3.30)
Vo = Vg1l = c — 1—2D g .
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Using (3.19), one can express the output power (p,) as follows

Po(t) = vo(t) - io(t) = VoI, cos o — VoI, cos(2wol — @) = P + i (t) (.31

which contains two components: the constant active power (F,) and the low-frequency ripple
power (p).). Hence, due to the presence of p/., low-frequency ripples will occur in the dc side.
The low-frequency ripple problem of RSCFSI will be discussed separately in detail in Chapter
4. As mentioned previously, power is transferred from input to output of the inverter in both
shoot-through and nonshoot-through states for RSCFSI. Therefore, p, must be equal to the

input power of the inverter (p;) as follows:

pi(t) = vc(t) - i5(t) = po. (3.32)

which can be expanded as

{Ve+0.(t)} - {L; + 1:(t)} = P + () (3.33)

where . and 7; are the ac component of v, and i;, respectively. Equating the dc components

on both sides, the following expression can be obtained

Ve I = Vol,cos (3.34)

Using (3.30) in (3.34), I; is expressed as:

MI,
V2

I, = coS ¢ (3.35)

Therefore, putting (3.35) in (3.16), the average value of ¢, is derived as:

1 MI,
I; = (1—2D) . NG cos ¢ (3.36)
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Fig. 3.7 SBC-PWM for RSCFSI: (a) sinusoidal modulation and triangular carrier signals, (b) generation of gate
control signals and (c) PWM control scheme.

3.3.4 Generation of gate pulses using SBC-PWM

To incorporate the shoot-through state in the PWM control, the traditional PWM technique
for VSI needs to be modified accordingly. The modified PWM scheme for RSCFSI is
developed based on the traditional sine-triangle PWM with unipolar voltage switching as
exhibited in Fig. 3.7(a), where the sinusoidal modulation signals +vg, and triangular carrier
signal vy; are shown. Note that the carrier signal frequency is much higher than the modulation
signal frequency (fy; >> fn), but for demonstration purposes, it is shown to be very less.
The gate pulses for the switches 51, Sy, S3 and Sy are Gg1, Gso, Gg3 and G g4, respectively,
which are demonstrated in Fig. 3.7(b). Further, the schematic of the switching strategy for

RSCFSI is illustrated in Fig. 3.7(c).
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In conventional sine-triangle PWM, the gate pulse for switch 57, denoted as G ¢, is
generated from a triangular carrier signal vy; and a sinusoidal modulation signal vg,. The gate
pulse for switch S is the complementary signal of G's;¢ and is denoted as G g4¢. Similarly,
the gate pulse for S; is generated from vy; and —vg,, which is denoted as G go. The gate pulse
for switch S5 is the complementary signal of Ggo¢ and is denoted as GGg3¢. Therefore, Gg1¢,
Gsoc, Gssc and Ggye are the gate signals to be used when the conventional sine-triangle
PWM is applied to the inverter as shown in Fig. 3.7(c). The shoot-through duty ratio D can be
varied by changing the shoot-through control voltages v and —wvy, as seen from Fig. 3.7(b).
In order to insert shoot-through, the shoot-through signal ST, generated by comparing vy and
—vg With vy, is logically added with Gs1¢0, Gsac, Gs3c and Gy to obtain the final gate

signals Gg1, Gg2, Gg3 and G4 using the following logic as shown in Fig. 3.7(c).

Gg1 = Ggic + ST
Ggs = Ggsc + ST

(3.37)
Gg3 = Gszc + ST

Ggo = Ggac + ST

3.3.5 Limitation of modulation index

The shoot-through duty ratio D can be varied by changing the shoot-through control
voltages vy and —wvy, as seen from Fig. 3.7(b). To derive the mathematical relation between

D and v consider the equations for the triangular carrier signal, which can be written as:

0 ri Ts . Ts
N (A NTRIN
(%) (3.38)

@tri STS . Ts

From Fig. 3.7(b), it can be observed that at time ¢, the sinusoidal signal v, becomes

'Utri(t) =

equal to the triangular signal v, and the switch .S; is turned on. Further, —vg;, becomes equal

to vy at time ¢, and the switch 5] is turned off. Also, between time ¢y and ¢y, Vi > VUsin,
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which indicates that the switch S5 is turned on. So, both S; and .S, remains on between time

to and t1, indicating occurrence of an active state. Therefore, at time ¢, and ¢; one can write

Utri(t()) = Usin (tO)

Utri(tl) - _Usin(tl)

(3.39)

The limiting value of v, occurs at the peak, i.e., the modulation index M, which can be used

in (3.39) to obtain the following

Ui (tO) =M

Utri<t1) =-M

From (3.40), the expressions of ¢, and ¢; can be written as

t—Ts ] M
° 7 4 U

Hence, the total duration of active state becomes

=

Tactive -

~

Utr

T, M
2 2="""T,
2

Vtr

Therefore, the duration of the zero state is

M M
TZerO:TS_Tactive:Ts_A_'T:(1_ )Ts
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In Fig. 3.7(b), it can be observed that the shoot-through signal ST is high between ¢, and

ts, where —vy > vg. Therefore, one can write
Utri(t2) - Utri<t3) = —Ugt (345)

Therefore, from (3.38) and (3.45), the expressions of ¢; and ¢, can be written as

Ts Ust
th=="2.(1
2 4 < +f}tri>
T

S Vst
fs=— (3—
° 4 < @tri>

Since shoot-through occurs twice in a switching cycle, the time interval between ¢, and t3 is

(3.46)

also expressed as,

DT
gt — ) = (3.47)
Solving (3.46) and (3.47), the total of shoot-through state is given by,
Ust
Tqw=D -Ts = (1—A—)-TS (3.48)
Utri

In order to ensure that the shoot-through interval does not overlap with the power interval
of the inverter, D should be chosen such that the total width of the shoot-through interval

does not exceed the total available width for zero interval in any switching cycle as follows:

Tyero > Tin (3.49)
which gives
(1 — %) -Ts > DT (3.50)
Ut
Using (3.48) in (3.50),
Ve =(1—=D) 0y > M - 0y (3.51)

TH-3349 166102001 116



3.4 ENHANCED BOOST CONTROL-BASED PWM STRATEGY

In this chapter, 0; = 1. So, one can write

vy = (1 — D) (3.52)
From which, the limitation of M is found to be

M < (1 - D) (3.53)

There is another limitation of the modulation index, which is needed to be taken into
consideration owing to the presence of the offset capacitor C; placed in series with the load.

When the switches S5 and Sy are turned on together, one can write
Ve(t) = vo(t) + vea(t) + vrr(t) (3.54)

Since vy ¢ is generally quite small, it can be ignored. Using (3.24) and (3.30) in (3.54),

one can obtain the following inequality:

Ve>M-V.+D-V,
(3.55)

= M < (1-D)

which is same as (3.53). Therefore, the selection of the modulation index is limited by the

shoot-through duty ratio. Thus, the dc-ac gain of RSCFSI with SBC-PWM becomes

) MV, 1-D
Byo=—7=—"-< : 3.56
R (=) o0

3.4 ENHANCED BOOST CONTROL-BASED PWM STRATEGY

In order to improve the boost factor and dc-ac gain of RSCFSI, another PWM strategy is
proposed in this chapter, which is known as enhanced boost control-based PWM (EBC-PWM).

In the SBC-PWM strategy, 5 states, which are one shoot-through and four nonshoot-through,
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(b)

Fig. 3.8 Different states of operation of RSCFSI in EBC-PWM: (a) shoot-through state-1, (b) shoot-through
state-2, (c) shoot-through state-3 and (d) nonshoot-through states 1-4.
are utilized from Table 3.1. With EBC-PWM, two additional shoot-through states are utilized

to improve the boost factor of RSCFSI, compared to SBC-PWM.

3.4.1 Operating principles of RSCFSI using EBC-PWM

For the circuit analysis of the single-phase RSCFSI during shoot-through and non-shoot-
through intervals, all the previous assumptions mentioned in Section 3.3 are again considered.
The equivalent circuit diagram of the RSCFSI during the shoot-through state-1 is shown
in Fig. 3.8(a). In the shoot-through state-1, all four switches are turned on together. The
diodes D,, D, becomes reverse biased, because the capacitor C'is placed parallel to them.
The inductor L is charged by the input voltage 1, and the capacitor C' together during this
interval. In this state, the mathematical equations are same as (3.9). The rest of the duration
of (1 — D) - T} is utilized for the shoot-through states 2-3 and the nonshoot-through state.

The equivalent circuit diagram of the RSCFSI during the shoot-through state-2 is shown in
Fig. 3.8(b). This state is achieved by the inverter by turning on three switches at the same time.
Both switches of the leg-2, i.e., S5 and S5 as well as S; should be turned on simultaneously.

In this state, the diode D, becomes forward-biased. The other diode D, is reverse-biased as a
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voltage of (V. — V,) appears across it. Hence, the inductor L is charged by the input voltage
V, as observed in Fig. 3.8(b). The capacitor is disconnected from the rest of the circuit in this
state. Since both S5 and S5 are turned on, v;5 is zero in this interval. At the same time, v;; is

equal to v., because S, and D, are turned off. So, the mathematical equations in this state are

vr(t) =V,
() = 0
vir (£) = va(?) (3.57)
via(£) = 0
vap(t) = 0.

The equivalent circuit diagram of the RSCFSI during the shoot-through state-3 is shown
in Fig. 3.8(c). Similar to the shoot-through state-2, this state is also achieved by turning on
three switches at the same time. Both switches of the leg-2, i.e., Sy and S5 as well as Sy
can be turned on together to achieve this state of operation. In this state, the diode D, is
reverse-biased, because a voltage of (V. — V;) appears across it. The other diode D, becomes
forward-biased. Thus, L is charged by V/, as observed in Fig. 3.8(c). Since both S5 and S5 are
turned on, v;s is zero in this interval. At the same time, v;; is equal to v., because S is turned
on, and D, are turned off. The inverter output voltage v, is equal to v, in shoot-through
state-3. Similar to shoot-through state-1, owing to a non-zero v,;, the power is transferred
from the dc-side to the ac side in this state. Therefore, the inverter is represented as a current

source 7;. Thus, the mathematical equations in this state are expressed as

v(t) =V,

iot) = —ii(t)
v (t) = va(t) (3.58)
va(t) = 0
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Fig. 3.9 Duration of shoot-through and nonshoot-through states (a) in SBC-PWM and (b) in EBC-PWM.

\/

!

=

In SBC-PWM, the entire switching period is divided by shoot-through state-1 of duration
D - T, and nonshoot-through states 1-4 of duration (1 — D) - T, as shown in 3.9(a). In
EBC-PWM, because the inductor voltage is equal to V; in both states, the duration of each of

the shoot-through states 2 and 3 is taken as Dy - /2, where Dy is taken as
Dy="—— (3.59)

As shown in 3.9(b), the (1 — D) - T interval is equally between the shoot-through states 2, 3
and the nonshoot-through states 1-4.

Considering that both switches of the leg-2, i.e., S, and S5 are turned on together in both
shoot-through states 2 and 3, the shoot-through duty ratio of S5 and S3 becomes

D+ Dy=D + (%) = (#) (3.60)

The equivalent circuit diagram of the RSCFSI during the nonshoot-through state is shown
in Fig. 3.6(b). The nonshoot-through states 1-4 can be considered as a single state, because the
RSCEFSI operates similar to the conventional single-phase VSI. Hence, in the equivalent circuit
shown in Fig. 3.6(b), the inverter can be represented as a current source ¢; during the nonshoot-
through interval. Note that the duration of this interval is (1 — D — Dy) - Ty = (1 — D) - T, /2.
In this interval, the input inductor L is discharged, and the dc-link capacitor C'is charged by
the input voltage source V,, along with L. Also, the power is delivered to the ac load through

the inverter. Hence, the mathematical equations are same as (3.10) in this state.
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3.4.2 Determination of dc-dc gain with EBC-PWM
Applying small ripple approximation to (3.9), (3.10), (3.57) and (3.58), the voltage across
inductor L and the current through capacitor C' in one switching period of 7 are obtained as:

(

V,+V, if0<t<D-T,

1+D
v (t) = LV, ifD-T, <t< (JFT) T, (3.61)

i /)
V, = V., if (%)-Ts<t<Ts

\

(

I, —1I; ifo<t<D-T,

D+1
0; ifD-TS<t<(3 4+ )-TS

io(t) = (3.62)
D+1 1+ D
—I;; e (| 2 T, <t < g T,
4 2
1+ D
n— o <+T) T, <t<T,

In steady-state, over one switching cycle, the average voltage across the inductor (vp, (%)),

\

and average current through the capacitor (i.(t)),, should be zero. Therefore, using inductor

volt-second balance, one can write

(1_2D).vg+(1_D>-(Vg—VC):O. (3.63)

We(®)r, = D+ (Vy + Vo) + g

From (3.63), the average value of v.. is determined as:
2
V., = <—> -V, = BFrV, (3.64)

which indicates the boost factor is significantly more than that achieved by RSCFSI with

SBC-PWM strategy for same shoot-through duty ratio.
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Similarly, using capacitor amp-second balance, one can obtain

1-D 1-D
(z’c(t)>TS =D-(—I,—-1;)+ ( 1 ) (=1) + ( 5 ) (I, —1;)=0 (3.65)
From (3.65), the average value of iy, is derived as:
1 D+3
I =—- -1 )
L= (1_3D) ; (3.66)

3.4.3 Determination of dc-ac gain with EBC-PWM

In EBC-PWM, the power is delivered in the shoot-through states 1 and 3 along with the
nonshoot-through state for RSCFSI. Therefore, p, must be equal to the power at the input of

the inverter (p;) as follows:

p)={1- (F52) bou-i0 = (272) w00 = n). Gon

Equating the dc components on both sides, one can obtain

D
(T+3) Ve I; =V,I,cosp (3.68)

Using (3.30) in (3.68), I; is expressed as:

4 MI,
i == 3.69
(D+3> vz ¥ 59

Therefore, putting (3.69) in (3.66), the average value of ¢, is derived as:

2 MI
I, = . 9 3.70
’ (1_3D) ¥ B (3.70)

During shoot-through states 1 and 3, v, 1s equal to v., because of which, an offset voltage
occurs at the output. The duration of shoot-through state-3 is (1 — D) - T /4, according to

(3.59). Also, the duration of shoot-through state-1 is D - T;. Therefore, the dc offset in vy,
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becomes

1—-D 3D +1
%ffZ(D—FT)'Vc:(T—i_)'%:Dl'VC' (3.71)

3D+ 1

where D; = ( ) . Similar to SBC-PWM, a dc capacitor C}; is essential to counter the

dc offset at the output so that the average voltage across C,; becomes
Vea = Vot = D1 - Ve (3.72)

which ensures that v, remains entirely ac. Therefore, (3.24) becomes modified as

V21,
(JJOCd

Vea(t) = D1Ve — cos(wot — @) = Vg + 0eq(t) (3.73)

In (3.53), the limitation of the modulation index M is established for SBC-PWM, which is
same for EBC-PWM. However, in (3.55), another limitation of ) is dictated by the presence
of the offset capacitor C; placed in series with the load, which needs to be modified for

EBC-PWM. Using (3.30) and (3.73) in (3.54), one can obtain the following inequality:

Ve>M-Ve+ Dy - Ve

(3.74)
Therefor, the dc-ac gain of RSCFSI with EBC-PWM becomes
v, MV, 2(1 — Dy) 3 1-D
Bace=— = < =_- 3.75
ATV, T, {1—3D} 2 (1—317) (3.73)

which is significantly more than the dc-ac gain achieved by RSCFSI with SBC-PWM strategy

for same shoot-through duty ratio.

3.4.4 Generation of gate pulses using EBC-PWM

To incorporate the additional shoot-through states along with previously implemented

shoot-through state-1 and nonshoot-through states 1-4 in the PWM control, the SBC-PWM
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Fig. 3.10 EBC-PWM for RSCFSI: (a) sinusoidal modulation and triangular carrier signals, (b) generation of
gate control signals and (c) PWM control scheme.

technique of Fig. 3.7 needs to be modified accordingly. The EBC-PWM scheme for RSCFSI
is developed based on the traditional sine-triangle PWM with unipolar voltage switching
as exhibited in Fig. 3.10(a), where the modulation and carrier signals are shown. The gate
pulses for the switches 57, Sy, S3 and Sy are Gg1, G2, Gg3 and G4, respectively, which are
demonstrated in Fig. 3.10(b). Further, the schematic of the switching strategy for RSCFSI is

illustrated in Fig. 3.10(c).
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As explained previously, Gsi1c, Gsac, Gssc and Ggyo are the gate signals to be used
when the conventional sine-triangle PWM is applied to the inverter. The method of generation
and insertion of shoot-through to the gate signals for the switches S; and S, is same as
SBC-PWM. The shoot-through signal ST is generated by comparing vy and —vg with vy,
and it is logically added with Gs;¢c and G g4¢ to obtain the final gate signals Gg; and Gy

using the following logic as shown in Fig. 3.10(c).

Gs1 = Ggic + ST
(3.76)

Ggs = Ggac + ST

However, the method of generation and insertion of shoot-through to the gate signals
for the switches S, and S3 differs from SBC-PWM. A shoot-through signal ST,, which is
different than ST, is generated by comparing vg With vy, and it is logically added with G go¢
and G g3¢ to obtain the final gate signals Gg2 and G g3 using the following logic as shown in

Fig. 3.10(c).

Gss = Ggsc + STy
(3.77)

Gs2 = Gsac + STy
3.5 COMPARISON BETWEEN SBC-PWM AND EBC-PWM

To compare the boost factor and dc-ac gain of RSCFSI with SBC-PWM and EBC-PWM,
the expression of v, is reevaluated after considering the effect of parasitic resistance r; of
input inductor L. So, with the consideration of r;, realized in series with L, the inductor

voltage vy, using SBC-PWM, expressed in (3.11), is modified as

Vo+Ve—1Ipr; if0<t<D-Ty
v (t) = (3.78)

%—‘/;—ILT’I; ifD-T, <t<T,
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Applying small ripple approximation to (3.78) and using inductor volt-second balance, one
can obtain

(r(t))g, = Vy — (1= 2D) - Vo — Iy = 0. (3.79)

Using (3.16) and (3.35) in (3.79), and assuming the ac load as a resistor R, the boost factor

of RSCFSI, when SBC-PWM is applied, can be modified as:

V. 1
. : 7 (3.80)
9 (1—2D)+M2.m.ﬁ

Similarly, the inductor voltage v; using EBC-PWM, expressed in (3.61), is modified as

(

‘/g‘F‘/c—ILTl; f0<t<D-T,

1+ D
UL(t) = Vq_ILTl; ifD - T, <t< <+T> - T (3.81)

1+D
V, =V, —Ipry; if (+T)-1Q<t<7;

\

Applying small ripple approximation to (3.81) and using inductor volt-second balance,

one can obtain

<UL(t)>TS = V;] + (D — %) . ‘/c — [Lrl =0. (382)

Using (3.66) and (3.35) in (3.82), and assuming the ac load as a resistor R,, the boost

factor of RSCFSI, when EBC-PWM is applied, can be modified as:

Ve 2
v 5 = (3.83)

Based on (3.75) and (3.56), the plots of change in boost factor and dc-ac gain vs. D are
given in Fig. 3.11 and compared for both PWM strategies. Note that the ac load R, =40 (2
and 7, = 0.22 Q. It can be observed that, the inverter can achieve significantly better boost

factor as well as dc-ac gain for same D with the proposed EBC-PWM strategy. However, the
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Fig. 3.11 Change in (a) boost factor, Br, vs. shoot-through duty ratio, D, and (b) dc-ac voltage gain, B4c, Vs
D for EBC-PWM and SBC-PWM strategies.

maximum boost factor and the highest possible dc-ac gain remain unchanged in case of both

PWM strategies.

3.6 COMPARISON OF RSCFSI WITH EXISTING AFE-ISIS

In this section, RSCFSI is compared with existing AFE-ISI topologies such as SBI and

CFSI. The advantages and disadvantages of RSCFSI are discussed in the following.

A) Conversion Ratio
The boost factor (B = V,./V,) of the RSCFSI with SBC-PWM is the same as that of the
CFSI, which is 1/(1 — 2D). Compared to RSCFSI, SBI offers a lower voltage conversion
ratio, which is (1 — D)/(1 — 2D). In a practical scenario, considering maximum boost
converter gain to be 5 and loss-less inversion, the overall RMS ac output voltage to input dc
conversion ratio (Bac = v/2V,/V,) for the SBI topology is about 2 [23]. The experimentally
obtained overall conversion ratio for RSCFSI is 4.23 (145 V RMS ac output voltage from a

50 V dc input voltage), which can be further improved with EBC-PWM.
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Table 3.2 Comparison of RSCFSI with SBI and CFSI

SBI CFSI RSCFSI
No. of active switches 5 5 4
No. of passive switches 6 6 6
No. of capacitors 2 2 3
No. of inductors 2 2 2
Input current Discontinuous Continuous
1-D 1 1
I ter i t volt — .V -V, .
nverter input voltage T—op Vo T—ap T—aop Vs
1-D 1
Boost factor (B
oost factor (Br) 1-9D T_9D
Modulation index (M) 0<M<(1-D)
Capacitor volt. v=1-D y 1% L v |y, L _v. V=DV
apacitor voltage = 3 = : S o= Y9y cd = c
P : cT1_2D 9 cT1-2p "9 | eT1_9p 9 Ve
MI, cos
Inductor current I, = | L0 CO8P
V2(1—2D)
Voltage stress on Vo 1-D v - 1
switches Si.4, D14 ¢ 1-929D 9 ¢ 1-2D 7
Voltage stress on switch S Ve =V, V. NA
Voltage stress on diode D, Ve =V V. V.
Voltage stress on switch Dy, V. V. V.
Current stress on I
switches S1.4 L
Current stress on diode D, I, 2D1I;,
DI
Current stress on diode Dy, 7 i) 2DI;,
. ’ - D 6 —5D
Total Device Ratlng PoBF-SBI ( D)2 POBF-CFSI . 1 D 4P0BF-RSCFSI . (1 =+ D)

B) Component Count

The complete break-up of various components for SBI, CFSI and RSCFSI is illustrated in

Table 3.2. The number of active switches required in SBI and CFSI is 5, which includes 4

IGBTs with anti-parallel diodes and one IGBT without anti-parallel diode. RSCFSI requires

4 active switches as it reduces the IGBT without anti-parallel diode. Considering the power

diodes of the active-front-end network and the anti-parallel diodes of the active switches,

the number of passive switches required in SBI and CFSI is 6, which remains same for

RSCFSI. The number of capacitors used by the SBI and CFSI is 2, of which, one is used in
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Table 3.3 Quantitative comparison of parameters, voltage stress and current stress

SBI CFSI RSCFSI
Boost factor (Br) 5.708 5.263
Shoot-through duty ratio (D) 0.452 0.405
Modulation index (M) 0.548 0.595
Output voltage (v,) 110 V RMS for V, =50 V
Output current (%,) 2.2 A RMS taking load resistance as 50 {2
Capacitor voltages V.=2854V | V.=263.15V V‘.C/; Z ??)ZSSVV
Inductor current (/1,) 8.8 A 4.87 A
Voltage stress on switches S1.4, D14 2854V 263.15V
Voltage stress on switch S 2354V 263.15V NA
Voltage stress on diode D, 2354V 263.15V
Voltage stress on switch Dy, 2854V 263.15V
Current stress on switches S 4 8.8 A 4.87 A
Current stress on diode D, 8.8 A 4.87 A 3945 A
Current stress on diode Dy, 7258 A 331 A 3.945 A
Total Device Rating 16.32 kVA 8.509 kVA 7.157 kVA

the active-front-end network and another one is used as the filter capacitor. In addition to
those two capacitors, RSCFSI needs one more as the offset capacitor. All of SBI, CFSI and
RSCEFSI use two inductors, of which one is required in the active-front-end network, and the
other one serves as the output filter inductor. Although the total component count remains
the same for SBI, CEFSI and RSCFSI, due to the elimination of one switch, the RSCFSI is

expected to achieve better efficiency than other two topologies.

C) Input Current

The discontinuous nature of the input current of SBI from the supply is attributed to the
diode present in series with the DC source. In certain renewable energy applications, such as
solar photovoltaic and fuel cell systems, the incorporation of an input filter stage is imperative.
This is due to the fact that discontinuous input current has the potential to cause a reduction
in the lifespan of the renewable sources. Conversely, the continuous input current drawn by
CFSI and RSCFSI is associated with the existence of an inductor between the input source
and the active-front-end network. Therefore, the necessity for an additional input filter stage

is significantly reduced.
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D) Voltage Stress of Switching Devices

A comparison of voltage stresses of the switches is presented in Table 3.2. From the table,
it can be seen that all of the switches of all three topologies have to withstand a voltage equal
to the dc-link voltage, except for the diode D, and switch S of SBI, which have to withstand
voltage stress of (V. — V;). Note that the low-frequency is not considered for voltage stress
calculation. As the boost factor of SBI is lower than that of both CFSI and RSCFSI, to achieve
the same dc-ac gain Bac, SBI needs to be operated with a much higher shoot-through duty
ratio D. This results in higher dc-link voltage V., which indicates higher voltage stress across
. A quantitative comparison is presented in Table 3.3. To obtain a 110 V RMS as ac output
voltage for a 50 V as dc input voltage, the dc-link voltage V.. of SBI needs to be 285.4 V. At
the same scenario, V, of both CFSI and RSCFSI need to be 263.15 V. As the boost factor
is less, SBI requires a higher D of 0.452 compared to 0.405 of CFSI and RSCFSI. As the
modulation index M is also limited by D, SBI has a reduced M of 0.548. At the same time,
CFSI and RSCFSI have a higher M of 0.595. Because of the combined impact of the low
boost factor and the limitation of modulation index by the shoot-through duty ratio increases

the required V, for SBI, which increases the voltage stress level in some of the switches.

E) Current Stress of Switching Devices

A comparison of the current stresses of the switches is illustrated in Table 3.2. From
the table, it can be seen that most of the switches of all topologies have to withstand a
current equal to the inductor current /. Note that the low-frequency is not considered for the
current stress calculation. In SBI and CFSI, the diode D, has to withstand a current stress of
(I, —I;) = DI, /(1 — D). In RSCFSI, both diodes have a current stress of (I, — I;) = 2D1I],.

The input current 7;, of SBI is not same as 7, and the expression of 7;, of SBI is

0; f0<t<D-T;
in(t) = (3.84)

I, ifD-T,<t<T,
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which means the relation between [;,,the average value of 4;,, and [, is

I, = —— I (3.85)

At the same time, for CFSI and RSCFSI, [;, = [;. Therefore, for same input current as CFSI
and RSCFSI, the inductor current of SBI becomes significantly higher. Furthermore, the boost
factor of SBI is lower than that of both CFSI and RSCFSI, and, to achieve same dc-ac gain
Bac, SBI needs to be operated with much higher shoot-through duty ratio. The combination
of both these factors results in higher inductor current /;, which indicates higher current
stress through the switches 57, So, S3, 4 and D,. A quantitative comparison is presented in
Table 3.3. To obtain a 110 V RMS as ac output voltage for a 50 V as dc input voltage and a
load resistor of 50 €2, the input current of all three topologies needs to be 4.87 A, which means
1, of both CFSI and RSCFSI ought to be 4.87 A. As the boost factor is less, SBI requires
a shoot-through duty ratio of 0.452 compared to 0.405 of CFSI and RSCFSI. Therefore, I},
of SBI becomes 8.8 A, according to (3.85). Since [}, is higher, the current stress of D also
increases to 7.258 A. At the same time, for CFESI and RSCFSI, the current stress of D, are

3.31 A and 3.945 A, respectively.

F) Total device rating

The Total Device Rating (TDR) is a mathematical expression that represents the summa-
tion of the individual device ratings of all switching devices [25]. This rating is obtained by
multiplying the peak voltage across the device with the peak current through the device. The
TDR expressions for three topologies are given in Table 3.2. Note that the low-frequency is
not considered for TDR calculation. A quantitative comparison is also presented in Table 3.3,
where the dc input voltage is 50 V, the ac output voltage is 110 V RMS, a resistor of 50 €2
is considered as the load. From this comparison, it is clear that among three topologies, the
RSCEFSI has the least TDR of 7.157 kVA and the SBI has the highest TDR of 16.32 kVA.
Note that the CFSI has a TDR of 8.509 kVA, which is slightly more than that of RSCFSI
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Table 3.4 Parameters of the components of SBI, CFSI and RSCFSI for power loss calculation

SBI/CFSI RSCFSI
Switch IRG7PH42UDPBF, 1200V, 45A, r, = 62.5m¢)
Diode DSEI60-06A, 600V, 60A, rp = 16.7mS2
Capacitor 400uF C": 1160pF; r. = 56mS2
160m¢? Cq: 470uF; req = 130mS2
DC-side Inductor 2.75mH, 0.1502
Filter Inductor 4mH, 0.2Q)
Inductor Core E 100/60/28, N97, 6800nH/N>

owing to the additional switch S. The TDR of SBI is significantly higher than other two

topologies owing to much higher voltage stress and current stress as explained previously.

G) Efficiency and power loss

In order to compare operational efficiencies, the power loss of SBI, CFSI and RSCFSI
are calculated using same switches, power diodes and inductor core as shown in Table 3.4.
Note that the voltage rating of all capacitors is 400 V and the current rating of all inductors is
10 A. The operating conditions are same as the parameters mentioned in Table 3.3. Using
the parameters mentioned in Table 3.4, an efficiency comparison for all three inverters is
presented in Fig. 3.12(a), in which the output power P, is varied between 50 W and 350 W. In
Fig. 3.12(b), a power loss comparison for all three inverters are illustrated for a P, = 350 W.
The method for power loss and efficiency calculation used in [49] is followed in this chapter.
Note that output filter losses are included in the power loss and efficiency calculation. Also,
any low- or high-frequency ripple are not considered for the dc-side parameters, and only
average values are used in this comparative analysis.

In Fig. 3.12(a), it is observed that RSCFSI has better efficiency than both SBI and CFSI.
Since SBI has a lower boost factor, to achieve a similar dc-to-ac voltage gain, SBI is operated
at a much higher shoot-through duty ratio. Hence, it is demonstrated to have the lowest
efficiency among the three inverters. Compared to CFSI, RSCFSI has about 1%-2% better
efficiency. A breakdown of the losses brings out the main reason behind the better efficiency
of RSCFSI. Owing to one less switch, RSCFSI has lower switching loss among all three

inverters. In both SBI and CFSI, the inductor current /;, flows through the dc-link capacitor
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Fig. 3.12 Comparison between RSCFSI, CFSI and SBI in terms of (a) calculated efficiency and (b) calculated
power loss at output power = 350 W.

during the shoot-through state. Consequently, the dc-link capacitor only takes a current of
(Ir, — i,) in RSCFSI during shoot-through. Also, for the same voltage ripple at the dc-link,
RSCFSI uses a larger capacitor compared to SBI and CFSI. A larger capacitor has lower
equivalent series resistance. Because of these two factors, the dc-link capacitor loss of RSCFSI
is also the lowest among the three inverters. However, RSCFSI has an additional capacitor
(4, which adds more capacitor loss. Although at P, = 350 W, overall capacitor loss is lowest
for RSCFSI, at higher output power, a higher output current will flow through C,, and the
capacitor loss will be higher, resulting in an overall higher loss for the RSCFSI. The diode
loss 1s more for CFSI because conducting current through one of the diodes is I, and through
the other diode is (17, — i,), whereas conducting currents through both diodes of the RSCFSI

are (I, — i,). Thus, the RSCFSI also has the lowest diode loss among the three inverters.

H) Control to output response

The control to output transfer function of CFSI [25] is

; —bys — b
%ls) b —bo (3.86)
d(s) a8+ ais+ag
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where

ap = RgeRi(1 —2D)?* a1 = L{R; + (1 — D)Rg.}; as = LCR4R;;

v (3.87)
bo = 2R4.R;V.(2D —1); by = LR4.R; (2[ — ﬁc)

Note that the control to output transfer function of SBI [23] is also given by (3.86) and (3.87).
The expression for the control to output transfer function of RSCFSI remains same as (3.86)
while the expressions of the coefficients are given as follows:

ag = Rchi(l 5 2D)2; a1 = L(}%Z == Rdc); [ LCRdCRi;
(3.88)

bo > 2RchZV;(2D 3 1), b1 = ZLRdCRZ‘IL
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Fig. 3.13 The control to output response of SBI, CFSI and RSCFSI

The control to output response of SBI, CFSI and RSCFSI is given in Fig. 3.13. Since the
expressions of the transfer functions are very similar, it is expected that three inverters will
have quite similar control to output response. However, the additional fundamental component
in the low-frequency ripple requires larger passive elements to be used for RSCFSI considering
same amount of ripple. Thus, RSCFSI seems to be having a smaller bandwidth compared to

both SBI and CFSI.
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Fig. 3.14 Closed-loop control strategy.

3.7 CLOSED-LOOP CONTROL OF RSCFSI

The objective of the control strategy in standalone mode is to track a reference output
voltage and control the dc-link voltage. Therefore, the output voltage controller must track
the reference output voltage (v)), which generates the reference output current (i) for the
current controller. A separate voltage controller is used to track the desired dc-link voltage
given as a reference, which also prevents over-charging of the dc-link capacitor. The complete

closed-loop control strategy is presented in Fig. 3.14.

3.7.1 Tracking the reference output voltage

The output voltage (v,) is compared to its reference v}, and the error is passed through
a proportional-resonant (PR) controller as shown in Fig. 3.14. The PR controller has been
chosen due to its accurate tracking. The overall transfer function of the controller, which

should track the fundamental component, is chosen as

28w, s
152 4 26w,5 4 w?

GpRl(S) —— Kpl + K,n (389)

The damping factor £ can be taken between 0.01 and 0.02 [100]. The transfer function from

U, to 1, 1S given by
Vo(s) R,
io(s) sR,Cy +1

Gyi(s) = (3.90)

where the ac load is R,, and a filter capacitor C'y is connected across R,.
With K,; =0.05 and K,; = 1.0, the compensated bode diagram is shown in Fig. 3.15. In

order to maintain steady-state error close to zero, the PR controllers must have high gain at
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Fig. 3.15 Bode diagram of output voltage control loop.

the desired (in this case, fundamental) frequency of 50 Hz, and the gain crossover frequency
(f.) has to be more than half a decade separated from the switching frequency f so that
enough attenuation can be achieved at f;. It is found the phase margin is 72.5°, and f. is 600
Hz, which is more than a decade separated from f, of 10 kHz. A gain of 33 dB is achieved at

50 Hz, and an attenuation of 45 dB is observed at f,.

3.7.2 Tracking the reference output current

The output current 7, has a monotonic relationship with the switching states. So, when

switches S; and S, are on, one can write

ULf(t) = Lfdi:i—it) = Uc(t) - Ucd(t) - Uo(t) = Uc(t) - vcd<t> - io(t)Ro (391)

which indicates
dio(t)
dt

>0 (3.92)
Similarly, when switches S5 and S, are on, one can obtain

di, (1)
dt

ULf(t) = Lf = _UC(t) - Ucd(t) - Uo(t) = _Uc(t) - vcd(t) - io<t>Ro (393)
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Fig. 3.16 Bode diagram of output current control loop.

which indicates
di,(t)
dt

<0 (3.94)

Thus, in order to control i,, the switches require regulation through the control variable vy ¢.
Therefore, the current through the filter inductor L is compared to the reference generated by
the voltage controller, and the error is passed through a PR controller as shown in Fig. 3.14.

The transfer function from ¢, to vy is obtained as:

io(s) 1

Gio(s) - ULf(S) a SLf Sl RLf.

(3.95)

considering Ry, the parasitic resistance of L. The current controller, which should also

contain w, as the resonant frequency, is selected as:

28w, s
5%+ 2Awes + w2

GPRQ(S) = Kp2 + Kr (396)

With K, =20 and K,» = 2000, the compensated bode diagram is shown in Fig. 3.16.

The phase margin is 80°, and crossover frequency is 815 Hz, which is more than a decade
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separated from the switching frequency of 10 kHz. A gain of 64 dB is observed at the

fundamental frequency, and an attenuation of 22 dB is achieved at the switching frequency.

3.7.3 Control of dc-link capacitor voltage

In order to design the controller for the regulation of the dc-link capacitor voltage, the
control to output transfer function is required. Applying ac modeling approach, as explained

in [3], to (3.9) and (3.10) one can write,

L5 G0}, = Vy = {1 = 20(0)} - (00, — GO, 7

C% (Ve(t))q, = {1 = 2d(8)} - (ir(8))g, — {1 — d(B)} - (ia(t)) 1,

(3.97)

where 7; is the parasitic resistance of the input inductor L. Here, (v.(t)),, (ir(t)),, and
(i(t))r, are the average values of v., iy, and i;, respectively, over one switching period. Note
that V., I, and I; is obtained in Section 3.3 considering small ripple approximation. The
above-mentioned equations are perturbed and linearized to construct the small-signal model
of the converter. In this model, the input voltage Vj, is considered to be stiff, and it does
not have any perturbation. As explained in Section 3.6, the voltage stress of the switching
devices are equal to either V. or (V. — V), and the current stress of the switching devices
are either equal to [, or (I, — I;). Also, the relationship between V, and V. as well as the
relationship between /;, and /; depend on D. Therefore, the chosen quiescent point (Q-point)
or the operating point of a device, should be V,, I, I; and D. Therefore, i L(t), Ei(t), 0e(t),
and J(t) are the small ac variations with respect to the chosen Q-points, i.e., the average

values I, I;, V., and D, respectively, and are expressed as follows:

<U0(t)>TS =V.+ ﬁc{t%
(i(8))q, = In +ir(t);
(i:() g, = Li + 1:(1);

d(t) =D +d(t).

(3.98)
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Using (3.98) in (3.97), one can obtain

L% (I, +i(t)} =V, - {1 9 {D + cZ(t)}] AVe +0e(t)} = {Lp +in(t)}

C% (Vo +0.(t)} = [1 —2 {D -+ J(t)H Al +ir)} — [1 - {D + d(t)}] AL+ ()}
(3.99)

The dc terms contain dc quantities only. The first-order ac terms contain a single ac
quantity, usually multiplied by a constant coefficient such as a dc term. These terms are linear
functions of the ac variations. The second-order ac terms contain the products of ac quantities.
Hence, they are relatively small and can be ignored. Thus, the small-signal dynamic equations

of the RSCFSI can be written as follows:

d

L—ip(t) = —(1 = 2D) - 5.(t) — 11 - ig(t) + 2V, - d(t)
625 (3.100)
C=0c(t) = (1= 2D) Cig () + (L — 215) - d(t) + (1 = D) - (1)

By transforming (3.100) into s-domain, the control to output transfer function can be derived

as follows
_ %(s) _ 2V.(1—2D) + (sL+m)(I; — 21;)
d(s) 9o SLC+snC+(1-2D)?

(3.101)

which indicates that the transfer function GG4 of RSCFSI is a nonminimum phase transfer
function with a real zero in the right half of the s-plane, which is also observed in SBI and
CFSI [23, 25].

The regulation of the dc-link capacitor voltage v. is achieved with a voltage controller
added in the form of a type-II compensator. As shown in Fig. 3.14, the measured v.. is passed
through a moving average filter (MAF) so that the dc component V. can be extracted. Then
V. 1s compared with the reference value V. and the error is given to the type-II compensator

g ("“Z
thpe—H<5) MB

s (1+ i)
Wp

(3.102)
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Fig. 3.17 Bode diagram of dc-link voltage controller.

where Gvig, w), and w, are the gain, pole and zero of the compensator, respectively.

Thus, the voltage loop gain can be written as

Ty(s) = Giypen(s) - Gya(s) (3.103)

The crossover frequency needs to be less than 5 Hz, because of the significant low-
frequency ripples at 50 Hz and 100 Hz, which will be discussed in Chapter 4 in detail.
Therefore, the crossover frequency should be more than a decade separated than both 50 and
100 Hz so that sufficient attenuation is available for both 50 and 100 Hz. To achieve this, Gy
= 0.005; w, = 0.02 rad/s; and w, = 1.59 rad/s, so that the crossover frequency becomes 3.57
Hz. The phase margin is 87°, and the gain margin is 8 dB. The attenuation at 50 Hz is 40 dB,
and the attenuation at 100 Hz is 60 dB, indicating the voltage controller remains unaffected

by the low-frequency ripples.

3.8 VERIFICATION OF RSCFSI

The hardware prototype of single-phase RSCFSI has been built to perform experimen-

tal verification of the theoretical analysis presented in this chapter. Fig. 3.18 shows the
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Fig. 3.18 Experimental setup of single-phase RSCFSI.

Table 3.5 Components used in hardware setup

Component Part No. and Manufacturer
S1, Sa, S3, Sy IRG7PH42UDPBF (International Rectifier)
D, Dy DSEI60-06A (IXYS)
Gate Driver FOD3180 (Fairchild)
Inductor Core E 100/60/28 (EPCOS)
Voltage Transducer LV 25-P (LEM)
Current Transducer LA 55-P (LEM)

photograph of the hardware setup. The input dc voltage V; is 50 V. The output voltage v,
is 110 V RMS. The system operation with an ac load of 50 €2 is verified. Table 3.6 lists
the parameters and component values used to perform the experiments. A TMS320F28335
Digital Signal Processor (DSP) is used to implement the proposed PWM switching strategies
and the closed-loop control technique. The components used in the hardware setup are listed

in Table 3.5.

3.8.1 Verification of buck-boost capability of RSCFSI

One of the main advantages of RSCFSI over the conventional VSI is that it can generate
an ac output voltage that is either higher or lower than the dc source voltage V. To verify this

experimentally, the RSCFSI is tested for different conversion ratios, and the corresponding
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Table 3.6 Parameters and component values for experiment

Parameter/Component Attributes
Input Voltage (V) 50V
Shoot-through duty ratio (D) 0.425
Peak value of output voltage (v,) | 110 VRMS
Fundamental Frequency (f,) 50 Hz
Inverter Switching Frequency (f) 10 kHz
Input inductor (L) 2.75 mH
dc-link capacitor (C) 1160 pF
Bleeding Resistance (Ry) 10 k2
Filter Inductor (L) 4 mH
Offset capacitor (Cy) 470 uF
AC Load (R,) 50 Q
Output Filter capacitor (C'y) 10 pF
: v 0 s W ]
[50 V/idiv] ™ e [50 Vidiv] e
, 1 [100 V/div] - 1 [100 Vidiv]
- [100 V/div]
[\ /1N [\ \ \ [ A [ / /
HII S /»‘l ‘;K [/ / , \} \ ,«/ \ / '\\ )// \ /[
10 ms/div
(a) (b)

Fig(.1 3.19 Experimental results of the RSCFSI with different conversion ratios: (a) buck mode and (b) boost
mode.

experimental results are given in Fig. 3.19. The buck capability of RSCFSI is shown in Fig.
3.19(a). It can be observed that the dc input voltage Vj, is 50.4 V, which is boosted to the
dc-link voltage V. = 148.8 V. The output voltage v, is observed to be 11.6 V RMS. Therefore,
the ac-to-dc voltage gain Bac is 0.33. In Fig. 3.19(b), the boost capability of the RSCFSI
is explored. Note that for a V, of 48.2 V, V. is stepped up to 375.7 V, whereas v, is 144.25
V RMS. Therefore, the ac-to-dc voltage gain Bac is 4.23. From these results, it is clear that
the ac-to-dc conversion ratio can vary between 0.33 and 4.23. This verifies the buck-boost

capability of the RSCFSI.
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Fig. 3.20 (a) Implementation of SBC-PWM using DSP and OR gates and (b) gate pulses generated by SBC-
PWM. +ug,: sinusoidal modulation signals, +uvg;: triangular carrier signals, +vg: shoot-through constant
voltages, Gg1.4: gate pulses of S74.

3.8.2 Verification of RSCFSI with SBC-PWM
A) Generation of gate pulses using SBC-PWM

As shown in Fig. 3.20(a), the gate pulses are generated through the DSP and four OR logic
gates. A total of four EPWM modules are utilized in DSP [103]. A 74HC32 quad 2-Input OR
gate IC is used to realize four OR logic gates, which are employed at the DSP output. The
gate signals of S and S, are generated in the EPWM1 module. The shoot-through signals
for S and S5 are generated in EPWM2 module. Using a pair of OR gates, the shoot-through
signals are inserted into the final gate signals of S; and S,. Similarly, the gate signals for
S3 and S, are generated in EPWM3, and the shoot-through signals generated in EPWM2 is
added to those signals using another pair of OR gates obtaining the final gate signals of S
and S,4. Note that the modulation signals vy, and —vy;, are generated in the DSP in open loop.
In closed loop, the modulation signals are obtained from the output of the current controller
as illustrated in Fig. 3.14.

The gates pulses for the switches S;.4 are shown in Fig. 3.20(b), which are generated
using the aforementioned process. It can also be noted that these gate pulses are consistent

with the pulses illustrated in Fig. 3.7(b).
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Fig. 3.21 (a)-(b) switch node voltage waveforms and (c)-(d) steady-state performance of the RSCFSI with
SBC-PWM. i : input inductor current, v.: dc-link capacitor voltage, vgi.4: voltages across Si.4, Vg input
voltage, v,: output voltage, i,: output current, v.4: offset capacitor voltage.

B) Steady-state performance of RSCFSI using SBC-PWM

Fig. 3.21 shows the experimental results of RSCFSI using the SBC-PWM strategy. The
dc-link capacitor voltage v, the inductor current 77, and the switch node voltages are shown
in Fig. 3.21(a) and (b), where v, v, vs3 and v,y are the voltage across the switches Sy,
Ss, S3 and Sy, respectively. When the switches are turned on, the voltage across it becomes
zero, and when the switch is turned off, the voltage across it becomes equal to the dc-link
capacitor voltage v, as shown in Fig. 3.21(a) and (b). In the shoot-through state, when all
four switches are turned on together, the inductor is charged, which can be verified from
the positive slope of i, in Fig. 3.21(a) and (b). Similarly, in the nonshoot-through state, the

inductor is discharged, which is supported by the negative slope of iy,.
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Fig. 3.21(c) and (d) demonstrate the steady-state performance of the RSCFSI using the
SBC-PWM strategy. Fig. 3.21(c) depicts the waveforms of the input voltage V,, the dc-link
voltage v, and the output voltage v, for 5 cycles. Note that a lower boost factor Br and a lower
dc-to-ac gain Bac are chosen for further experimental results owing to several limitations of
the experimental setup. In this way, the output current 7, can be taken higher. In Fig. 3.21(c),
Vj 1s taken as 50 V, and the average value of v, is measured to be 287 V, which indicates Br
= 5.74. The shoot-through duty ratio D is taken as 0.425, for which the theoretical value of
Br is calculated as 6.67, according to (3.14). So, it is concluded that there is a drop in Br as
per experimental results. This is observed due to non-idealities present in the hardware, such
as the parasitic resistance of the input inductor L and the filter inductor L, the equivalent
series resistance of the de-link capacitor C' and the filter capacitor C'y, the turn-on resistance
of the switches and the diodes, etc. The peak-to-peak ripple of v, is 8 V. The RMS value of v,
is 110 V.

Fig. 3.21(c) shows the waveforms of the input inductor current i, the offset capacitor
voltage v.4, the output voltage v, and the output current ¢,. The average value of iy, is 5 A,
and its peak-to-peak ripple is 3.6 A. The average value of v, is measured to be 118 V, which
is calculated as 121 V, according to (3.24). The peak-to-peak ripple of v.4 is 52 V as a 470 uF
capacitor used as the offset capacitor Cy. Since the load resistor is 50 €2, the RMS value of 7,

is measured to be 2.2 A for a v, of 110 V RMS, and it is in phase with v,

C) Transient performance of RSCFSI using SBC-PWM

In Fig. 3.22, the transient performance of RSCFSI with SBC-PWM is demonstrated,
where the waveforms of dc-link capacitor voltage v, input inductor current ¢y, output voltage
v, and output current ¢, are presented. Fig. 3.22(a) depicts the transient performance for
a 40% step-up change in load. Fig. 3.22(b) demonstrates the transient performance for a
40% step-down change in load. Note that v, is maintained at 110 V RMS in both changes of

step-up and step-down in load.
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Fig. 3.22 Transient performance of RSCFSI with SBC-PWM: (a) for a 40% step-up change in load and (b) for a
40% step-down change in load. v..: dc-link capacitor voltage, iy,: input inductor current, v,: output voltage, i,:
output current.

As shown Fig. 3.22(a), 1, is decreased from 2.2 A RMS to 1.4 A RMS so that the average
value of 7y, is stepped down from 5 A to 3 A. The average value of v, remains unchanged
at 287 V, which indicates the dc-link voltage controller is working satisfactorily. However,
a reduction in low-frequency ripple is observed for both v. and iy, as the load is reduced.
Similarly, in Fig. 3.22(b), ¢, is increased from 1.4 A RMS to 2.2 A RMS so that the average
value of iy, is stepped up from 3 A to 5 A. The average value of v, remains unaltered at 287 V,
which demonstrates that the dc-link voltage controller is functioning adequately. However,
an increment in low-frequency ripple is observed for both v, and 7y, as the load is increased.
Therefore, both transitions in load display acceptable transient responses. Note that although
i1, 1s not controlled, its waveform is included in Fig. 3.22 to show changes on the input side

when a change in load occurs.

3.8.3 Verification of RSCFSI with EBC-PWM
A) Generation of gate pulses using EBC-PWM

As shown in Fig. 3.23(a), the gate pulses are generated through the DSP and four OR logic
gates. A total of four EPWM modules are utilized in DSP [102]. A 74HC32 quad 2-Input OR
gate IC is used to realize four OR logic gates, which are employed at the DSP output. The

gate signals of S and S, are generated in the EPWM1 module. The shoot-through signals
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Fig. 3.23 (a) Implementation of EBC-PWM using DSP and OR gates and (b) gate pulses generated by EBC-
PWM. +ug,: sinusoidal modulation signals, +uvg;: triangular carrier signals, +vg: shoot-through constant
voltages, vs,y: sawtooth signal, Gg1_4: gate pulses of Sy _4.
for S and S5 are generated in EPWM2 module. Using a pair of OR gates, the shoot-through
signals are inserted into the final gate signals of .S} and S5. Similarly, the gate signals and the
shoot-through signals for S5 and S, are generated in EPWM3 and EPWM4, respectively. Two
more OR gates are employed to include the shoot-through signals into the final gate signals of
S5 and Sy. Similar to SBC-PWM strategy, the modulation signals vy, and —uvg, are generated
in the DSP in open loop. In closed loop, the modulation signals are obtained from the output
of the current controller as illustrated in Fig. 3.14.

The gates pulses for the switches S 4, generated using the aforementioned process, are
shown in Fig. 3.23(b). It can also be noted that these gate pulses are consistent with the pulses

illustrated in Fig. 3.10(b).

B) Steady-state performance of RSCFSI using EBC-PWM

Fig. 3.24 shows the steady-state experimental results of RSCFSI using the EBC-PWM
strategy. The dc-link capacitor voltage v., the inductor current 7;, and the switch node
voltages are shown in Fig. 3.24(a) and (b), where v, vy, vs3 and vy are the voltage across
the switches 57, S», S3 and 5y, respectively. When the switches are turned on, the voltage
across it becomes zero, and when the switch is turned off, the voltage across it becomes equal

to the dc-link capacitor voltage v. as shown in Fig. 3.24(a) and (b). In the shoot-through
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Fig. 3.24 (a)-(b) switch node voltage waveforms and (c)-(d) steady-state performance of the RSCFSI with
EBC-PWM. i.: input inductor current, v,: de-link capacitor voltage, vg1.4: voltages across Sy, Vj: input
voltage, v,: output voltage, i,: output current, v.q: offset capacitor voltage.

state-1, when all four switches are turned on together, the inductor is charged with a steeper
slope of (V, + V.)/ L, which can be verified from the positive slope of iy, in Fig. 3.21(a) and
(b). Similarly, it is noticed that In the shoot-through state 2, when three switches are turned
on together, the inductor is charged with a slope of /L, which can be verified from the less
steep, positive slope of i;. Similar to SBC-PWM, in the nonshoot-through state, the inductor
is discharged as supported by the negative slope of 7.

Fig. 3.24(c) and (d) demonstrate the steady-state performance of the RSCFSI using the
EBC-PWM strategy. Fig. 3.24(c) depicts the waveforms of the input voltage V,,, the dc-link
voltage v, and the output voltage v, for five cycles. Similar to SBC-PWM, in Fig. 3.24(c), V,
is taken as 50 V, and the average value of v, is measured to be 278 V, which indicates Bp =
5.56. The shoot-through duty ratio D is taken as 0.225, for which the theoretical value of Bp

is calculated as 6.15, according to (3.14). The reduction in the boost factor is observed due to
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Fig. 3.25 Transient performance of RSCFSI with EBC-PWM: (a) for a 40% step-up change in load and (b) for a
40% step-down change in load. v..: dc-link capacitor voltage, i1.: input inductor current, v,: output voltage, i,:
output current.

non-idealities in the hardware setup. The peak-to-peak ripple of v, is 8 V. The RMS value of
v, 18 110 V.

Fig. 3.24(c) shows the waveforms of the input inductor current 7, the offset capacitor
voltage v.4, the output voltage v, and the output current ¢,. The average value of 7, is 5 A, and
its peak-to-peak ripple is 3 A, which is less than that of SBC-PWM. The average value of v.4
is measured to be 114 V, which is calculated as 116 V, according to (3.73). The peak-to-peak
ripple of v.4 is 52 V as a 470 uF capacitor used as the offset capacitor C'y. Since the load
resistor is 50 €2, the RMS value of i, is measured to be 2.2 A for a v, of 110 V RMS, and it is

in phase with v,.

C) Transient performance of RSCFSI using EBC-PWM

In Fig. 3.25, the transient performance of RSCFSI with EBC-PWM is demonstrated,
where the waveforms of dc-link capacitor voltage v, input inductor current ¢y, output voltage
v, and output current ¢, are presented. Fig. 3.25(a) depicts the transient performance for
a 40% step-up change in load. Fig. 3.25(b) demonstrates the transient performance for a
40% step-down change in load. Note that v, is maintained at 110 V RMS in both changes of

step-up and step-down in load.
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As shown Fig. 3.25(a), 1, is decreased from 2.2 A RMS to 1.4 A RMS so that the average
value of iy, is stepped down from 5 A to 3 A. The average value of v, remains unchanged
at 278 V, which indicates the dc-link voltage controller is working satisfactorily. However,
a reduction in low-frequency ripple is observed for both v, and ¢y, as the load is reduced.
Similarly, in Fig. 3.25(b), i, 1s increased from 1.4 A RMS to 2.2 A RMS so that the average
value of 7y, is stepped up from 3 A to 5 A. The average value of v, remains unaltered at 278 V,
which demonstrates that the dc-link voltage controller is functioning adequately. However,
an increment in low-frequency ripple is observed for both v, and 7, as the load is increased.
Therefore, both transitions in load display acceptable transient responses. Note that although
17 1s not controlled, its waveform is included in Fig. 3.25 to show changes on the input side

when a change in load occurs.

3.9 SUMMARY

In this chapter, the single-phase RSCFSI topology is derived from the complimentary
current-fed dc/dc topology, and the steady-state analysis of the RSCFSI is presented. The
implementation of the SBC-PWM strategy is illustrated, for which the RSCFSI can achieve
same boost factor as the CFSI. To improve the proposed inverter’s boost factor for the same
shoot-through duty ratio, the EBC-PWM strategy is proposed. A comparison of the RSCFSI
with SBI and CFSI is also performed in this chapter, which shows the RSCFSI requires
lower total device rating (TDR) and achieves better efficiency among the three inverters. A
closed-loop control strategy is also illustrated for the RSCFSI to control the output voltage
and the dc-link voltage. The proposed inverter is fabricated in hardware, and the presented
experimental results for steady-state operation and transient performance of the inverter due

to ac load change are consistent with the analysis.
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CHAPTER 4

LOW-FREQUENCY RIPPLE ANALYSIS AND

MITIGATION IN RSCFSI

4.1 INTRODUCTION

In Chapter 3, the circuit diagram of RSCFSI is introduced, and its operating principles
are presented with SBC-PWM and EBC-PWM strategies. A performance comparison of
RSCFSI with SBI and CFSI is also presented in Chapter 3. As discussed in Chapter 2,
the low-frequency ripple analysis of the single-phase SBI underlines the requirement of
notably large inductors and capacitors to subdue the second harmonic ripple. In a similar
manner, the low-frequency ripple problem is explored for the RSCFSI in this chapter. A
low-frequency ripple analysis for the RSCFSI is performed, which reveals the existence of
an additional fundamental frequency ripple as a part of the low-frequency ripple problem,
which is not found in SBI. Based on the analysis, a design procedure for the selection of the
passive elements of the active-front-end network of the RSCFSI is demonstrated. However, to
mitigate both fundamental and second harmonic ripples in RSCFSI, even larger electrolytic
capacitors and inductors are required, which significantly hinders the reliability and power
density of the overall system [46].

In SBI, the low-frequency ripple problem is mitigated by the integration of independent
APD networks with the SBI, as explained in Chapter 2. A similar solution would also work for
RSCEFSI. However, it is observed that the independent APD solutions bring down efficiency
as they employ additional switches and passive elements. Also, because of the combined
operation of the switches and the presence of the additional fundamental frequency compo-
nent, the mitigation of low-frequency ripple in the RSCFSI poses more challenges. Recent
developments in ripple reduction approaches have focused on dependent APD networks,

which only include additional auxiliary passive elements to store the low-frequency ripple
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energy redirected from the dc-side. Here, the inverter leg switches simultaneously handle the
APD functionality and dc-ac power conversion.

Following this research, the APD-integrated RSCFSI (APDRSCEFSI) topology is proposed
in this chapter. Compared to RSCFSI, the changes in the proposed topology involve the
inclusion of one auxiliary dc capacitor (C;) and the splitting of the ac output filter inductor
(Ly) in two (Ly; and Lyo). Also, APDRSCFSI does not add more active switches than
RSCFSI, and the existing inverter switches S5 and S, are utilized for APD functionality.
A closed-loop control technique is also illustrated in this chapter, which integrates output
voltage control and APD functionality. The closed-loop control strategy extensively utilizes
multiple resonant controllers to appropriately deal with the additional fundamental frequency
component alongside the second harmonic ripple.

The rest of this chapter is organized as follows: in Section 4.2, the low-frequency
ripple of RSCFSI is analyzed with SBC-PWM, and a selection procedure for the passive
elements of the active-front-end network of RSCFSI is formulated. In Section 4.3, the
APDRSCEFSI is introduced to facilitate low-frequency ripple mitigation in RSCFESI. Section
4.3 further presents the low-frequency ripple analysis and the design of passive elements for
the APDRSCEFSI. Furthermore, the boundary condition of APDRSCFSI with SBC-PWM
strategy is explained in Section 4.3. In Section 4.4, the low-frequency ripple of RSCFSI is
analyzed with EBC-PWM, and the design of passive elements for the RSCFSI is extended for
EBC-PWM strategy. In Section 4.5, the low-frequency ripple analysis for the APDRSCFSI
with EBC-PWM is illustrated along with the design of passive elements. A comparison
between SBC-PWM and EBC-PWM, applied to APDRSCFSI, is presented in Section 4.6.
The closed-loop control strategy is illustrated in Section 4.7. The experimental verification of
the APDRSCFSI is demonstrated in Section 4.8. The concluding remarks are presented at the

end of this chapter.
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Fig. 4.1 Circuit diagram of RSCFSI.

4.2 LOW-FREQUENCY RIPPLE ANALYSIS AND DESIGN OF PASSIVE
ELEMENTS OF RSCFSI wiTH SBC-PWM

The circuit diagram of RSCFSI is shown in Fig. 4.1. In Chapter 2, the low-frequency
analysis of SBI is described, which involves the estimation of the output and input power. The
same analysis is extended for RSCFSI. However, the analysis requires modification owing
to the topological differences between SBI and RSCFSI. Also, the analysis depends on the
PWM strategy used to generate the gate pulses. In this section, the low-frequency ripple
analysis of RSCFSI with SBC-PWM strategy is presented. Based on the analysis, the design

of passive elements is also formulated in this section.

4.2.1 Low-frequency ripple analysis of RSCFSI with SBC-PWM

The output voltage and current of single-phase RSCFSI should be sinusoidal. The

expressions of sinusoidal output voltage (v,) and output current (¢,,) can be considered as

vo(t) = V2V, sin w,t
“4.1)

io(t) = V2I, sin(wet — )

where w, is the fundamental frequency, ¢ is the phase difference between v, and ¢,

TH-3349 166102001 153



CHAPTER 4 LOW-FREQUENCY RIPPLE ANALYSIS AND MITIGATION IN RSCFSI

Therefore, the output power (p,) can be obtained as

Do(t) = vo(t) - io(t) = VoI, cos o — Vo1, cos(2wot — @) = Py + por(t) 4.2)

which contains two components: the constant active power (F,) and the low-frequency ripple
power (p,-). In Fig. 4.1, the input power is coming from the source is constant. In order
to balance the input and output power, the low-frequency ripple power must be supplied by
the capacitor C' and inductor L of the active-front-end network. This results in large voltage
ripple on the capacitor and large current ripple on the inductor of the active-front-end network,
which can be analyzed with the determination of the ripple energy of single-phase RSCFSI.
However, p,; signifies the power received at the inverter output, and it is observed that p,
is not same as p,;, because of the presence of the offset capacitor C,; and the output filter
inductor L.

In Section 3.3, the voltage across Cy, i.e., V.4, 1S expressed in (3.24), which is given below

v2I,

Wolrg

Vea(t) =D -V, — cos(wot — @) = Vg + Teq(t) 4.3)

where V.4 and v, are average and low-frequency components of v.q4, respectively. It is
observed that the voltage ripple v.4 contains a fundamental or w, ripple. Since the output

current i, is flowing through C}, as shown in Fig. 4.1, the power drawn by C} is

2

Pea(t) = vea(t) - 1,(t) = V2DV,I, sin(w,t — ¢) — wIZZ’ sin(2w,t — 2¢). (4.4)
o\“d

which also contains a fundamental component along with the second harmonic component.
As shown in Fig. 4.1, 7, is flowing through the output filter inductor L. Therefore, vy s, the
voltage across Ly, is expressed as:

dio (t)

i \/§wOLfIO cos(wot — ¢) 4.5)

vrs(t) = Ly
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So, the power drawn by Ly is

pri(t) = vpp(t) - io(t) = woLpI2 sin(2w,t — 2¢). (4.6)

Therefore, p,;, is expressed as:

pab(t) = Po o Por (t) = pcd(t> + po (t) = Po + pr(t) (47)

where p, denotes the overall low-frequency ripple power of RSCFSI. Since C and L are
passive elements, they only contribute to the reactive power. Thus, p.; and pr,; cannot be
ignored in the low-frequency ripple analysis of RSCFSI, as they constitute a considerable part

of p,.. Hence, the complete expression of p, is reckoned as:

Pr(t) = Dor(t) + pea(t) + prs(t) = Ry sin(w,t — @) + Ro sin(2w,t — 2¢ + 1) (4.8)

where R, and R are the peaks of the fundamental and second harmonic components of the

low-frequency ripple power of RSCFSI, expressed in the following

D
Ry = V2DV,.I, = ﬂ(l _2D) Volo

Ry = —\/(VOIO cos)? 4+ (12X — V,1,sin p)? 4.9)

1 gl V,1,cos p
X/ (%Od ~eaig > s ViLsng

Therefore, p, contains both fundamental and second harmonic ripple, unlike SBI or CFSI.
Hence, owing to p,, the dc-side parameters will be affected by the low-frequency ripples.
In Section 3.7, the small-signal dynamic equations are obtained in (3.100). Ignoring the

parasitic resistance of the input inductor, (3.100) can be modified as:

dig (1) .
L a ~(1=2D)-%(?) (4.10)
@D _ 1 _opy i) -,

dt
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where i;, 17, and 7, are the low-frequency parts of 4;, i;, and v,, respectively. Using Laplace

transform, (4.10) is taken into s-domain, and is presented as

sLip(s) = —(1 —2D) - 0,(s) @1

sC.(s) = (1 — 2D) -ig(s) — is(s).

Solving (4.11), the relationship among %Z-, U, and iz in s-domain is obtained as

L ~
Bels) = — - i)
(1 -2D)?+ s2LC
| 4B (4.12)
ir(s) = 1 2D7+ 2L i;(s)
At frequency w,, from (4.12) one can obtain
S R jwoL T
Beliwo) =~ 2Dy —wzre iU
oD (4.13)
iljwe) = TopyE —ezre  HUWe)
which can be rewritten using phasor notations as
— JwoL =
(U —_— *Clw
¢ (1-2D)2 —w2LC ¢
(4.14)
= 1-2D =
2 Wo

e == 2D)2 — w2LC

= = pod - .,
where i;, U, and iy, are the fundamental ripples of ¢;, 0. and i, respectively, expressed

in phasor form.

Similarly, at frequency 2w,, from (4.12), one can obtain

. j2woL © .
2w,) = — 502
Uelj2wo) =~ opyz — qzne %)
(4.15)
~ . 1 - 2D <o
iwli20e) = G5y —gezne U2
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which can be rewritten using phasor notations as

— J2woL =
Veow, = — 2
e T (1—2D) —4w2LC e

(4.16)
= 1—2D =
1L 2w, = © 12w
F2we ™ (1 —2D)2 —4w2LC "2

= - pos ~ -
where %; 2., Ucaw, and %r,9,,, are the second harmonic ripples of ¢;, 0. and ¢y, respectively,

expressed in phasor form.
As explained in Section 3.2, power is transferred from the dc-side to the ac-side in both
shoot-through and nonshoot-through states for RSCFSI. Hence, p,;, the output power of the

inverter at the terminals a-b, should be equal to p;, the input power of the inverter, as follows:

pi(t) = Ve - 4:(t) = pan(t)- (4.17)

where it can be assumed that v, ~ V. Thus, the expression of i; is derived as

MI, . .
i;(t) = 5 Ccos p + % sin(w,t — @) + % sin(2w,t — 2¢ + 1) (4.18)
= =

From (4.18), i w, and Ei 2w, can be obtained as

= Ry
.7,' wWo — —Z£ —
i we % ¥
4.19)
= R
Ui 2w, = le(—% + 1)
s s
Therefore, (4.14), (4.16) and (4.18) are solved to obtain ir,,,, and iy 2., as follows
= Ry(1—2D)
wo — L—
Leo = yI1— 2D —w2LC] T 7
(4.20)

= Ry(1—2D)
UL 2w, = ch[(l _ 2D)2 _ 4&)3[;0] l(_2(70 + @Zj)
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Thus, 77, can be expressed in time-domain as follows:

in(t) = Iy sin(wet — @) + Iz sin(2w,t — 2 + 1)) (4.21)

where [, and I, are the peaks of w, and 2w, ripple of i, respectively, which are

Ri(1—-2D)
V(1 - 2D)? — w2LC]
(4.22)
Ry(1 —2D)
Ve[(1 —2D)? — 4w2LC]|
Similarly, (4.14), (4.16) and (4.18) are solved to obtain o.,,, and 7.2, as follows
—Z woLRl
. = — Z(90° —
Uew, =~y —apy —wzne] L O %)
(4.23)
— QWOLRQ
2w, = — Z(90° — 2
Ue2se = YT oD — 42L0] < o +9)
Thus, v, can be expressed in time-domain as
De(t) = Vg cos(wot — ) + Vig cos(2w,ot — 20 + 1) (4.24)
where V., and V5 are the peaks of w, and 2w, ripple of v., respectively, which are
UJOLRl
Vi = —
V(1 —2D) —w2LC]
(4.25)
2w, LR
Vig = — . &

V.[(1 - 2D)2 — 42LC]

Therefore, an additional fundamental component as well as the second harmonic component

is observed in both i; and 7., unlike SBI or CFSI.

4.2.2 Design of passive elements

The offset capacitor Cy needs to withstand a substantial quantity of low-frequency voltage

ripple because the output current 7, is passing through it, as observed in (3.24) in the expression
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of v.4. Let x4 be the allowable peak-to-peak voltage ripple in the following

2Ucd

Tq > x 100% (4.26)

cd

Thus, the desired C; should be selected as

X 2v/2(1 — 2D)1I,
¥ werg DV,

Cy (4.277)

The dc-link capacitor C' and input inductor L must be able to mitigate low- and high-
frequency ripples. When L and C' are designed to mitigate high-frequency ripples, (3.9) is

approximated as

Ay,
j— =(1-2D)- 4.2
DT, Vog+Ve=( ) Vet Ve (4.28)
Av,
Cpp=|=I—hl=I.+(1-2D) I (4.29)

Using (3.14) and (3.35) in (4.28) and (4.29), the inductor requirement for high-frequency

ripple constraint is obtained as follows:

2v2D(1 — 2D)T.V,

L> 4.30
- bM I ,cosp (4.30)
where 0 is the preferred allowance of high-frequency ripple of 7;, as follows:
Aj
b> =L x 100% (4.31)
Iy,

Similarly, the capacitor requirement to limit the high-frequency ripple is derived as follows:

V2D(1 — 2D)T,MI,cosp

c > 4.32
> av, (4.32)
where a is the preferred allowance of high-frequency ripples of v, as follows:
Av,
o> =2 % 100% (4.33)

[
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Although L and C, given in (4.30) and (4.32), respectively, are adequate for mitigation

of the high-frequency ripples, larger passive elements are necessary for mitigation of the
low-frequency ripple. Let = be the desired low-frequency ripples of v, as follows:

2Va

-V

2Veo
Ve

x 100%
(4.34)
x 100%

Similarly, let y be the desired low-frequency ripple of iy, as follows:

y > Hu
I,

2IL2
I,

x 100%
(4.35)

y > x 100%

Thus, the minimum capacitor requirements for mitigation of low-frequency ripple, using

the specified inductor value in (4.30), are:

2v/2D(1 —2D)I, (1 —2D)?

Tw,Vy w2l

Cup 2

o

(4.36)

G > (1 —-2D)MR; n (1—2D)?
TV 2aw,VoV, 4w L

Therefore, for mitigation of both low-frequency and high-frequency ripple, the preferred
C must be larger than all the values of capacitance acquired in (4.32) and (4.36). After C
is estimated, fundamental and second harmonic ripples, i.e., y,,, and ¥, , respectively, are
estimated to review if it falls within y according to (4.37). If it exceeds the limit, a larger L is
selected, and C' is again estimated. This procedure is repeated until every ripple is brought

down below the desired constraints.

AD(1 — 2D)?
Yoo = <y
°  [w2LC — (1 —2D)?|M cos ¢
(4.37)
2(1 — 2D)R,

= <
Y2uo [4w2LC — (1 — 2D)?|V,I,cos p — Y
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Table 4.1 Parameters of RSCFSI used for design of passive elements

Parameter Attributes
Input Voltage (V) 40V
Peak output voltage (v,) 120V
Peak output current (z,) 3A
Output power (F,) 180 W
Fundamental Frequency 50 Hz
Inverter Switching Frequency (f) 10 kHz

240.0 1
235.0 1
230.0 UC(V)
225.0
220.0 -
150.0 1
125.0 A
100.0 de(V)
75.0
50.0 -
8.0 7 .
(A
6.0 4 —( ) —
4.0 4
2.0 -

200.0 7

g (V) O\
-100.0 A \/ \_/

-200.0 -
4.0 q

2.0 1 - /\

oo 20(A)

-2.0 1 \/ \/

-4.0 -
1.000 1.005 1.010 1.015 1.020 1.025 1.030 1.035 1.040

Time (s)

Fig. 4.2 Simulation results of single-phase RSCFSI with SBC-PWM to verify the design of passive elements.
v.: de-link capacitor voltage, ¢7,: inductor current of active-front-end network, v.q4: offset capacitor voltage, v,:
output voltage, and ¢,: output current.

In this work, taking x = 5%, C is chosen as 1160 uF; considering y = 40%, L is selected
as 3.5 mH; taking 24 = 40%, Cj is chosen as 470 pF. The design of passive elements is
verified in simulation with parameters given in Table 4.1. The simulation results are shown
in Fig. 4.2, where the waveforms of the dc-link capacitor voltage v., the inductor current 7y,
of active-front-end network, the output voltage v, and the output current 7, are plotted. The

peak-to-peak ripple of v.. is found to be 9 V, and the average value of v.. is observed to be 230

V. Thus, the calculated value of = = 4%. Similarly, the peak-to-peak ripple of i, is found to
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be 2 A, and the average value of 7, is observed to be 5 A. Therefore, the calculated value
of y = 40%. The peak-to-peak ripple of v, is found to be 40 A, and the average value of
Ueq is observed to be 100 V. Therefore, the calculated value of 24 = 40%. Note that the peak
amplitude of v, is 120 V, and the peak amplitude of 7, is 3 A. So, it can be concluded that the
designed values of passive elements of the active-front-end network can satisfactorily mitigate

the low-frequency ripples below desired limitations.

4.3 LOW-FREQUENCY RIPPLE MITIGATION IN RSCFSI WITH
SBC-PWM

In SBI, the low-frequency ripple problem is mitigated by integration of independent APD
networks with the SBI, as explained in Chapter 2. A similar solution would also work for
RSCFSI. However, it is observed that the independent APD solutions bring down efficiency
as they employ additional switches and passive elements. Also, because of the combined op-
eration of the switches and the presence of the additional fundamental frequency component,
the mitigation of low-frequency ripple in the RSCFSI poses more challenges. Recent devel-
opments in ripple reduction approaches have focused on dependent APD networks, which
only include additional auxiliary passive elements to store the low-frequency ripple energy
redirected from the dc-side. Here, the inverter leg switches handle both APD functionality and
dc-ac power conversion. Following this research, the APD-integrated RSCFSI (APDRSCFSI)

topology is proposed in this section.

4.3.1 Introduction to APDRSCFSI

For low-frequency ripple mitigation, the topology of RSCFSI is altered with the addition
of a dependent APD network. The modifications involve the inclusion of one auxiliary dc
capacitor C, and the ac output filter inductor L; being halved in L;; and Lo, as shown in
Fig. 4.3. The switches S3 and S, are utilized for APD functionality. The resultant topology is
named APD-integrated RSCFSI (APDRSCEFSI). Alongside acting as a filter for the output

current, L ¢, helps the transfer of the low-frequency ripple from C' to Cs. Thus, the current
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Fig. 4.3 Circuit Diagram of APDRSCFSIL

through L, is denoted as the ripple current (¢,). Like the RSCFSI, the switches S; and Sy
carry out the shoot-through process and facilitate the conversion of dc-ac power. At the same
time, S5 and S5 facilitate the transfer and storage of low-frequency ripple energy in Cs and

also carry out the shoot-through process and facilitate the conversion of dc-ac power.

4.3.2 Low-frequency ripple analysis of APDRSCFSI with SBC-PWM
Since the auxiliary capacitor C stores both fundamental and second harmonic ripple
energies, the expression of the auxiliary capacitor voltage v.s can be considered as

Ves (1) = Vs + Vig1 cos(wot — 1) + Vega cos(2w,t — p2) (4.38)

where Vs, V.51 and V_,, are the average value, the peaks of fundamental and second harmonic

ripple of v.,, respectively. Thus, the auxiliary capacitor current . is derived from (4.38) as

dves(t)
dt

ies(t) = C = —woCs Vi1 sin(wot — 1) — 2w,CsVego sin(2w,t — 9) (4.39)

For simplicity, one can consider ¢ ~ ¢, and (4.39) becomes

Ges(t) = —woCsVesy sin(wot — @) — 2w,Cs Vo sin(2wot — ¢2) (4.40)
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Therefore, the fundamental ripple of ., is shifted by a phase of 180° from ¢,. Thus, the

expression of ripple current ¢, can be written as:

i (8) = 10(t) + ies(t)
= {(\/5]0 — WoCsVies1) sin(wot — @) — 2w,CsVega sin(2w,t — 2) } (4.41)

= (\/510 + L.s1) sin(wot — @) + Leso sin(2wot — o)

where .1 = —w,CsV,.e1 and I oo = —2w,C,V,s. Thus, 7, is less than i,, which indicates
lower current stress for Sy, S3, Cy and L. Since ¢, is flowing through Cy, v, is also lowered,
which reduces capacitor requirement.

For RSCFSI, the power received at the inverter output p,; is given in (4.7). Alongside
previous considerations, p,, of APDRSCFSI must also consider the power stored by the

auxiliary capacitor, p.,, expressed in the following

Pes(t) = Ves(t) - des(t) = Veg{Les1 sin(wot — @) + Lo sin(2w,t — o)} (4.42)

In (4.42), the terms containing frequencies higher than 2w, and other higher order terms
are ignored. In RSCFSI, i, is flowing through Cy, and the expressions of v.; and p.4 are
calculated accordingly in (4.3) and (4.4), respectively. In APDRSCFSI, i, is flowing through

Cy, as shown in Fig. 4.3, which indicates

Cy- dvz@ =i, (t) (4.43)

Therefore, the expression of v., 1s modified as follows:

\/§Io + Icsl
—————— cos(wot — ) —

Ud() woCd Wolig

cos(2wot — ¥2). (4.44)

From which, the expression of p.; can be also altered as follows:

Ped(t) = vea(t) - 1,.(t) = Vcd{(\/ﬁlo + Is1) sin(wot — @) + Legosin(2wot — o)} (4.45)
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In (4.45), the terms containing frequencies higher than 2w, and other higher order terms are

ignored. Thus, p,, should be modified as:

Pab(t) = Py 4 Dor(t) + prs(t) + pea(t) + pes(t) = Py + pr(t) (4.46)

where p, is the low-frequency ripple power of APDRSCFSI. Assuming s == (20 — ), p

can be expressed as
Pr(t) = Por(t) + 0L (t) +Dea(t) + pes(t) = R sin(wot — ) + Ry sin(2w,t —2p+1). (4.47)

where R} and R) are the peaks of fundamental and second harmonic ripples of the low-

frequency ripple power of APDRSCEFSI, respectively, expressed in the following

Rll = Rl - woCs‘/csl(‘/cd + ‘/CS)
(4.48)

RIQ — R2 - 2(")ocvs‘/cs2<‘/'cd + ‘/cs)

As R and R/, of APDRSCFSI are significantly lower than R, and R, of RSCFSI, respectively,
both fundamental and second harmonic components of the low-frequency ripple power of
APDRSCESI are much smaller than that of RSCFSI.

Following a similar procedure, described for RSCFSI in Section 4.2, i; for APDRSCFSI

can be derived from (4.17) and (4.46) as follows:

/ /

R R
i;(t) =1, + 71 sin(w,t — @) + 72 sin(2w,t — 2¢ + ). (4.49)

c Cc

For RSCFSI, the low-frequency parts of i, and v, i.e., i, and ., respectively, are
presented in (4.21) and (4.24), respectively. Similarly, for APDRSCFSI, solving (4.14), (4.16)

and (4.49), the expression of 7, is obtained as follows:

in(t) = Iy sin(wet — @) + Iz sin(2w,t — 2 + 1)) (4.50)
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where
Ry (1 —2D)
I =
V(1 —2D) — w2LC]
(4.51)
R,(1 —2D)
Ips =
Ve[(1=2D)? — 4w2LC]
Similarly, solving (4.14), (4.16) and (4.49), the expression of v.. is derived as follows:
Ue(t) = Ve cos(wot — @) + Veg cos(2wot — 2 + 1)) (4.52)
where
Ve — woL R
T V(1 —2D)% — w2LC]
(4.53)
Vi, — — 2w, LR,

V.[(1 = 2D)? — 42 LC]

Since R} and R are significantly lower than R; and R,, respectively, both i;, and @, for

APDRSCEFSI are also significantly reduced, compared to RSCFSI.

4.3.3 Design of passive elements

The design of passive elements, described in Section 4.2.2, is extended for APDRSCFSI.
The selection of Cs and L, involves consideration of both w, and 2w, frequencies because
the low-frequency ripple power contains both, according to (4.47). In order to make the
low-frequency ripple of v. completely zero, i.e., V,; » = 0, the required minimum values of
C at different frequencies are

Ry

Cs—w 2
’ wo‘/csla/::d + ‘/cs)

(4.54)

Ry
Cs— w, Z
2w QWO‘/CSZ(V;d + ‘/cs)
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where C o, and C o, are the required capacitances at w, and 2w,, respectively. Thus, the

final value of C'; should be chosen as

Cs Z MaX(Cs—wo ) Cs—Qwo) (455)

If C is designed to completely diminish ., the required C' would be very small, as it is
only required to mitigate high-frequency ripple. However, this results in a considerably large
value of (. If both C' and C are small enough, film capacitors can replace conventional
electrolytic capacitors, significantly improving the lifetime and overall system reliability. So,

the design goal is to lessen the amount of voltage ripple by a factor of & as

_ (vc)p._p in RSCFSI > 4.56)
(0c)p-p in APDRSCFSI
: . Ry Ry : :
which can be approximated as ﬁl > k; E > k. Hence, the respective capacitance
requirements at w, and 2w, are
o > k—1 . Ry
’ k wo‘/;:sl(v::d 4 V::s)
(4.57)
k—1 R
Cs-2wo &

> .
o k QWOVYCSQ(‘/Cd + ‘/cs)

The auxiliary capacitor C; must be selected higher than both C;_,,, and C.,,. As both
Ves and its ripple V. o are inversely proportional to C, greater V., or V.4 2 facilitates smaller
(5. Moreover, the dc-link capacitor C' is only required to diminish the low-frequency ripples
reduced by k, because rest of the ripple energy is now deflected to C. Therefore, the minimum
capacitor requirements as obtained in (4.36) are modified as

2R, (1-2D)?
C T wer V2 w2l

(4.58)
R, (1—-2D)?
> + .
T werV2 (2w)2L
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In order to mitigate both low-frequency and high-frequency ripple, the preferred C' must
be larger than all the values of capacitance acquired in (4.32) and (4.58).

Choosing k =6, V., = 0.375 - V,, V.51 /V.s = 0.16, both of C' and C; are selected as 220
uF. Therefore, C' is reduced by a factor of 6 compared to RSCFSI.

After C'is estimated, the procedure to select L, given in Section 4.2.2, is again performed
as per the following:

2R!(1 — 2D)

wo — 1007% <
Yoo [(1—-2D)? — w2LCV,1,cos ¢ < 100% <y

(4.59)
2R}(1 — 2D)

wo T 1007% <
[(1—2D)? — 4w2LC|V,I, cos ¢ x100% <y

Taking y = 40%, L is chosen as 2.75 mH.
Since Lo is not used as a ripple energy storage device, the ripple current ¢, does not
contain any dc part. Therefore, L ¢, ought to be designed from the peak auxiliary inductor

currents at w, and 2w,, which are:

gr—wo = \/510 + Icsl + AZT

(4.60)
ir—2wo = Ieso + Azr
where the expression of Ai, is given as
DsTs ‘/c - ‘/cs - ‘/c
Ai, = ( ) (4.61)

The turn on duration of .S, is taken as D, - T,. The current stresses of the switches S5 and
Sy at w, and 2w, are %T_wo and %r_gwo, respectively, which must be within 7,5, the maximum

allowable continuous conducting current. Therefore, L ¢, should be estimated as:

(4.62)

Ly > maX{DsTs(vc — Vs = Vea) DTg(Ve — Vg — Vcd)}
S2

Imax - \/élo - Icsl ’ Imax - [c

Choosing Iviax = 6 A, Ly is selected as 2 mH.
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As i, is flowing through C,; in APDRSCEFSI, and i, < 1, according to (4.41), the minimum

requirement of Cj is also modified as follows:

2(1 — 2D)(vV2I, — weCVee1)
woxg DV,

cy > (4.63)

Taking x4 = 40%, Cy is selected as 220 pF, which shows a reduction by approximately
53% compared to RSCFSI.

4.3.4 Boundary condition of APDRSCFSI

In Table 3.1, different operational states of RSCFSI with SBC-PWM are given according
to switching conditions of different active elements. Considering similar operational states
for APDRSCFSI with SBC-PWM, the equivalent circuit diagrams for each states are shown
in Fig. 4.4. As explained in Chapter 3, the duration of the shoot-through state 1 is D - T, and
the overall duration of the nonshoot-through states are (1 — D) - 7. In each state, the voltage

across the inductor Lo is expressed as follows:

(

—Ves(t) — Veq(t) + ve(t); in shoot-through state 1
vrLpa(t) = —es(t) — vea(t) + ve(t); in nonshoot-through states 1, 2, 4 (4.64)

—Ves(t) — Vea(t); in nonshoot-through state 3

\

Using small ripple approximation, averaging (4.64) over the entire switching period 7

and using inductor volt-second balance, one can obtain:

1-D
(epehy, = (D+152) Vem V= Va0 69)

Since V., = D - V_, according to (4.3), the average value of v is determined as:

V= (%) v (4.66)
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1~ C T C

~C, .

Fig. 4.4 Different operational states of APDRSCFSI with SBC-PWM: (a) shoot-through state-1, (b) nonshoot-
through state-1, (c) nonshoot-through state-2, (d) nonshoot-through state-3 and (e) nonshoot-through state-4.
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Furthermore, in all operational states, except nonshoot-through states 2 and 4, as shown in
Fig. 4.4, one can write

Uo(t) +vpp1(t) = ves(t) (4.67)

where vy 1 1s the voltage across L. As the output current ¢, flows through L ¢, the expression

of vy f1 can be derived as

dio(t)

T \/éwo[/fllo cos(wot — ) (4.68)

vpsi(t) = L

Using (4.1), (4.38), (4.39) in (4.67), while considering only fundamental component, the

expression for the highest possible peak output voltage is obtained as follows:
Do = Vs + Ves1 80 01 — V2woLip1 I, sin (4.69)

If the ac load is considered to be unity power factor, i.e., ¢ = 0, one can write

- &
(S VAR (T) V. (4.70)

Hence, with SBC-PWM strategy, the dc-ac gain of APDRSCFSI becomes

Uy MYV, 1—-D 1
o _ < . ) 4.71
v, ~ —< 2 ) (1—2D) @71

So, compared to the dc-ac gain of RSCFSI, given in (3.56), the dc-ac gain of APDRSCFSI

is reduced, which is a limitation of APDRSCFSI. In Chapter 3, to improve the dc-ac gain
of RSCEFSI for the same shoot-through duty ratio, EBC-PWM is applied to RSCFSI. In the

following section, EBC-PWM is also applied to APDRSCFSI to improve its dc-ac gain.
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4.4 LOW-FREQUENCY RIPPLE ANALYSIS AND DESIGN OF PASSIVE

ELEMENTS OF RSCFSI wiTH EBC-PWM
4.4.1 Low-frequency ripple analysis of RSCFSI with EBC-PWM

The low-frequency ripple analysis is extended for EBC-PWM strategy. In this case, some
modifications are required for the equations derived for SBC-PWM. With EBC-PWM, the

offset capacitor voltage v.4 is derived in (3.73), which is

21, .
Vea(t) = Dy - Vo — v2 cos(wot — ) = Vg + Veq 4.72)
CL)OCd
Thus, the power drawn by C} is
]2
Pea(t) = vea(t) - io(t) = V2D, V.1, sin(wol — ) — OC’ sin(2w,t — 2y). (4.73)
Wolg

With EBC-PWM, p,, and p;,; remain unchanged in the expression of p,, given in (4.8), but

Peq 18 modified. Thus, p, is modified as follows:

pr(t) = Ry sin(w,t — ) + Ry sin(2w,t — 2 + 1) (4.74)

where R is modified as

1 143D
= \92D, V. = — . VI 4.
Ry = V2D, V., 7% (1_319) Vol (4.75)

The rest of the parameters, given in (4.9), remain unchanged. Following a similar procedure,
described for RSCFSI with SBC-PWM in Section 4.2, i; for RSCFSI with EBC-PWM can be
derived from (4.17) and (4.74) as follows:

4 MI
i;(t) = (3 n D) : { \/{ cos ¢ + % sin(wot — ) + % sin(2w.t — 20 + )| (4.76)
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Similar to the process followed in Section 4.2, the dynamic equations of RSCFSI with

EBC-PWM are obtained as:

pdin(t) (1 —SD) )

dt 2
4.77)
do.(t) 1-3DY\ - 3+DY\ -
= () — [ =) -u).
el - (1522) - (252) i
Using Laplace transform, (4.10) is taken into s-domain, and is presented as
E 1-3D
sLip(s) =— ( 5 ) - e($)
(4.78)
1-3D\ - 3+ D) -
sOBNE) = Gnls) = (222 5i0s).
2 4
Solving (4.78), the relationship among Ei, v, and i, in s-domain is obtained as
~ SL(3 = D) ~
%(s) = ~A 3D+ 4s7Lc ¥
(4.79)
~ ~ (1-3D)(3+ D) ~
iwls) = S —spy + as2re] ¥
At frequency w,, from (4.79) one can obtain
~ . - ijL<3 + D) ~ .
Ueljwo) = =T gpeE=tezrc “U%)
(4.80)
-, . (1=-3D)3+D) y
iliwe) = S 3Dy —awzrc]  HUw)
which can be rewritten using phasor notations as
= JjwoL(3 4+ D) =
Vew, = — o
’ (1-3D)2 —4w2LC ?
(4.81)

= __(1-3D)3+D) =
bee = 9l(1 = 3D)? — 4w2LC] '
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Similarly, at frequency 2w,, from (4.79) one can obtain

~ ( ) ]2woL<3+D) '7<. )
Ue(Jw,) = — <1 (Jw,
J (1-3D)2 — 16w2LC 'V

(4.82)

-, . (1=3D)3+D) y
iLldwo) = o1 —3p) —16w2rcy U

which can be rewritten using phasor notations as

= J2w,L(3 + D) 5_}

Vewo = "1 -3D)2 — 16w2LC

(4.83)
= (1-3D)3+D) =

7 Wo

"Lwo = 511 — 3D)2 — 16w2LC]

Therefore, (4.81), (4.83) and (4.76) are solved to obtain i, as follows:

i (t) = Iy sin(wet — @) + Izg sin(2w,t — 200 + 1)) (4.84)

where

P 2R, (1 - 3D)
TV = 3D)? — 4w2LC]

oy 2Ry(1 — 3D)
27 V(1 = 3D)? — 16w2LC]

(4.85)

Similarly, (4.81), (4.83) and (4.76) are solved to obtain are solved to obtain 7. as

De(t) = Vi cos(wot — ) + Vo cos(2wot — 2¢ + 1) (4.86)

where

Vi — — 4U.)OLR1
T V(1 —3D)? — 42 LC|

(4.87)
Ve — — SWOLRQ
“ 7 V(1 —3D)% - 16w2LC]
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Similar to SBC-PWM, both fundamental and second harmonic ripples are observed in both

i1, and ¥, when EBC-PWM is applied to RSCFSL

4.4.2 Design of passive elements

The offset capacitor C; needs to withstand a substantial quantity of low-frequency voltage
ripple because the output current ¢, is passing through it, as observed in (3.24) in the expression
of v.q. If x4 1s regarded as the allowable peak-to-peak voltage ripple, defined as a percentage

of average capacitor voltage V_,; as follows:
20cd(p-
2q > —2deD) | q00% (4.88)

Thus, the desired C'; should be selected as

44/21,(1 — 3D)
~ Woxa(3D + 1)V,

(4.89)

Taking x4 = 40%, C, is chosen as 470 uF.
The dc-link capacitor C' and input inductor L are designed to mitigate high-frequency

ripples, (3.58) is approximated as

Aip, 1-3D

L— = = . 4.

DT, Ve + Ve ( 5 ) Ve+ Ve (4.90)
Av, 1-3D
CDTS—|_IL—L"—IL+2'(3+D)-IL 4.91)

Using (3.64) and (3.66) in (4.90) and (4.91), the inductor and capacitor requirements for

high-frequency ripple constraint are obtained as follows:

DT,
> i (4.92)
\/ibeocosgo
D(1-D)T.MI
o 3D ) T: M ocosp (4.93)

B 2\/§an
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where a and b are the preferred allowance of high-frequency ripples of v. and 7;, expressed in
(4.33) and (4.31), respectively. Although C' and L, given in (4.93) and (4.92), respectively,
are adequate for mitigation of the high-frequency ripple, larger C' and L are necessary for
mitigation of the low-frequency ripple.

Considering x and y as the desired low-frequency ripples of v, and 7, given in (4.34) and
(4.35), respectively, the minimum capacitor requirements for mitigation of low-frequency
ripple, using the specified inductor value in (4.30), are:

o s 2R (1-3Dy

A kS 4wl

(4.94)

2
Cauy 2 25:3/3 i (11632]2)

Therefore, for mitigation of both low-frequency and high-frequency ripple, the preferred
C must be larger than all the values of capacitance acquired in (4.93) and (4.94). After C
is estimated, fundamental and second harmonic ripples, i.e., y,,, and ¥, , respectively, are
estimated to review if it falls within y according to (4.95). If it exceeds the limit, a larger L is
selected, and C' is again estimated. This procedure is repeated until every ripple is brought

down below the desired constraints.

AR, (1 — 3D)
wo 1007% <
& [(1=3D)? — 4w2LC|V,I,cos ¢ X< 100% = y
(4.95)
4R5(1 — 3D
Yo, = Bl = 3D) x 100% < y

[(1=3D)? — 4(2w)2LCV,1, cos ¢

In this work, taking = = 5%, C' is chosen as 1160 pF; considering y = 40%, L is selected
as 3.5 mH; taking x4, = 40%, C, is chosen as 470 uF. The design of passive elements is
verified in simulation with parameters given in Table 4.1. The simulation results are shown
in Fig. 4.5, where the waveforms of the dc-link capacitor voltage v., the inductor current ¢,
of active-front-end network, the output voltage v, and the output current ¢, are plotted. The
peak-to-peak ripple of v, is found to be 7 V, and the average value of v, is observed to be 220

V. Thus, the calculated value of = = 3%. Similarly, the peak-to-peak ripple of iy, is found to
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230.0 -
225.0 1 V(V)
220.0 W
215.0 4
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Fig. 4.5 Simulation results of single-phase RSCFSI with EBC-PWM to verify the design of passive elements.
v.: de-link capacitor voltage, 71,: inductor current of active-front-end network, v.4: offset capacitor voltage, v,:
output voltage, and ¢,: output current.

be 1.5 A, and the average value of i, is observed to be 5 A. Therefore, the calculated value
of y = 30%. The peak-to-peak ripple of v.4 is found to be 30 V, and the average value of
Ueq 18 Observed to be 90 V. Therefore, the calculated value of x, = 33%. Note that the peak
amplitude of v, is 120 V, and the peak amplitude of i, is 3 A. So, it can be concluded that the
designed values of passive elements of the active-front-end network can satisfactorily mitigate

the low-frequency ripples below desired limitations.

4.5 LOW-FREQUENCY RIPPLE MITIGATION IN RSCFSI WITH
EBC-PWM

4.5.1 Low-frequency ripple analysis of APDRSCFSI with EBC-PWM

For SBC-PWM, the expressions of the auxiliary capacitor voltage v, the auxiliary

capacitor current 7., and the ripple power stored by the auxiliary capacitor C are obtained in
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(4.38), (4.39) and (4.42), respectively, which remain same for APDRSCFSI with EBC-PWM.
The relationship between the ripple current 7, and the output current ¢, is established in (4.41),
which also remains unchanged.

In APDRSCEFS]I, 4, is flowing through C}, as shown in Fig. 4.3, which indicates

dvcd (t)
dt

Cq =1,(t) (4.96)

Therefore, the expression of v., is modified as follows:

cs2

V2I, + g
— C
QWOCd

Ucd(t) = Dl 1 V; A Cd

os(wot — ) — cos(2wet — ©2). (4.97)

From which, the expression of p.; can be also altered as follows:
Pea(t) = veg(t) - ip(t) &= DIV {(V2I, + Is1) sin(wot — @) 4 Lo sin(2wot — @3)}  (4.98)

The low-frequency ripple power of APDRSCFSI with SBC-PWM is derived in (4.47).
Following a similar set of steps and approximations, the low-frequency ripple power of

APDRSCEFSI with EBC-PWM, p,. can be obtained, which is rearranged to obtain the following:
pr(t) = Ry sin(wot — @) + Ry sin(2w,t — 2¢ + 1)) (4.99)

where

R/l - Rl - WoCs‘/csl (‘/cd + ‘/cs)
(4.100)

RIQ = R2 - 2(4‘)005‘/052(‘/0(1 + ‘/cs)

Following a similar procedure, described for RSCFSI with EBC-PWM in Section 4.4, i;
for APDRSCEFSI with EBC-PWM can be derived as follows:
R; R

4 MI
ii(t) = (3+—D> : {W cos p + 71 sin(wot — @) + 72 sin(2w,t — 2 + )| . (4.101)
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Therefore, (4.81), (4.83) and (4.101) are solved to obtain i, the low-frequency compo-

nents of i, as follows:

ip(t) = Iy sin(wet — @) + Iz sin(2w,t — 2 + 1)) (4.102)
where
R (1—=2D)
I = g = opy - w2re
o\t~ o (4.103)
R\(1—2D)
Tia=

V.[(1 = 2D)? — 4w2LC]

Similarly, (4.81), (4.83) (4.101) are solved to obtain v, the low-frequency components of v,

as follows:
0e(t) = Vg cos(wot — ) + Vig cos(2wot — 20 + 1) (4.104)
where
v 4w, LR
Gl — wu
V.[(1 —3D)2 — 4W2LC
I ) o ) 4.105)
8w, LRy
iy — 5

V.[(1 — 3D)% — 16w2LC]

It can be observed that R} and R/, are significantly lower than R; and R, respectively. Thus,
with the application of EBC-PWM, both i;, and ©, for APDRSCFSI are also significantly

reduced, compared to RSCFSI.

4.5.2 Design of passive elements

The design of passive elements, described in Section 4.4.2, is extended for APDRSCFSI.
The selection of C; and L ¢, involves consideration of both w, and 2w, frequencies because
the low-frequency ripple power contains both, according to (4.47). In order to make the
low-frequency ripple of v, completely zero, i.e., V.1.o = 0, the required minimum values of
(s at different frequencies can be obtained from (4.54). Although the expression remains

same, the estimated value changes because of the changed R;.
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If C is designed to completely diminish 7., the required C' would be very small, as it is
only required to mitigate high-frequency ripple. However, this results in a considerably large
value of (. If both C' and C are small enough, film capacitors can replace conventional
electrolytic capacitors, significantly improving the lifetime and overall system reliability. So,
the design goal is to lessen the amount of voltage ripple by a factor of & as given in (4.56).
Hence, the respective capacitance requirements at w, and 2w, can be derived from (4.57).
Although the expression remains same as (4.57), the estimated value changes because of the
changed R; owing to EBC-PWM.

The auxiliary capacitor Cs must be selected higher than both C;_,,, and C,, . As both
Ves and its ripple Ve o are inversely proportional to C, greater V., or V., 2 facilitates smaller
C's. Moreover, the dc-link capacitor C' is only required to diminish the low-frequency ripples
reduced by k, because rest of the ripple energy is now deflected to C';. Therefore, the minimum

capacitor requirements as obtained in (4.94) are modified as

o > 2B (1-3Dy

° T werV2 4w?L
(4.106)

/ _ 2
Cau, 2 wo—]jiff i (11 65)312)

In order to mitigate both low-frequency and high-frequency ripple, the preferred C' must
be larger than all the values of capacitance acquired in (4.32) and (4.106).

Choosing k =6, V., =0.375 - V., Vis1/Ves = 0.16, both of C' and C; are selected as 220
uF. Therefore, C' is reduced by a factor of 6 compared to RSCFSI.

After C is estimated, the procedure to select L, given in Section 4.4.2, is again performed
as per the following:

- AR}(1 - 3D)
Yoo = [(1—=3D)% — 4w2LC|V,I, cos ¢

x 100% <y
(4.107)
ARL(1 — 3D)

wo — 100 <
Yo = (T 23DV - 1602 L] VoI, con g < OO0 SY
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Fig. 4.6 Additional operational states of APDRSCFSI with EBC-PWM: (a) shoot-through state-2 and (b)
shoot-through state-3.

Taking iy = 40%, L can be chosen as 1.5 mH, which indicates a reduction by approximately
46% compared to RSCFSI.

Since Ly, is not used as a ripple energy storage device, the ripple current 7, does not
contain any dc part. Therefore, L o ought to be designed from (4.62) with a slight modification

owing to changed value of V,;. as follows:

(4.108)

D,T. — — DT — —
sz Z max{ s s(‘/c V::s V;:d) s 8(‘/0 ‘/05 chd)}
S2

]max - \/§[0 s Icsl 7 Imax - IC

Choosing Irnax =6 A, Ly is selected as 2 mH.
As 4, is flowing through C,; in APDRSCEFSI, the minimum requirement of Cj is also

modified as follows:
4(V21, — woCyVes1)(1 — 3D)

C
¢ worq(1+ 3D)V,

A%

(4.109)

Taking x4 = 40%, Cj is selected as 220 pF, which shows a reduction by approximately
53% compared to RSCFSI.

4.5.3 Improvement of boundary condition of APDRSCFSI

In Table 3.1, different operational states of RSCFSI with EBC-PWM are given according

to switching conditions of different active elements. Considering similar operational states
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for APDRSCFSI with EBC-PWM, the equivalent circuit diagrams for each state are shown
in Fig. 4.6. As explained in Section 3.4, the duration of the shoot-through state 1 1s D - T5.
Since the overall duration of both the shoot-through state 2 and the nonshoot-through state
are (1 — D) - T, /2, the duration of each of the states 2-5 is taken as (1 — D) - T /4. In each

state, the voltage across the inductor L s, is expressed as follows:

p

—Ues(t) — vea(t) + ve(t);  in shoot-through states 1-3

vLpa(t) = —Ves(t) — Vea(t) + ve(t);  in nonshoot-through states 2, 3, 5 (4.110)

—Ues(t) — Veq(t); in nonshoot-through state 4
\

Using small ripple approximation, averaging (4.110) over T and using volt-second

balance, one can obtain:

3+D

(vppa(t)) g, = (T) Ve—Ves — Vg = 0. (4.111)

Since V.4, = D, - V., according to (4.72), the average value of v, is determined as:

1-D

Vi, = <T) V.. (4.112)

which is same as (4.66), derived for SBC-PWM. Furthermore, it can be observed in several

operational states shown in Fig. 4.6 that
Uo(t) + vrs1(t) = ves(2) (4.113)

Using (4.1), (4.38), (4.39) in (4.113), while considering only fundamental component, the

expression for the highest possible peak output voltage is obtained as follows:

o = Vi + Vg 5in @ — V2w, L1 I, sin (4.114)
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If the ac load is considered to be unity power factor, i.e., ¢ =0, and ¢, =~ ¢, one can write
Vo & Vs = (—) Ve (4.115)

which is unchanged for both SBC-PWM and EBC-PWM. Hence, with both PWM strategies,

the dc-ac gain of APDRSCFSI becomes

Do MV, 1—D 2
2 = < . . 4.116
v, , —( 2 ) (1—3D) (+-116)

So, compared to the dc-ac gain of APDRSCFSI, with SBC-PWM, given in (4.71), the

dc-ac gain of APDRSCFSI is improved.

4.6 COMPARISON OF APDRSCFSI wiTH SBC-PWM AND EBC-PWM

In this section, the advantages of the operation of APDRSCFSI with EBC-PWM compared
to SBC-PWM is illustrated in terms of dc-ac voltage gain and voltage stress.

The maximum possible output voltage 0, is established in (4.115), which can be combined

with (3.56) and (3.75) to obtain

(1= Dlgger- @117

W
N | —

1
M= V = 5 ) (1 = D)lEBC-PWM =

Therefore, in the APDRSCFSI, for the same V., a 33.33% improvement in maximum
possible 7, is achieved with EBC-PWM compared to SBC-PWM.

Based on (3.75), (3.56) and (4.116), the dc-ac voltage gain of RSCFSI is plotted vs. the
variation of D in Fig. 4.7. It can be observed that there is a significant reduction in dc-ac
gain of APDRSCFSI compared to the RSCFSI, when EBC-PWM is used. However, as
shown in (4.53), the input inductor current ripple of APDRSCFSI is reduced, which also
diminishes input inductor L requirement, resulting in a reduced parasitic resistance ;. In Fig.

4.7, r; =0.22 Q for RSCFSI as L =2.75 mH. In APDRSCEFSI, L can be reduced to 1.5 mH,
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Fig. 4.7 Comparison of dc-ac gain vs. shoot-through duty ratio of APDRSCFSI with SBC-PWM and EBC-PWM.

Table 4.2 Quantitative comparison of parameters of APDRSCFSI with SBC-PWM and EBC-PWM

APDRSCFSI
PWM strategies — | SBC-PWM | EBC-PWM
Shoot-through
duty ratio, D 0.4545 0.25
Modulation index, M 0.278 0.375
Boost Factor, Br 11 8
Avg. dc-link capacitor
voltage, V. (V) ol sl
Voltage Stress (V) 440 320
across S1.4, Dyp
Avg. offset capacitor
voltage, V.q (V) 200 40

which reduces r; to 0.15 2. Therefore, APDRSCFSI can still achieve approximately similar
maximum dc-ac gain, compared to RSCFSI.

It is also observed that the APDRSCFSI with EBC-PWM can achieve better maximum
dc-ac gain than APDRSCFSI with SBC-PWM as shown in Fig. 4.7. Also, APDRSCFSI with
EBC-PWM can obtain similar maximum dc-ac gain compared to RSCFSI with SBC-PWM
because of smaller r;.

A quantitative comparison of APDRSCFSI with both PWM strategies are shown in Table
4.2. The inverter specifications given in Table 4.1 are used for the quantitative analysis. The
values of D are calculated to maintain a peak output voltage of 120 V for a input voltage of
40V, indicating a dc-ac gain of three.

From Table 4.2, it is observed that all parameters except D remain the same for RSCFSI

whether SBC-PWM or EBC-PWM is applied. In comparison, APDRSCFSI with SBC-PWM
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Table 4.3 Parameters and component values for simulation

Parameter/Component Attributes
Input voltage (V) 40V
Shoot-through duty ratio (D) 0.25
Peak value of output voltage (9,) 120V
Fundamental frequency (f,) 50 Hz
Inverter switching frequency (f;) 10 kHz
Input inductor (L) 2.75 mH
DC-link capacitor (C') 220 pF
Bleeding resistance (Rg) 10 k2
APDRSCEFSI filter inductors (L 1,2/ Rif1,2) | 2mH /0.5 Q
APDRSCEFSI auxiliary capacitor (Cy) 220 pF
APDRSCEFSI offset capacitor (Cy) 220 uF
AC load (R,) 40 Q
Output filter capacitor (C'y) 10 uF

requires higher V, to achieve the same dc-ac gain, which needs higher D to obtain a higher
Br. When EBC-PWM is applied, V. can be reduced, owing to reduced Br. Because of
reduced V., the voltage stress across the switches and diodes is also reduced by 27.3%. Note
that V,, is also reduced by 30% owing to smaller D required with EBC-PWM.

The theoretical analysis is verified with simulation results as shown in Fig. 4.8. The
dc-link capacitor voltage v., offset capacitor voltage v.4, auxiliary capacitor voltage v, output
voltage v, and output current ¢, are plotted for APDRSCFSI with SBC-PWM and EBC-PWM
in Fig. 4.8(a) and 4.8(b), respectively. The simulation parameters are given in Table 4.3. In
both cases, the input voltage V is taken as 40 V; the peak of the output voltage is considered
to be 120 V, and the peak of the output current is reckoned as 3 A while the load resistance
is 40 2. With SBC-PWM, the average dc-link required is 458 V, which reduces to 323 V
with EBC-PWM. Therefore, to achieve same dc-ac voltage gain, when the APDRSCFSI is
operated with SBC-PWM and EBC-PWM, the APDRSCEFSI is expected to lower dc-link
voltage with EBC-PWM. Thus, the voltage stress across the switches and the diodes are less
with EBC-PWM, which is consistent with the theoretical comparison given in Table 4.2. Also,
a lower dc-link voltage owing to EBC-PWM reduces the offset capacitor voltage v.q. With
both SBC-PWM and EBC-PWM, the average value of v, is observed to be 125 V, as seen

in Fig. 4.8(a) and 4.8(b), respectively, which also verifies (4.66) and (4.112). The average
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Fig. 4.8 Simulation results of APDRSCFSI: (a) with SBC-PWM and (b) with EBC-PWM.

value of v.4 is observed to be 205 V with SBC-PWM and 145 V with EBC-PWM, as seen in
Fig. 4.8(a) and 4.8(b), respectively. Thus, the voltage stress across the offset capacitor C}; is
reduced with EBC-PWM.

In this section, a comparison of APDRSCFSI with SBC-PWM and EBC-PWM is pre-
sented. As a conclusion, it can reckoned that the EBC-PWM is more advantageous compared
to SBC-PWM. Following this study, in the implementation of the closed-loop control and in

the hardware prototype, the EBC-PWM is applied to APDRSCFSI.

4.7 CLOSED-LOOP CONTROL TECHNIQUE

Fig. 4.10 shows the schematic diagram of the complete closed-loop control technique,
which involves a total of three controllers and one ripple extractor. As RSCFSI is chosen to
operate in standalone mode, the closed-loop control technique’s objectives are to maintain
the reference output voltage and facilitate deflection of the low-frequency ripple energy. The

additional fundamental frequency ripple poses more difficulty, which is solved using resonant
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controllers. Two controllers are utilized to maintain the output voltage and current, where
the output voltage controller operates in the external loop and the output current controller
functions in the internal loop. In order to compensate for the low-frequency ripple, a separate
current controller is employed to follow the reference ripple current after extraction of the
voltage ripple from the dc-link capacitor voltage. In APDRSCEFSI, the amount of the low-
frequency ripple in the active-front-end network parameters are reduced with the help of the
APD functionality, which facilitates the use of smaller passive elements. As a result, the

bandwidth of APDRSCFSI is improved, as shown in Fig. 4.9.

100 ——— ‘
— SBI & CFSI
_ e -~~~ RSCFSI
8ol T N APDRSCFSI
Q
=l
2
R
¥ or
=
50
0
& 00
2
[
3
£ 180
=270 =

Frequency (Hz)

Fig. 4.9 The control to output response of SBI, CFSI, RSCFSI and APDRSCFSI

4.7.1 Output voltage controller

Due to its precise tracking performance, the proportional-resonant (PR) controller is
preferred as the output voltage controller. As shown in Fig. 4.10, the PR controller G pg; (s)
should regulate v, to follow its reference v. The resonant part of the controller contains only

the fundamental frequency so that the overall transfer function becomes:

28w, s

4.118
12 4 26w,5 + w? ( )

Gpri(s) = Kp + K,
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Fig. 4.10 Schematic diagram of the closed-loop control technique for APDRSCFSI.
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Fig. 4.11 Bode diagram of output voltage control loop.

where K and K, are the output voltage controller parameters; £ is the damping factor and
can be chosen as between 0.01 and 0.02 [100]. The transfer function of the external voltage

loop, from v, to 7,, is given by

vo(s) H;
io(s)  sR,Cp+1

Gyi(s) = (4.119)

where C/ is the filter capacitor attached across the ac load resistor R,.

With K,; =0.05 and K,; = 1.0, the compensated bode diagram is shown in Fig. 4.11. In
order to maintain steady-state error close to zero, the PR controllers must have high gain at the
desired (in this case, fundamental) frequency of 50 Hz, and the gain crossover frequency (f.)
has to be more than half a decade separated from the switching frequency f, so that enough

attenuation can be achieved at f. It is found the phase margin is 80°, and f. is 572 Hz, which
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is more than a decade separated from f; of 10 kHz. A gain of 32 dB is achieved at 50 Hz, and

an attenuation of 45 dB is observed at f;.

4.7.2 Output current controller

The voltage across L is expressed as:

dio(t
vppi(t) =Lp di ) _ —5aUe(t) 4 ves(t) — vo(t). (4.120)
. o ! . diy(t)
where s, is the phase-a leg switching states. When switch Sy is on, s, = 1 and 7t <0

and vice versa. So, the output current ¢, has a monotonic relationship with s,. Thus, 7, can be
controlled when the phase-a leg switches are regulated via the control variable vy, ¢;.

The reference for 7, is obtained from the output voltage controller as 7). As shown in Fig.
4.10, another PR controller G pgs(s), where the resonant part of the controller contains only
the fundamental frequency similar to the voltage controller, is employed for the regulation of

1, as follows:
28w, s

G =K K, .
PR2(s) p2 + 2 $2 + 26w,s + w?

4.121)

where K ,; and K, are the output current controller parameters. Considering the parasitic

resistance of L as ¢y, the transfer function of the internal current control loop is:

Giols) = vrr1(s) _ 1
% io(5) sLp+ripn

(4.122)

With K, =20 and K,» = 2000, the compensated bode diagram is shown in Fig. 4.12.
The phase margin is 80°, and crossover frequency is 815 Hz, which is more than a decade
separated from the switching frequency of 10 kHz. A gain of 64 dB is observed at the

fundamental frequency, and an attenuation of 22 dB is achieved at the switching frequency.
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Fig. 4.12 Bode diagram of output current control loop.

4.7.3 Low-frequency ripple extraction

As the auxiliary capacitor C stores the low-frequency ripple energy, the capacitor current,
i.s, Must be regulated to compensate for the low-frequency ripple of C'. As shown in Fig.
4.10, the low-frequency ripple extraction includes a moving average filter (MAF), which
generates the dc value V. from the measured value of v.. The complete harmonic content is
obtained when V. is subtracted from v.. Since fundamental and second harmonic frequencies
are the dominant harmonics, for precise extraction, another PR controller Gpg3(s) is used, as

indicated in Fig. 4.10, and its transfer function is:

2Enw, s
52 4 2nw,s + (nw)?”

GpRg(S) = Kpg + Z Kr

n=1,2

(4.123)

where K3 and K3, are the controller parameters. Assuming the turn on duration of S5 is

D, - T, the transfer function from v, to ¢, is obtained as:

ve(8) D.R,

Gurls) = ir(8) - sR,C+1°

(4.124)

where R, is the bleeding resistance connected across the dc-link capacitor C.
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4.7.4 Ripple current controller

As i, and i, are regulated through a-phase and b-phase switching legs, respectively, i, is
controlled indirectly. The reference ¢, generated by the ripple extraction block. The reference
of the ripple current ¢, is generated from ¢7,. As shown in Fig. 4.10, the relationship among

1es, 1, and 1, is utilized for the reference as follows

() = () 4 0%, (t). (4.125)

Similar to 7, and s,, there exists a monotonic relationship between ¢, and phase-b leg switching

states (sp) as follows

di, (t)
dt

vrfa(t) = Lo = SpUc(t) — Ves(t) — vea(t). (4.126)

dir (1)

According to (4.126), when switch S5 is on, s, = 1 and > ( and vice versa. Therefore,

i, can be regulated by controlling the phase-b leg switches. Since ¢ contains both fundamental
and second harmonic frequencies, the chosen PR controller G pr4(s), as indicated in Fig.

4.10, should provide high gain at those frequencies, as follows:

2Enw, s
$2 + 26nw,es + (nw)?

Gpra(s) = Kps + Z Ky -

n=1,2

(4.127)

where K4 and K4, are the ripple current controller parameters. Considering the parasitic

resistance of Ly as r;s9, the transfer function from ¢, to vy ¢, is given by:

Gn(s) = vLp(s) _ L
M ’ir(S) SLf2 —|—Tlf2.

(4.128)

With K4 =12, K,4; = 2000 and K42 = 200, the compensated bode diagram is shown in
Fig. 4.13. The phase margin is 76°, and crossover frequency is 990 Hz, which is a decade

separated from the switching frequency of 10 kHz. A gain of 67 dB is observed at the
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Fig. 4.13 Bode diagram of ripple current control loop.
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Fig. 4.14 Hardware prototype of APDRSCFSI.

fundamental frequency; a gain of 45 dB is obtained at the second harmonic frequency, and an

attenuation of 21 dB is achieved at the switching frequency.

4.8 EXPERIMENTAL RESULTS

The hardware prototype of single-phase APDRSCFSI has been built to perform experi-
mental verification. Fig. 4.14 shows the photograph of the hardware prototype. Table 4.3 lists

the parameters and component values are given, which are used to perform the experiments.
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Table 4.4 Components used in hardware setup

Component Part No. and Manufacturer
S1, S, S3, S IRG7PH42UDPBF (International Rectifier)
Dy, Dy DSEI60-06A (IXYS)
Gate Driver FOD3180 (Fairchild)
Inductor Core E 100/60/28 (EPCOS)
Voltage Transducer LV 25-P (LEM)
Current Transducer LA 55-P (LEM)

The input dc voltage V; is 40 V. The reference output voltage v, is a 50 Hz sinusoidal signal,
and its peak is 120 V in order to achieve a dc-ac gain of three. The system operation with an
ac load of 40 €2 is verified. Rest of the parameters are mentioned in Table 4.3. Although L can
be reduced to 1.5 mH as mentioned in Subsection 4.4.2, due to the unavailability of a 1.5mH
inductor, it is taken as 2.75 mH for APDRSCEFSI, same as RSCFSI. Note that the output filter
inductor L i1s 4 mH for RSCFSI, which is split into two filter inductors as Ly = Ly =2
mH for APDRSCEFSI. Because EBC-PWM is the superior PWM strategy than SBC-PWM,
as discussed in Section 4.6, it is used in the hardware implementation of APDRSCFSI. The
EBC-PWM strategy and the closed-loop control of APDRSCEFSI are implemented in DSP

[102]. The components used in the hardware setup are listed in Table 4.4.

4.8.1 Steady-state performance of RSCFSI without APD

Fig. 4.15 shows the experimental results for the steady-state performance of RSCFSI
without APD. Fig. 4.15(a) and (b) demonstrates the waveforms of input voltage V,,, dc-link
capacitor voltage v, and its low-frequency ripple v., and input inductor current ¢;. In Fig.
4.15(a), C =220 pF and L = 5.5 mH. In Fig. 4.15(a), C'= 1160 pF and L =2.75 mH. As
observed in Fig. 4.15(a) and (b), the input voltage V}, is 40 V, and the dc-link capacitor voltage
v, has an average of approximately 290 V, achieving a boost factor By of 7.25. According
to (3.64), B should be 8. The drop in B is observed due to non-idealities present in the
circuit. For RSCFSI, the peak-to-peak low-frequency voltage ripple o. is observed to be 40
Vin Fig. 4.15(a) and 8 V in Fig. 4.15(a), respectively, which verifies (4.86). Note that the

dc-link capacitor requirement of 1160 pF is fulfilled by electrolytic capacitors. In Fig. 4.15(b),
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Fig. 4.15 Steady-state performance of the RSCFSI using EBC-PWM: (a) with C = 220 pF, L = 5.5 mH, (b) with
C =1160 pF, L =2.75 mH. Input voltage (V}), dc-link capacitor voltage (v.) and its ripple (9..), input inductor
current (i7,) and (c) offset capacitor voltage (v.q), output voltage (v,), output current (z,).

it is also noticed that the inductor current 7, has an average of 5 A, which matches (3.66).
The peak-to-peak low-frequency ripple of 7, is found to be 2.6 A in Fig. 4.15(a) and 2 A in
Fig. 4.15(b), which is in accordance with (4.84).

Fig. 4.15(c) illustrates the waveforms of output voltage v,, output current 7, and offset
capacitor voltage v.q. It is observed that v, accurately tracks the reference v, and its peak 7,
is 120 V. Since the ac load R, is 40 €2, the output current 7, has a peak of 3 A, which indicates
the output power P, is 180 W. In Fig. 4.15(c), it is also observed that the average of v,y is
125V, which verifies (4.72). Since 17, is flowing through Cy, a capacitor of 470 pF is used as
Cy. Thus, a peak-to-peak low-frequency voltage ripple of 50 V is observed in v.4, which is in

agreement with (4.72).
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Fig. 4.16 Steady-state performance of the APDRSCFSI using EBC-PWM with C' = 1160 pF, L = 2.75 mH:
(a) Input voltage (V), de-link capacitor voltage (v.) and its ripple (%), input inductor current (i), (b) offset
capacitor voltage (v.q), output voltage (v,), output current (¢,) and (c) auxiliary capacitor voltage and current
(Vess Tes), ripple current (2,.).

4.8.2 Steady-state performance of APDRSCFSI

The steady-state performance of the RSCFSI with APD, i.e., APDRSCFSI, is illustrated in
Fig. 4.16. Fig. 4.16(a) presents the waveforms of input voltage V;, dc-link capacitor voltage
v, and its low-frequency ripple ¥., and input inductor current 4,,. Similar to RSCFSI, V/, is kept
at 40 V; V. remains at 290 V, and [, is measured to be 5 A. In APDRSCEFS], a film capacitor
of 220 uF is employed as the dc-link capacitor. The peak-to-peak low-frequency voltage
ripple v, is 10 V, which is similar to that of RSCFSI, and is consistent with (4.104). Thus, the
dc-link capacitor requirement is downsized by six compared to RSCFSI. In Fig. 4.16(a), it is
also noted that the peak-to-peak low-frequency ripple of 7, is reduced significantly to 0.67 A,

indicating a reduction by a factor of three, which also matches with (4.104).
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Table 4.5 Comparison of low-frequency ripples

RSCFSI without APD | APDRSCFSI
Fig. No. 4.15(a) 4.15(b) 4.16
DC-link capacitor C 220 pF 1160 pF 220 pF
Offset capacitor Cy 470 pF 470 uF 220 pF
Input inductor L 5.5 mH 2.75 mH 2.75 mH
Peak-to-peak ripple in v, 40V 8V 8V
Peak-to-peak ripple in i, 2.6 A 2A 0.6 A
Peak-to-peak ripple in v.q 50V 50V 50V

TH-3349_166102001

Fig. 4.16(b) demonstrates the waveforms of output voltage v,, output current 7, and
offset capacitor voltage v.4. In Fig. 4.16(b), v, is observed to be meticulously following the
reference v}, and its peak 0, 1s 120 V. Similar to RSCFSI, the peak of ¢, is 3 A, and F, is
180 W, as R, is 40 (). Fig. 4.16(b) also shows that V.4 is 125 V, which is similar to that of
RSCEFSI. As shown in Fig. 4.16(b), the peak-to-peak low-frequency ripple of v.; remains
unchanged at 50 V, which is same as that of RSCFSI and is consistent with (4.97).

Fig. 4.16(c) illustrates the waveforms of auxiliary capacitor voltage v, auxiliary capacitor
current 7.; and ripple current ¢,.. As shown in Fig. 4.16(c), the average value of v, is around
110 V, which verifies (4.112) and (4.114). Also, the peak value of both 7.5 and ¢, are found to
be around 1.5 A.

As shown in Fig. 4.3, the ripple current 7, flows through Cj. In Fig. 4.16(c), the peak
value of i, is found to be around 1.5 A, which clearly indicates i, is less than ,, in line with
(4.41). Owing to smaller ¢,., C'; is reduced to 220 pF facilitating use of a film capacitor. This
indicates a 53% reduction of C; compared to RSCFSI. Table 4.5 presents the low-frequency

ripples in v, iy, and v, for single-phase RSCFSI with and without APD.

4.8.3 Transient performance of APDRSCFSI

In Fig. 4.17, the transient performance of APDRSCFSI is demonstrated, where the
waveforms of dc-link capacitor voltage v, input inductor current 7, output voltage v, and
output current ¢, are presented. Note that v, is maintained at 150 V. At first, the ac load R, is
reduced from 72 €2 to 36 €2 so that the peak magnitude of i, is stepped up from 3.75 A to 7.5

A. It is observed that both transitions in load display acceptable transient responses. Note that
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Fig. 4.17 Transient performance of the APDRSCFSI using EBC-PWM: dc-link capacitor voltage (v.), input
inductor current (¢ 1,), output voltage (v,) and output current (4,).
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Fig. 4.18 Comparison of measured efficiencies of RSCFSI and APDRSCFSI.

although both v, and 7, are not controlled, they are included in Fig. 4.17 to show changes on

the input side when a change in load occurs.

4.8.4 Comparison of measured efficiencies

The measured efficiencies of RSCFSI and APDRSCEFSI at different output powers are
plotted in Fig. 4.18. The efficiency of RSCFSI is measured with C' = 1160 uF. An improvement
in efficiency is observed with APDRSCFSI operation with 220 puF compared to RSCFSI
operation with 1160 uF because losses are reduced in Cy and L ¢, as well as the switches S

and S, due to reduction in current 7, as explained previously in Section 4.3. Moreover, use of

film capacitors in APDRSCFSI has helped reduce losses further.
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CHAPTER 4 LOW-FREQUENCY RIPPLE ANALYSIS AND MITIGATION IN RSCFSI

4.9 SUMMARY

In this chapter, the low-frequency ripple of the single-phase RSCFSI is analyzed, and
based on the analysis, a selection procedure for the passive elements of the active-front-end
network of the RSCFSI is formulated. Similar to the single-phase SBI, the RSCFSI requires
significantly large passive elements to mitigate the low-frequency ripples, which hampers
power density and overall system reliability. As a solution to the low-frequency ripple problem
of RSCFSI, this chapter further presents the APD-integrated RSCFSI, which reduces dc-link
capacitor requirement by six when compared to the RSCFSI. The input inductor ripple is
reduced by a factor of three, and the required offset capacitor is also halved. One of the
drawbacks of the APDRSCFSI is the reduction of the dc-ac gain, which is improved because
of the EBC-PWM switching strategy. As a result, the peak output voltage is improved by
33%, and the voltage stress across the switches and diodes is reduced by 27.3%, compared to
when the SBC-PWM strategy is employed. This work also elucidates a closed-loop control
technique for the APDRSCFSI that maintains the output voltage as well as facilitates the APD
functionality. The APDRSCFSI is implemented in hardware, and the experimental results

demonstrate steady-state and transient responses that validate the analysis.
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CHAPTER 5

CONCLUDING REMARKS AND FUTURE SCOPE OF

RESEARCH

5.1 CONCLUDING REMARKS

In this thesis, the low-frequency ripple analysis of the single-phase SBI is performed, and
a procedure to design suitable capacitance and inductance for the active-front-end network is
formulated to achieve minimization of the low-frequency ripple. The low-frequency ripple
analysis is validated with the help of a hardware prototype.

This thesis also derives an APD-integrated single-phase SBI so that low-frequency ripple
can be mitigated and overall system lifetime can be improved. A comparison between
single-phase SBI and APD-integrated SBI is presented to show the advantages of the APD
integration. The APD-integrated SBI is verified in hardware.

This thesis has derived another AFE-ISI topology, named RSCFSI, achieving better
voltage gain, continuous input current and better efficiency than SBI. The proposed topology
1s compared with existing AFE-ISIs. Two PWM strategies, namely SBC-PWM and EBC-
PWM, are proposed for the derived topology. With SBC-PWM, the RSCFSI can achieve
more voltage gain than SBI and same voltage gain as CFSI. The voltage gain of RSCFSI can
be improved further with EBC-PWM. With the help of a hardware prototype, the operating
principle of RSCFSI and the proposed PWM strategies are validated.

This thesis has also extended the low-frequency ripple analysis of the proposed RSCFSI,
and a procedure to design suitable capacitance and inductance for the active-front-end network
is formulated to achieve minimization of the low-frequency ripple. The analysis and the
procedure are validated in hardware.

The thesis has further proposed APDRSCEFSI, which mitigates low-frequency ripple and
improves overall system lifetime. A comparison between RSCFSI and APDRSCEFSI has been

carried out. The APDRSCEFSI has been verified in hardware.
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CHAPTER 5 CONCLUDING REMARKS AND FUTURE SCOPE OF RESEARCH

The detailed conclusions drawn from the individual chapters are given below.

In Chapter 2, the steady-state analysis of the single-phase SBI is presented, and the low-
frequency ripple problem of the single-phase SBI is illustrated. Based on the low-frequency
ripple analysis, the passive elements of the active-front-end network of the SBI are designed,
which reveals significantly large passive elements are required to restrict the low-frequency
ripple. As a solution, the single-phase SBI is integrated with three independent APD networks,
viz., buck, boost and buck-boost, in order to transfer low-frequency power ripple directly
from the ac load to an auxiliary capacitor. A low-frequency ripple analysis of the overall
system has been carried out and it is observed that significantly less ripple on the capacitor
voltage and the inductor current of the active-front-end network has been achieved with
the additional APD topology reducing both capacitor and inductor requirement. Based on
the analysis, a design procedure for the passive elements of active-front-end network and
APD topology has been presented. A comparison between three APD networks suggests the
boost-type APD network is the most suitable for integration with single-phase SBI. Hence,
the boost-type APD-integrated SBI is chosen for hardware implementation. Compared to
SBI, a reduction of 82.5% in capacitor requirement in the active-front-end network and a
reduction of 45% in overall capacitor requirement have been achieved in APD-integrated
SBI. A closed loop control strategy for accurate low-frequency ripple mitigation has been
presented. The proportional-resonant (PR) is chosen as the current controller as very low
steady-state error has been observed for PR while tracking reference ripple current. The
parameters of the PR controller have been chosen based on the small-signal analysis of the
APD topology. The system is fabricated in hardware and the presented experimental results
for steady-state operation and transient performance of the system due to ac load change are
consistent with the analysis.

In Chapter 3, the single-phase RSCFSI is derived from complimentary current-fed
topology, and the steady-state analysis of the RSCFSI is presented. The implementation of
the SBC-PWM strategy is illustrated, for which the RSCFSI can achieve same boost factor

as the CFSI. To improve the proposed inverter’s boost factor for same shoot-through duty
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5.2 FUTURE SCOPE OF RESEARCH

ratio, the EBC-PWM strategy is proposed. A comparison of the RSCFSI with SBI and CFSI
is also demonstrated in this chapter, which shows the RSCFSI requires lower total device
rating (TDR) and achieves better efficiency among the three inverters. A closed-loop control
strategy is also illustrated for the RSCFSI to control the output voltage and the dc-link voltage.
The proposed inverter is fabricated in hardware, and the presented experimental results for
steady-state operation and transient performance of the inverter due to ac load change are
consistent with the analysis.

In Chapter 4, the low-frequency ripple of the single-phase RSCFSI is analyzed, and
based on the analysis, a selection procedure for the passive elements of the active-front-end
network of the RSCFSI is formulated. Similar to the single-phase SBI, the RSCFSI requires
significantly large passive elements to restrict the low-frequency ripples, which hampers
power density and overall system reliability. As a solution to the low-frequency ripple
problem of RSCFSI, this chapter further presents the APD-integrated RSCFSI (APDRSCEFSI),
which reduces dc-link capacitor requirement by six when compared to the RSCFSI. The
input inductor ripple is reduced by a factor of three, and the required offset capacitor is also
halved. One of the drawbacks of the APDRSCFSI is the reduction of the dc-ac gain, which is
improved because of the EBC-PWM switching strategy. As a result, the peak output voltage
is improved by 33%, and the voltage stress across the switches and diodes is reduced by
27.3%, compared to when the SBC-PWM strategy is employed. This chapter also elucidates
a closed-loop control technique for the APDRSCFSI that maintains the output voltage as
well as facilitates the APD functionality. The APDRSCFSI is implemented in hardware, and
the experimental results demonstrate steady-state and transient responses that validate the

analysis.

5.2 FUTURE SCOPE OF RESEARCH

The work presented in this thesis can be further extended in the future. Some of the future

scopes of research that can be further explored from this thesis are given as follows:
(1) The three-phase RSCFSI can be conceptualized from the single-phase RSCFSI.
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(2) The RSCFSI can be utilized in a grid-connected system with solar energy or other

renewable energy sources, which should be further researched.

(3) The presence of the offset capacitor in RSCFSI adds a fundamental component to the
low-frequency ripple problem. The removal of this capacitor without hampering the

basic functionality of the inverter can be explored.

(4) The gain of RSCFSI is limited, which can be increased further using additional power
electronics. Also, the APDRSCFSI’s limited output voltage can be improved using

other APD topologies, which can be explored in the future.

(5) The non-zero discontinuous current mode (NZ-DCM) is one of the issues that exist
in AFE-ISIs, when the inverters are operated at a low boost factor to achieve a high

modulation index. It remains unexplored in RSCFSI, which is one of the future works.

(6) The zero voltage switching is an attractive solution explored in literature, which can
improve efficiency. However, it is not explored for RSCFSI, which can be further

researched in the future.
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