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Abstract

The photovoltaic (PV) system has gained more and more attentions over last decades. With
the continuous development of residential PV markets, low-power grid-tied inverters are
being applied as micro-inverters or AC modules for photovoltaic applications. From the
point of view of cost reduction and easy fabrication, minimization of the size volume of
grid-connected inductor plays an important role For these low-power grid-tied inverters,
since the they usually occupy a lot of spaces in the converter and being relatively costly.

Generally, the volume of grid-connected inductors can be reduced by increasing switch-
ing frequency. However, the current controls can become difficult under low inductance
conditions if the converter is designed to operate in conventional continuous current mode
(CCM). For this reason, the volume reduction can be limited even with increased switching
frequency in CCM. In order to address this problem, the converter can be designed to oper-
ate in discontinuous current mode (DCM). Conventionally, the current control is based on
feedback, however, the detection of inductor current can be a challenge in DCM, particularly
under high frequency operations. A model-based control, which is based on the feed-forward,
can be advantageous and suitable for DCM inverters designed with high frequency. The
detection of high frequency DCM current is no longer required with the model-based control.
The DCM can be a promising design for the purpose of further reduction of inductor volume
for a low-power grid-tied inverter.

However, the current distortions can be generated if an imperfect model is used, and they

become severer along with the increasing of switching frequencies. The distortions cannot be
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eliminated under the feed-forward control. This shortcoming makes the high frequency DCM
impractical for the grid-tied inverter applications since the harmonics should be restricted
to meet the grid requirements. Further more, the high peak inductor current in DCM can
result in higher conduction losses in comparison with that in a CCM grid-tied inverter. To
reduce the conduction losses, devices with low on-state resistance are preferred, however,
the trade-off relationship between the on-state resistance and parasitic output capacitance
of devices limits the uses of such devices, because the turn-on losses and total harmonic
distortion can be even higher. For a DCM grid-tied inverter designed with conventional
control methods, the switching frequency cannot be selected to a very high value for a given
device. Consequently, the volume reduction of inductors can be limited even with the DCM
and WBG devices.

This dissertation discusses the control of a high frequency DCM grid-tied inverter to
achieve low harmonic distortion. The problems in terms of current control and harmonic
distortions for the DCM grid-tied inverter with high frequency design are studied and
discusses. Several control and modulation methods, which aim at realizing the reduction of
harmonic distortions, peak current reduction and soft-switching, are proposed to address the

problems.
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Chapter 1

Introduction

1.1 Background

As one of the renewable energies, sunlight has gaining more and more visibility with the
increased power demands in the world. For photovoltaic (PV) applications, grid-tied inverters
are used as interfaces between solar panels and electrical grids. The grid-tied inverters convert
DC power generated from solar cells into AC power, and feed it into the electrical grid. Since
the inverters are connected to the grids, harmonic standards given by the grids, such as
EN61000-3-2 [1] or IEEE1547 [2], must be obeyed. In addition, the grid-tied inverters
should also equip other functionalities, such as the ability to detect island situation and
perform island operation, the capability of low voltage ride through (LVRT) or the ability to

provide reactive power injection [3-5].

Table 1.1 Classification of PV inverters Based on Power level [6]

Rated power Application Grid connection
<10 kW Residential and small commercial Single or spilit phase
10-100 kW Small commercial Three-phase
100-250 kW Large commercial Three-phase

250-1000 kW Utility Three-phase
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Fig. 1.1 Historical and projected PV and CSP capacity by sector in the United States [7].

Generally, the power level of PV inverters can be classified into residential, commercial
and utility. Table 1.1 shows the classified power levels of PV inverters and their corresponding
applications. For residential and small commercial applications, the power rating of inverters
are relatively low, while inverters power levels are relatively high for large commercial or
utility applications. Fig. 1.1 shows a historical capacity of concentrating solar-thermal power
(CSP), utility-scale PV, commercial-scale PV and residential-scale PV in United States [7].
Although the utility-scale PV has dominated the market in the last decade, a continuous
growth of market in residential-scale PV applications can be observed; and the market of
residential PV is approximated to increase further in the future.

The topology of utility-scale and commercial-scale PV systems are usually based on a
centralized type [3-5]. The PV solar panels are connected in series to form a string with this
type of inverter, and these strings are connected in parallel to provide sufficient high power
levels, as shown in the left plot of Fig. 1.2. However, several issues, such as high voltage
in the DC cables, mismatch losses and string diodes losses can degrade the performance of

inverter in terms of safety problems and efficiencies. In addition, the non-flexible design of
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Fig. 1.2 PV inverter system with (a)Centralized type, (b)String type and (c)AC-module type.

this type of inverter, where the benefits of mass production could not be reached, can be the
limitation [3].

For residential PV inverters, the power rating is relatively low (in kilowatt ranges) in
comparison with the utility and commercial-scale PV systems. A reduced power version
of centralized inverter, which is referred to as string inverter, is a popular solution for the
residential PV system [8—10]. The topology of a string inverter system is shown in the middle
plot of Fig. 1.2. A single string formed by several PV panels connected in series is connected
to a grid-tied inverter. The losses from string diodes can be avoided and the maximum power
point tracking (MPPT) can be performed separately for each string. Therefore, relatively
high efficiencies can be achieved with this kind of string type inverter.

In recent years, a new concept, which is referred to as AC-module or micro-inverter,
has been proposed and gained more and more attentions in academic researches [11-20].

Each PV panel is connected with a low power grid-tied inverter in this type of PV system,
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as shown in the right plot of Fig. 1.2. It allows person who has no knowledge of electrical
installations to use this kind of “plug-and-play" device. The mismatch losses can be removed
and the maximum power point tracking (MPPT) can be optimized individually. However,
the price per watt of micro-inverters can be higher than that of centralized and string type
inverters. Consequently, this type of inverter intends to be mass produced in order to reduce
the cost per watt. The micro-inverter can be considered as a good candidate for residential
PV system from the point of views of safety, easy installation and relatively low retail costs
in comparison with other twos. In the dissertation, the low-power grid-tied inverters, such as
the micro-inverters, is considered as the research target.

Generally, the micro-inverters can be classified into single-stage and multi-stage topolo-
gies [21]. The single-stage micro-inverters usually compose of a single or interleaved flyback
converter together with an unfolder [22-36]. A rectified AC current is generated in the
flyback converter, and it is converted to AC current through the unfolder. In the multi-stage
micro-inverters, a DC/DC converter is required to boost the low voltage output from the PV
panel and perform MPPT; and the DC/AC converter injects the AC current into electrical
grid [37-41]. The DC/AC stage is conventionally designed based on voltage source converter
(VSC). Although various topologies has been proposed [42—45], such as HERIC, HS5 or H6
inverter, the H-bridge topology is still considered as the most common topology for the
DC/AC stage due to its simplicity and less components being required. In this dissertation,
the research of DC/AC stage is focused on and the single-phase H-bridge is considered as

the topology.

1.2 Impact of Wide Bandgap Devices

The emergence development of wide-bandgap (WBG) semiconductor device technologies
have brought a huge impact on power converter designs [46]. The WBG devices, such

as silicon carbide (SiC) MOSFETs, feature high breakdown electric field, low specific on-
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resistance, fast switching speed and high capability of junction temperature in comparison
with conventional Silicon (Si) devices [47, 48]. For a given chip size, lower conduction on-
resistance can be realized owing to the higher bandgap therefore increased critical breakdown
electric field. For the same on-resistance, a reduced chip size therefore smaller parasitic
capacitance can be achieved. High temperature tolerance, high switching frequency operation
with relatively low switching losses become possible with WBG devices therefore a volume
reduction of heat sink can be achieved. In comparison with power converters designed with
conventional silicon insulated gate bipolar transistor (IGBT) devices, the performance of
converter including power density and efficiency can be improved by adopting SiIC-MOSFETSs
with the design for much higher switching frequency [49].

Although high switching frequency can also be achieved by adopting Si-MOSFETSs
and Si super-junction (SJ) MOSFETs, the poor reverse recovery characteristic can result
in undesired switching losses. The reverse recovery problem can be mitigate by adding a
parallel connected Schottky barrier diode (SBD). The switching losses, however, do not
necessarily reduced due to the increased total parasitic capacitance [50]. On the other hand,
SiC-MOSFETs or GaN-HEMTs exhibit much better reverse recovery characteristics than that
of Si-MOSFETs and Si-SJ-MOSFETs. It has been reported that the total switching losses of
some SiC-MOSFETs without applying SBD does not exceed the losses with SBD even at
150°C [48, 50]. With the superior performance of SiC-MOSFETs, the elimination of SBD

can be achieved and that leads to lower cost and higher power density of power converters.

1.3 Volume Distribution of Grid-Tied Inverters

In the past decades, researches on low-power inverters have been seldom reported because
the power rating of inverters are usually high, until the concept of AC modules for PV
application is proposed. On the other hand, low-power AC/DC converters including active

factor correction (PFC) converters have been widely studied over the last decades [51].
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Therefore, some design concepts used in the AC/DC converters or PFC converters can be
also applied to the design of low-power inverters.

It is similar with low-power PFC converters, low cost, small size and light weight are also
preferred for low-power grid-tied inverters. In order to realize an inverter with these features,
it is of importance to reduce the size and volume of components which take large space in the
inverter. Generally, the heat dissipation components, DC-link capacitors and grid-connected
inductors can occupy lots of space particularly in low power grid-tied inverters. The volume
of heat sink can be reduced by adopting semiconductor devices with high temperature
tolerance; or by reducing power losses generated from the semiconductor devices. In order
to reduce the DC-link capacitors, electrolytic capacitors are usually used. However, the
electrolytic capacitors have the problem of limited lifetime. For this reason, film capacitors
are preferred rather than electrolytic capacitors. However, the film capacitors also have the
problem of lower energy density, which can result in large volumes. In order to address
this issue, the active power decoupling techniques can be a good solution [52]. By applying
the active power decoupling techniques to the grid-tied inverter, the DC-link capacitor can
be reduced. On the other hand, the minimization of grid-connected inductors can also be
considered as one of the key techniques to achieve high power density. However, some
difficulties with respect to the current control can be obtained when a reduced grid-connected

inductor is applied.

1.4 Design of Grid-Tied Inverters

In conventional designs, the inverter is operated in continuous current mode (CCM). A
relatively high inductance is usually selected for the grid-connecting inductor to achieve
an acceptable level of ripples in the output current, and that results in a large volume of
the inductor. In order to reduce the inductance and achieve volume reduction of the grid-

connected inductor, high switching frequency is preferred. This can be achieved by adopting
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the WBG devices, such as SIC-MOSFETs or GaN-HEMTs. Generally, linear control with
proportional-integral (PI) controller is usually applied to CCM grid-tied inverters to regulate
the inductor current [53]. However, the current control that based on error-based feedback
can become highly difficult under extremely low inductance condition, because the increased
disturbance response gain [54, 55]. For instance, even small changes on the inverter output
voltage can cause large current ripples. The output current can be distorted under such
low inductance. Consequently, the inductance cannot be reduced to the value which is
determined by the ripple limitation even with higher switching frequency. The difficulty
related to the current control can be a limitation of further volume reduction of inductor in
the CCM grid-tied inverter. To remove this limitation and achieve further reduction of the
grid-connected inductors, the boundary conduction mode (BCM) or discontinuous current
mode (DCM) can be alternative solutions. BCM or DCM is a popular designs in PFC
converter applications [51, 56], and the design concept can also be applied to the low-power
grid-tied inverters. The inductance can be reduced further with BCM or DCM design due to
the different control strategies.

The current control of BCM is generally based on hysteresis control [57-60] or model-
based control [61-63]. The detection of inductor current being equal to a given reference
value or zero is usually required to determine the timings of turn-on and turn-off in BCM.
However, the detection can be sensitive to the switching noises [64]. In addition, the
overshoot of inductor current can also be caused by the propagation delay of control [65].
Further more, the inductor current has a triangular waveform with the switching frequency
and therefore contains high-frequency components with high amplitudes. Requiring current
sensors with high band-width and low delay can be one drawback of the BCM controls.

On the other hand, another purpose of applying BCM is to realize zero voltage switching
(ZVS) for turn-on, which is essentially important for high frequency converters. However,

the wide variations of switching frequency can be another drawback. Further more, the range
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of switching frequency can be even wider under low power operations. The turn-off and
inductor losses can increase significantly, even though the turn-on losses can be minimized
by the ZVS. Consequently, the BCM design is also not a suitable solution for high frequency
grid-tied inverter.

The current control of DCM can be both feedback and feed-forward. In feedback control,
such as linear PI control, the inductor current is required to be sensed. Accurate current
information can be obtained only if the sampling frequency is sufficient high in comparison
with the switching frequency [66]. However, this kind of sampling can be a challenge for
the digital controller, particularly under high switching frequency condition. Consequently,
the sampling frequency is generally synchronous with the switching frequency. However,
sensors with high band-width and low delay is still required even with this technique, because
the inductor current is a triangular shape with large ripples. Further more, the sampling
errors, which is caused by the non-linearity of DCM, should be corrected [67]. Consequently,
the feedback control also has difficulties with respect to the sensing of inductor current in
DCM grid-tied inverters.

As an alternative solution to the feedback control, a model-based control which is based on
the feed-forward can also be applied to DCM. It is safe to apply this control strategy to DCM,
because the errors can be reset in every switching cycle due to the existence of zero current
period. The motivation of applying the feed-forward control is to eliminate the detection of
triangular inductor current. This can be advantageous under high frequency condition. With
the model-based control, a DCM grid-tied inverter can be operated without conventional
feedback current control. On the other hand, the variation of switching frequency has more
degree of freedom, and it can be even constant in the DCM. The excessive loss caused by the
wide range of switching frequency then can be avoid. Therefore, the DCM can be considered

as a good candidate for a low-power grid-tied inverter under high frequency design. In this
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dissertation, research of DCM with model-based control is focused on rather than other two

design approaches.

1.5 Research Objectives

Conventionally, the model-based control for DCM grid-tied inverter is based on the feed-
forward control. One drawback of the feed-forward control is the control errors that in the
output current cannot be correct adaptively. Consequently, current distortions, that are caused
by the use of an imperfect model, cannot be eliminated by the controller. This problem makes
the model-based control sometimes impractical for the grid-tied inverter application, since
the harmonics current should fall below the grid standards. For a DCM grid-tied inverter
designed with conventional control methods, the switching frequency cannot be selected to a
very high value in order to avoid the high distortions. Consequently, the volume reduction
of inductors can be limited even with the DCM and WBG devices. On the other hand, the
high peak inductor current in DCM can result in higher conduction losses than that in CCM
grid-tied inverters. To reduce the conduction losses, devices with low on-state resistance are
preferred. However, the parasitic output capacitance of such devices are relatively large due
to the increased chip size. The trade-off relationship between the on-state resistance and
parasitic capacitance of devices can limit the design possibilities, because the turn-on losses
and total harmonic distortion can be even higher. Consequently, the efficiency improvement
can also be restricted as long as this problem being exist.

For a DCM grid-tied inverter with model-based control, the problems of current distortion
have to be addressed in order to improve the converter performance and make it practical for
grid-tied application. The objective of this dissertation is to reduce the harmonic distortion for
a DCM grid-tied inverter designed with high frequency operation by using control techniques.
The problems in terms of current control and harmonic distortions in the DCM grid-tied

inverters are studied and discussed. Several control and modulation methods, which aim at



10 Introduction

realizing the reduction of harmonic distortions, peak current reduction and soft-switching,

are proposed to address the above problems.

1.6 Overview of This Dissertation

The overview of this dissertation is shown in Fig. 1.3. The dissertation is divided into five
chapters. The main focus in this dissertation is control and modulation techniques for DCM
grid-tied inverters with model-based control. In Chapter 2, the state-of-the-art of the current
control strategies for grid-tied inverters are reviewed. The control strategies for grid-tied
inverter with high frequency operation are discussed and compared. It is pointed out that the
DCM design with model-based control is a promising and suitable choice for the purpose of
realizing high frequency operation. However, the problems, such as current distortions that
can be caused by the use of imperfect model, is also discussed for conventional model-based
controlled DCM. These problems can be addressed by improved modulation techniques.

In Chapter 3, a hybrid switching scheme and its modulation method are proposed in
order to avoid zero-crossing distortion and reduce peak inductor current. The proposed
hybrid switching scheme is a combination of the conventional unipolar and bipolar switching.
Therefore, it provides higher control degree of freedom in comparison with the conventional
ones. The operation model can be both bipolar DCM and unipolar DCM with the proposed
hybrid switching. The problem of zero-crossing distortion then can be addressed by operating
the converter in bipolar DCM while in unipolar DCM during other switching cycles to reduce
the peak inductor current.

In Chapter 4, an improved DCM model and two modulations are proposed to reduce
the high-order harmonics for a DCM grid-tied inverter designed with high frequency. The
proposed modulations control the length of zero current period that based on the model by

two different approaches. Both approaches can achieve the same initial current at turn-on
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Fig. 1.3 Overview of this dissertation.

without adding any additional components or detection, so that the high-order harmonic

distortions can be reduced.

With the proposed control strategies, the problem of current distortions that exists in the

DCM grid-tied inverter can be addressed. The trade-off relationship between the switching

frequency and parasitic capacitance of switching device can be improved. The converter can

be designed with further high frequency; and with lower on-resistance of device being applied.

Therefore, the realization of grid-tied inverter with high power density, high efficiency and

low harmonic distortion becomes possible. Finally, the summary of this dissertation, new

insights and future works are presented in Chapter 5.
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Chapter 2

Review of Current Control Strategies in

Grid-Tied Inverters

2.1 Overview of Control Methods in Grid-Tied inverters

In the last decades, control methods of power converters have been researched through
numerous studies. Among them, some well established methods have been already applied
to the industrials. The current control schemes for power converters and drives are classified
into several categories, as discussed in [1]. The current control methods that can be applied
to grid-tied inverters are shown in Fig. 2.1. Fundamentally, control loop of a system can
be divided into two types, which are known as closed-loop(feedback) and open-loop(feed-
forward). For a grid-tied inverter with CCM design, the current controls are usually based
on the feedback control. The classic control methods for CCM are the hysteresis control
and linear control. In addition to these classical control methods, some modern control
techniques, such as sliding-mode control and predictive control, for power converters have

also been proposed and gained more and more attentions due to their superior performances.
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Fig. 2.1 Overview of control strategies in that can be applied to grid-tied inverters.
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2.1.1 Hysteresis Control

In hysteresis current control, the current are compared with two references using hysteresis
comparators. The switching states are changed when the current reaches the predefined refer-
ences. The method of hysteresis current control features simple control and implementation,
fast dynamic response and no need of modulators. However, high sampling frequency is
required. The disadvantage of this kind of control strategy is the variable and high switching
frequencies, which are dependent on width of hysteresis, load parameters and operation
conditions. Consequently, it is not suitable for low-power converters due to the excessive
switching losses [2]. In addition, the variable frequency operation sometimes can also trigger

the resonance of the filter.

2.1.2 Linear Control

In linear control, the errors between the actual and reference current is input into a linear con-
troller and the voltage reference is generated by the controller. The non-linear characteristic
of converter is then linearized by a modulator, and the control signals are generated by the
modulator. The most common strategy of linear control is based on the proportional-integral
(PI) controller and pulse width modulation (PWM). The switching frequency can be fixed
by using a carrier with constant frequency in the modulator. The design of a PI controller is
simple and has been well established in the previous studies. However, this control method
has poor dynamics when it is used to control a non-linear system. In addition, some con-
strains and requirements, such as total harmonic distortion and maximum current, cannot be

incorporated in the controller design [3].

2.1.3 Sliding-Mode Control

The sliding-mode control is a non-linear control method that can be used to control a non-

linear system [4—7]. The advantages of this kind of control strategy are the strong robustness
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to the variation of parameters and fast dynamic response. Recently, the sliding-mode control
has also been applied to control the grid-tied inverters [8—12]. Despite of the excellent
performance, a problem of the sliding-mode control is the variable and high switching

frequency [4]. Therefore, it has the similar problems with the hysteresis control.

2.1.4 Predictive Control

The predictive control uses the model of system to predict the future behavior of control
variables. Then the optimal actuation can be obtained in accordance with a predefined
optimization criterion [1]. The predictive control can be further classified into hysteresis based
control [13], deadbeat control [14, 15], trajectory based control [1] and model predictive
control [16]. The advantages of predictive control strategies include simple and intuitive
concept, fast dynamic response, easy implementation. It can also be applied to control a
non-linear system and it is possible to include restrictions to some variables when designing
the controller. However, the high amount of calculations in comparison with the classic

control schemes can be a disadvantage.

2.1.5 Model-based Control

Although most of the current control methods is based on the feedback control in grid-
tied inverters, the feed-forward control can also be used in some cases. The feed-forward
control is based on knowledge about the process in the form of a mathematical model
of the process and knowledge about or measurements of the process disturbances [17].
Therefore, it can be considered as a model-based control. The feed-forward can achieve zero
control error if a perfect mathematical model is used. This is, however, impractical in real
control systems, particularly in CCM designed grid-tied inverters. The control errors can
accumulated and they cannot be eliminated or reset. Consequently, the feed-forward control

is usually applied together with a feedback control, e.g. in order to perform grid-voltage feed-
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forward compensation [18-21] or duty ratio feed-forward [22]. The feed-forward control
features simple control and fast dynamic response. However, parameter dependency can be a

drawback of this kind of control strategy.

2.2 Overview of Operation Modes in Grid-Tied inverters

1 1
sivdt sofvgF,
+
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Fig. 2.2 Single-phase H-bridge grid-tied inverter with an inductive (L) filter.

Lac/2

i

For a single-phase grid-tied inverter with H-bridge topology, inductive (L) filter, (shown
in Fig. 2.2) and inductive-capacitive-inductive (LCL) filter (shown in Fig. 2.3) are the two
typical filters to interface the inverter and electrical grid. In comparison with the L filter,
the LCL filter introduces an improved attenuation performance, and at the same time with
a reduced overall size [23]. Therefore, it can be a good candidate for grid-tied inverters to
achieve high power density. The minimization of grid-connected inductor can be considered

as one of the key techniques to achieve low cost and small size of a low-power grid-tied

L1 [ 1

SIFIAT SV T r.cn i
+

Ve ® C Vac

—  Lac2 Lg2

sftiF sfeiT

Fig. 2.3 Single-phase H-bridge grid-tied inverter with an inductive-capacitive-inductive
(LCL) filter.




28 Review of Current Control Strategies in Grid-Tied Inverters

4 )

[ Operation modes in Grid-tied Inverters ]
f CCM [a]or[b]\ / BCM [b] \ / DCM b \
I

inductor current iy,

; : 1 . ; . .
L. Hysteresis control ! inductor current i}, inductor current iz 4,
ii.  Linear control 21

iii. Sliding-mode control 2] |i.  Hysteresis control ['] i.  Linear Control [2I

i{ Predictive control [1]or[2]j K Model-based control [1]09 t Model-based control [I]Nj

[a] L filter topology ] [ [1] Peak current detection [2] Average current detectio

n
\[ [b] LCL filter topology [3] Zero current detection [4] No detection ]/

Fig. 2.4 Typical operation modes in grid-tied inverters.

inverter, as discussed in Chapter 1. Generally, the volume of inductor can be reduced by
minimizing the inductance and the inductance can be reduced by increasing the switching
frequency.

Fig. 2.4 depicts a classification of operation modes in according with the behavior of
inductor current in single-phase grid-tied inverters. Generally, the inductor current can
be controlled to operated in continuous current mode (CCM), discontinuous current mode
(DCM) and the boundary between CCM and DCM. The latter is usually referred to as
boundary conduction mode (BCM) or critical conduction mode (CRM). The CCM can be
applied to a grid-tied inverter with both L and LCL filter. The DCM or BCM is only valid for

grid-tied inverter with LCL filter.
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2.2.1 Continuous Current Mode

The classic control strategies for CCM grid-tied inverters are the hysteresis control and
linear PI control. Although the sliding-mode control and predictive control exhibit superior
performances than the classic controls, they requires complicated algorithm and high amounts
of calculations. Consequently, in comparison with the well established hysteresis control
and linear PI control, they are currently not suitable for industrials and still need further
researches. On the other hand, the hysteresis control is not suitable for low-power grid-tied
inverters due to the excessive switching losses as discussed in Section 2.1.1. Therefore, the
discussions of current control for CCM grid-tied inverters are based on linear PI control with

PWM modulation only in this dissertation.

Lref + iLac
»() I t —— modulator —»{ converter >

A
PI control j

Fig. 2.5 Block diagram of a linear control with PI controller and PWM modulator.

Fig. 2.5 depicts a typical block diagram of a linear control with PI controller and PWM
modulator. The average values of inductor current is sensed and compared with the reference
current. Then the errors are processed by the PI controller and the generated voltage reference
is compared with a carrier in the PWM modulator. The converter can be considered as a gain,
where the inductor current is inverse proportional to the inductance. Although the inductance
can be reduced under high frequency operation. The disturbance response gain can increase
under low inductance condition [24]. For instance, small changes on the inverter output

can cause large current ripple and the current control can become difficult. Consequently,
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the inductance can not be reduced to the values determined by ripple limitation even with

increased switching frequency in a grid-tied inverter with CCM design.

2.2.2 Boundary Conduction Mode

The BCM is a popular design in low-power PFC converters. Recently, an increased number
of researches have proposed to apply this kind of control to low-power grid-tied inverters.
The main purpose of applying BCM control is to realize the zero-voltage-switching (ZVS) for
turn-on, which is essentially important for high frequency converters. However, the variation
of switching frequency is usually wide and it increases further at low power levels. Therefore,
the excessive turn-off and inductor losses can be a problem despite of the realization of ZVS
turn-on. The current control schemes of BCM are usually based on hysteresis control [25, 26]
and model-based control [27, 28].

Conventionally, high sampling frequencies and precise measurement are required to
obtain accurate current information in order to guarantee ZVS over the entire line cycle.
However, the A/D converters in the existed digital controllers can not perform such accurate
sampling of inductor current at high frequencies. The switching states can be also determined
by the use of analog circuits. Fig. 2.6 depicts the schematic waveform of BCM operation
and its control diagram while the hysteresis control strategy is considered. This kind of
control is also referred to as dual current programmed mode (DCPM) control [25, 26]. The
control loop of DCPM consists of a current-sensing resistor, a differential amplifier, two
comparators and a flip-flop. In the DCPM control, two current references, iref; and irer— are
predefined and the inductor current, if »c, flows through in between these two references. ij 4
is measured through a shunt resistance. The switch states are changed when iy , reaches the
predefined reference. To ensure the ZVS turn-on, a sufficient negative current is necessary.
By doing this, the peak inductor current is also required to increase in order to maintain the

same average current. Consequently, it result in higher conduction losses. One drawback of
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the DCPM control is that it can suffer from the switching noise and control delay, particularly
at high frequencies [25, 26].

Fig. 2.7 depicts the schematic waveform of BCM operation and its control diagram while
the model-based control strategy is considered. The use of analog circuit have the problem of
reliability and they can decrease the power density [27]. The time for turn-on and turn-off can
also be calculation from the model of BCM by the use of micro-controller, such as the digital
signal processor (DSP). Therefore, a control strategy that combines model-based control
and peak current detection has been proposed. In this kind of control strategy, the time for
turn-on is calculated for each operation point over the line cycle in the digital controller.
Therefore, the timings of turn-off no longer depend on the detection of peak inductor current.
However, a reset is required in order to avoid the errors being accumulated. When the
inductor current, ij ,c, reaches a predefined negative boundary (i.e. the reset as shown in
Fig. 2.7), the switches are turned on again. Consequently, this kind of control still relies on the
detection of inductor current. Generally, a current transformer with large core size is required
for the purpose of measuring both switching and fundamental components [27]. In order
to reduce the size of the components, a measurement method combining a high-frequency
current transformer and a low-frequency hall-effect sensor is proposed. The high-frequency
and low-frequency components are measured separately and added together to obtained the
current of inverter-side inductor, which simplifies the current detection [27, 29].

Fig. 2.8 depicts the schematic waveform of BCM operation and its control diagram while
another model-based control strategy is considered [28, 30, 31]. The turn-on and turn-off
times are calculated on the basis of model built for BCM operation. In order to determine the
timing of turn-on instants, information regarding to zero-crossing of the inductor current, iy ¢,
is required. Consequently, the converter also cannot be operated without inductor current

detection with this kind of model-based control.
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The inductance can be reduced further with BCM since the current control is not error
based. However, the BCM has some challenges in the face of the detection of triangular in-
ductor current therefore contains high frequency components, particular under high frequency

operations.

2.2.3 Discontinuous Current Mode

DCM is also a popular design in low-power AC/DC converters. The DCM has a so-called
“zero current interval” where the inductor current being zero in every switching cycle. There-
fore, the variations of switching frequencies have more degrees of freedom and it can be even
fixed. For current control strategies, linear PI control and model-based control can be applied
to the DCM grid-tied inverters. It is similar with the BCM design, the inductance can also be
reduced further by designing the converter to operate in DCM.

In DCM, the duty ratios are not proportional to the output voltage of inverter due to the
exsitance of zero current interval. Consequently, the duty-ratio-to-inductor-current transfer
function is non-linear [32]. This problem results in lower gain in comparison with that in
CCM. For this reason, the PI controller should be designed with a high gain in order to
obtain good dynamics. Another approach is to compensate the non-linearity in the transfer
function [33]. With this technique, a PI controller designed for CCM can provide the same
dynamic for DCM. Nevertheless. the current control is based on feedback so that the detection
of inductor current is required.

The sensing of inductor current has some challenges in DCM. Firstly, a high bandwidth
and low delay sensor is required in order to sample the large ripple current. Secondly, the
sampling errors is required to be corrected in DCM. Generally, sufficient high sampling
frequencies is required to obtain the accurate current information. However, this can be a
challenge if the switching frequency is already high. Therefore, the sampling frequencies

is generally synchronized with the switching frequency [34]. Fig. 2.9 depicts a digital
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sampling process performed in CCM design. The analog-to-digital (A/D) converter can be
triggered when the carrier counter reaches a predefined peak value or a minimum value.
When the rising-edge-sampling (RES) or falling-edge-sampling (FES) is applied, the values
of inductor current at the center of the turn-on time or turn-off time of the switches are
sampled. Therefore, the sampled values can represent the average inductor current in CCM.
However, this relationship no longer exists when the current becomes discontinuous, as
shown in Fig. 2.10. The middle of the rising or falling inductor current does not represented
the average current due to the exsitance of zero current interval. Consequently, corrections
for the sampling errors are necessary in order to obtain the information of average current
in DCM [34]. The average inductor current can also be measured through a low-pass filter,
however, the delays in control can be a problem particularly under high frequency and low
inductance conditions. Consequently, one drawback of the feedback control in DCM is
the difficulties related to current sensing. Another drawback is that it cannot perform the
so-called synchronous rectification only with the linear PI control, because the switching

scheme is not always complementary in DCM. This can be a problem in some cases. e.g.
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the forward voltage of body diode in SiC-MOSFETs are usually high so that the diode
rectification can result in more conduction losses.

Fig. 2.11 depicts the schematic waveform of DCM operation and its control diagram
while the model-based control strategy is considered. In the model-based control, the times
for turn-on and synchronous rectification are calculated on the basis of a model built for
the DCM operation. It is different from the control strategy shown in Fig. 2.7, the reset
is naturally achieved by the zero current interval. Therefore, the model-based control can
be realized without any detection of inductor current, i ,., in DCM. This is essentially
advantageous in high frequency designed inverters, since the difficulties related to the current
sensing and sampling corrections no longer lying. Fig. 2.12 depicts the control block diagram
of a model-based control used in DCM. The model-based controller itself can be used as
a current controller, which is different from that in CCM. This is because the accumulated
errors, which are caused by the use of an imperfect model, can be reset by the zero current
period of every switching cycle. Therefore, it is safe to apply the model-based controller

only to perform current regulation in DCM. Further more, the problem of non-linearity of
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Fig. 2.12 Block diagram of a model-based control used in DCM.

the discontinuous current can also be corrected by the model-based calculation. Therefore,
synchronous rectification is also easy to be realized with this kind of control strategy. By using
different DCM models, the inverter can operate under fixed switching frequency [35, 36] or

variable switching frequency [37-41].

2.2.4 Comparison of CCM, BCM and DCM Controls for Low-Power

Grid-Tied Inverters

Table 2.1 shows a comparison among CCM, BCM and DCM with different classic control
strategies. For CCM, neither hysteresis nor linear PI control are suitable for high frequency
operation due to the excessive switching losses and difficulties in current control under low
inductance condition. Consequently, a low-power grid-tied inverter being designed with
CCM is not suitable for very high switching frequency operation.

For BCM, the inductance can be reduced further to an extreme low value. However, both
hysteresis and model-based controlled BCM lead to a wide variation of switching frequencies.
The wide variation of switching frequencies can result in excessive switching losses and
inductor losses at low power operations, in despite of the realization of ZVS turn-on. In
addition, the high peak inductor currents result in high conduction losses, turn-off losses
and inductor losses in comparison with those in CCM. Moreover, the detection of inductor

current that contains high frequency components can be the main challenge.
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Table 2.1 Comparison of CCM, BCM and DCM Controls

Operation mode CCM BCM DCM
Control method | hysteresis | linear | hysteresis | model-based | linear | model-based
Use.extremely v " v v v v
low inductance
Without
detecting ij ¢
No excessive
switching X v X X v v
frequency
Enable
soft-switching
High
peak current
Suitable for
high frequency

X X X X X v

v v X X X X

X X — — - v

x : poor/difficult, —: fair/average, v': good/yes

For DCM with linear PI control, the inductance can be reduced further. However, it has
the same problems in terms of current detection with the BCM controls. This problem can
be addressed by applying the model-based control. The switching frequency can be fixed or
has some variations. Therefore, excessive switching losses can be avoid in DCM. However,
the high peak currents can still be a problem like that in BCM.

To sum up, the DCM with model-based control can be considered as the most suitable and
promising method of current control for grid-tied inverters, especially with high frequency

designs.
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2.3 Overview of Model-Based Controlled DCM Grid-Tied

Inverters

2.3.1 Constant Frequency Control Strategy

The average current control strategy has been widely studied in low-power PFC converters
that operates in DCM completely. It is different from the conventional constant on-time
control strategy, the duty cycles are controlled to be variable values in order to follow the
sinusoidal reference current [42]. This control strategy is also valid for DCM grid-tied
inverters.

Fig. 2.13 depicts the schematic waveforms and corresponding control diagram of an
average current control for single-phase DCM grid-tied inverters. In this kind control strategy,
the average values of the triangular inductor current, if »¢, is controlled to be equal to a given
reference current. The duty ratios are usually calculated by means of certain equations being
derived from a reduced-order or full-order model built for the DCM [43]. The calculations are
dependent on the circuit and design parameters, such as inductance and switching frequency,
and operation condition in the corresponding switching cycle, i.e. the DC link voltage
and instantaneous line voltage. The calculated duty ratios for turn-on and synchronous
rectification are then compared with a carrier with constant frequency to generate PWM
signals.

The average current control can be easily implemented in a digital signal processor
(DSP) without any complicated algorithms. The current control loop is usually based on
feed-forward. A feedback loop of voltage control is implemented outside this current control
loop in order to regulate the DC-link voltage and generate current reference, is. In this
dissertation, only the current control loops are discussed. The average current control has

been implemented in a MHz operated DCM grid-tied inverter; and it is demonstrated that the
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Fig. 2.13 Overview of the average current control scheme for single-phase DCM grid-tied

inverters [35, 36].

current control without any significant difficulties can be achieved even under extremely low

inductance condition [36].

2.3.2 Constant Peak Current Control Strategy

Fig. 2.14 depicts the schematic waveforms and corresponding control diagram of a constant
peak current control scheme for single-phase DCM grid-tied inverters. This control strategy
has been implemented in an inverter with DC/DC converter and unfolder topology [37] and a

H-bridge inverter [38].
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Fig. 2.14 Overview of the constant peak current control scheme for single-phase DCM
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In this kind of control strategy, the peak values inductor current, i 4, are controlled
to be equal to a predefined value which is constant over half line cycle. Therefore, the
switching frequency becomes variable under this kind of control strategy. By setting a
constant peak current over half line cycle, the switching frequency reduced significantly
around zero-crossing areas. Therefore, the switching losses are possible to be minimized
with this control concept.

In order to implement the constant peak current control, the peak values of the inductor
current, if ,c, and the total conduction time are required to be detect. The inductor current
can be measured by a current sensing resistor. The total conduction time can be measured by
a voltage sensor that detects the transient of voltage that occurs when the inductor current
becomes zero [37]. Consequently, it has the similar problems with the BCM control. A
disadvantage of this constant peak control is that the switching frequency can reduce to
the audible ranges around zero-crossing points. To avoid this issue, a modified version is
discussed in [38]. Another drawback can be the high root-mean-square (r.m.s.) value of if ,,

which can cause higher conduction loss at high power levels.

2.3.3 Variable Peak Current Control Strategy

Fig. 2.15 depicts the schematic waveforms and corresponding control diagram of a variable
peak current control for single-phase DCM grid-tied inverters. It is similar with the constant
peak current control, the peak current is also under controlled. However, this control strategy
does not require current detection. The control of peak current and switching frequency is
completely based on the mode-based calculation, which is similar with the average current
control strategy. An example of this control strategy for the DCM grid-tied inverter is
proposed in [39]. The switching frequencies are controlled to decrease along with the
changing of power and current phase angles in order to minimized the switching losses.

The peak inductor current is calculated on the basis of a DCM model in accordance with
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predefined off-times of the switches firstly. Then the duty ratios and switching frequencies
are calculated from the reference of peak currents. The switching losses can be significantly
reduced by decreasing the switching frequencies. Therefore, the efficiencies can be improved,

particularly at low power operations.

2.3.4 Dual Mode Control Strategy

Fig. 2.16 depicts the schematic waveforms and corresponding control diagram of a dual-
model control scheme for single-phase DCM grid-tied inverters. This control strategy is

actually a combination of BCM and DCM and the concept is to operate the inverter under



46 Review of Current Control Strategies in Grid-Tied Inverters

. DCM

'reference power !

-

A 4

Lref calculation of duty for
DCM and BCM
PWM
pluse
L : : calculation for MM
calculation for iyeax [P —— o
frequency k
constant N\N\N\
—e
frequency

Fig. 2.16 Overview of the dual-model control scheme for single-phase DCM grid-tied
inverters [40, 41].



2.3 Overview of Model-Based Controlled DCM Grid-Tied Inverters 47

both BCM and DCM in accordance with a predefined level. When the power is higher than
a predefined level, the operation mode switches to BCM; and the operation mode shifts to
DCM when the power is lower than the predefined level. In the part of BCM, the variable
peak current control is applied to calculate the switching frequency; in the part of DCM, the

control is similar with the average current control.

2.3.5 A Bipolar Switching Scheme for DCM Grid-Tied Inverter

Operation principle

ILac [ ac

- -
1 i1 ¥ v
SALI_T %j'ﬁL_T Lac/2 L2

+

Vie® C, Vie

] . ) L¢/2

Fig. 2.17 Single phase H-bridge grid-tied inverter with LCL filter operating in DCM.

Conventionally, bipolar and unipolar switching are the two popular switching schemes
that can be applied to an single phase H-bridge grid-tied inverter [44]. Fig. 2.17 depicts an
H-bridge single-phase grid-tied inverter with LCL filter operating in DCM. In DCM, the
current flowing through the inverter-side inductor, L,, is a triangular shape that reduces to
zero in every switching cycle. The filter capacitor, Ct, and the grid-side inductor, L¢, forms

a low-pass LC filter. The switching harmonics in the inverter-side inductor current, iy 4,
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are attenuated by the low-pass filter. A smooth current, iyc, flowing through L¢ then can be
obtained.

Fig. 2.18 depicts the schematic waveforms of ij 4, iac and a bipolar switching scheme
for DCM. The pair of diagonal switches S| and S, or S; and S3 can be controlled to turn on
and off simultaneously to create the a positive and negative output voltage. Therefore, this
switching scheme is referred to as bipolar DCM. By neglecting the capacitor current, the
average current of if . is equal to the output current i,.

Fig. 2.19 depicts the schematic waveforms and possible current paths of one switching
cycle operation with the bipolar DCM, for positive grid voltage, V.. There are three main
intervals during one switching cycle operation. In the following discussions, the operation
principles that for positive V,. are described, since similar operation principles can also be

derived for negative V.
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Fig. 2.19 Possible current paths of one switching cycle operation in bipolar DCM for positive
grid voltage Vjc.

Interval 1:

During interval 1, switches S, S4 are in on-state, switches S», S3 are in off-state. The
inverter-side inductor current, iy ,c, increases linearly. The peak value of if 4, ip, during this

interval can be expressed as

Vide — Vac
Ly

1 Tsw, 2.1)
where V. denotes the input DC voltage. v, denotes the instantaneous value of grid voltage
and it can be assumed constant in one switching period, since the switching frequency is
much higher in comparison with the grid frequency. L,. denotes the inductance of the

inverter-side inductor. d; denotes the duty ratio of turn-on for S; and S4. Ty denotes the

switching period. The interval 1 ends when the switches S and Sy are turned off.
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Interval 2:

After S, S4 are turned off, it o decreases linearly through the body diode of S, and S3. >
and S3 can also be turned-on to achieve the so-called synchronous rectification during this

interval. According to the voltage-second balance, i, during this interval can be expressed as

—Vi. —
—ip= T, (2.2)
Lac

where d, is the duty ratio of turn-on for S, and S3 to achieve the synchronous rectification.

This interval ends when iy 5. reduces to zero.

Interval 3:

During interval 3, the inductor current should be zero theoretically. Therefore, this interval is
referred to as zero current interval. T, denotes the length of the zero current interval, as
shown in shown in Fig. 2.19. After this interval, §; and S4 are turned on again and a new

switching cycle begins.

Model-Based Calculation for Duty Ratios

The conventional average current control is considered and the derivation for duty ratios with
this control strategy is reviewed in the following discussions. The average current of iy o,
iave, 1N Oone switching cycle can be derived from the average current model built for DCM

operation. iuye can be expressed as

Y Tw Tow B Tow ’

(2.3)

where S is the area of the triangular inductor current, i1 5., during one switching cycle. Ty,

and T;; are the time for turn-on and synchronous rectification, respectively.
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The relationship between d; and d> can be expressed as

Vide — Vac

dr) =
Vide + Vac

di. (2.4)

iave during one switching cycle should be equal to the given current reference, i;.f, and can

be obtained by substituting (2.1) into (2.3). iave then can be expressed as

. ; Vic —v
lref = lave = %dl (dl +d2)Tsw2- (2.5)
ac

The duty ratio for turn-on, d;, and synchronous rectification, d,, then can be derived by

combining (2.4) and (2.5), and can be expressed as

\/Lacfswiref<vdc + Vac) (i P> O)
Ve (Ve —v fe
dl _ fdc( dz ac) ) (2.6)
Lac fswiret(Vdac — Vac .
Iref <0
\/ _Vdc(vdc + Vac) ( ref )
and
Lacfswiref(vdc - Vac) (i P> O)
b = Y (,Vdc ) ) 2.7)
Lacfswlref<vdc + Vac) (i ;< O)
—Vie (Vdc - Vac) re

, respectively, where f,, denotes the switching frequency.

2.3.6 An Unipolar Switching Scheme for DCM Grid-Tied Inverter
Operation principle

The schematic waveforms and switching patterns of the unipolar switching scheme are
shown in Fig. 2.20. This kind of switching scheme is popular in totem-pole bridgeless PFC

converters with H-bridge topology [45] and it can also be applied to inverter operation [46].
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Fig. 2.20 Asymmetry unipolar switching patterns and corresponding inductor waveforms for
DCM.

In the unipolar switching scheme, one leg of the inverter (e.g. S> and S4) commutates the
current at line frequency (LF) as a rectifier; another leg of the inverter (e.g. S; and S3)
switches work at high frequency (HF) with pulse width modulation. The output voltage of
inverter switches either between zero and positive DC voltage, 4V, during positive half
cycle or between zero and negative DC voltage, —Vj., during negative half cycle of the
fundamental frequency. It is similar to the well known unipolar switching in CCM control,
however, this switching scheme is not symmetrical. Therefore it is referred to as asymmetry
unipolar switching scheme. One of the advantages of the asymmetry unipolar DCM is lower
switching losses, since only two switches work at high frequency.

The possible current path during one switching cycle with the asymmetry unipolar
switching, for positive line voltage, is shown in Fig. 2.21. There are three main intervals
during one switching cycle operation. In the following discussions, S> and S4 are assumed to

operate at line frequency while S| and S3 being switched at high frequency. The operation
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Fig. 2.21 Possible current paths of one switching cycle operation in asymmetry unipolar
DCM for positive grid voltage V..

principles for positive line voltage only is discussed, since similar principles can also be

derived for negative line voltage.

Interval 1:

During interval 1, switches S, S4 are turned on simultaneously, switches S», S3 are in off-
state. The inverter-side inductor current, if,c, increases linearly. The peak value of it uc, ip,

during this interval can be expressed as

ip =~ ) Ty (2.8)

The interval 1 ends when the switch S is turned off.
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Interval 2:

During this interval, only Sy is in on-state. if, then decreases linearly through the body
diode of §3. S3 can be turned-on to achieve the so-called synchronous rectification during this

interval. According to the voltage-second balance, iy, during this interval can be expressed as

. -V
—ip = ——<dyT, (2.9)

ac

where d; denotes the duty ratio to achieve the synchronous rectification for S3. This interval

ends when ip 5. reduces to zero.

Interval 3:

During this interval, the inductor current should be zero theoretically. After this interval, S;

is turned on again and a new switching cycle begins.

Model-Based Calculation for Duty Ratios

The average value of if 5. in one switching cycle, iave, can be expressed as

S 0.5ip(di +do) Ty

i 2.10)
Tsw Tsw (

lave =

The relationship between d; and d; can be derived from (2.8) and (2.9), and expressed as

V _
dy = 2de " Vac @.11)

Vac

iave during one switching cycle should be equal to the given current reference, iref. iave then

can be derived form (2.8) and (2.10), and expressed as

. . Vac —v
Iref = lave = ;Tacdl (dy +d2)TS%,V. (2.12)
ac



2.3 Overview of Model-Based Controlled DCM Grid-Tied Inverters 55

The duty ratio for turn-on, d;, and synchronous rectification, d,, then can be derived by

combining (2.11) and (2.12), and being expressed as

2L ]
> a(c‘]; swl_refva; (iref > 0)
d, = de\¥dc ' Vac (2.13)
2Lac fswirefVac (i ;< 0)
Ve (Vdc + Vac) e
and
2L rof(Viae —
\/ acf sw:;ef E} dc Vac) (iref > 0)
dr = YdcVac (2.14)
2Lac fowiref (Vdc + Vac) . 0
VideVac (lref < )

, respectively, where fy, is the switching frequency.

2.3.7 LCL Filter Design Procedure
Inverter-Side Inductance Design for Bipolar DCM

The inverter-side inductor current, ij oc, should always be discontinuous even at the maximum
power. The duty utilization factor, k, can be expressed by d; and d5, and expanded by using

(2.4) as

2Vdc
k=d +dy=—-—"—d,, 2.15
1 +do Voo T+ vee 1 (2.15)

where k is a function of the line phase angle, wz. The inductance of the inverter-side inductor,
L, should be designed to make maximum k, knax, to be equal to a given value, which should
be less than 1 in order to guarantee the DCM operation and high as possible to reduce i,. The
maximum value of dy, di max, then can be easily calculated on the assumption that the AC

voltage is sinusoidal, and can be expressed as

Vae + V2V,
dl.max = kmaxdchacv (2.16)
c
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where V. is the root mean square (r.m.s.) value of the AC voltage.
On the other hand, the average current in one switching cycle, iy, that should be equal

to the instantaneous load current can be expressed as

Al (Vae — V2Vyesin @)
e 2LEEleSW

_ (2.17)

By substituting d max for d; and kmax for k in (2.17), and assuming the load current with
unity power factor, the maximum instantaneous load current, inax, that can be achieved at

ot = 90°, can be expressed as

2 Vd02 - 2Valc2

Imax = k _— 2.18
max max 4VdCLaCfSW ( )
By assuming a sinusoidal current reference, ipnax can be expressed as
imax = \/Elac.rateda (2-19)

where I,¢ rateq 1S the rated output current in r.m.s. Through (2.18) and (2.19), L, then can be

calculated as

Vdc 2 2Vac 2
\/Ef SW Vdcl ac.rated

Lac < kinax” 7 (2.20)

Inverter-Side Inductance design for Asymmetry Unipolar DCM

It is similar with the inductance designed for the bipolar DCM, the inverter-side inductor
current, i oc, should also be discontinuous even at the maximum power in the asymmetry

unipolar DCM. The duty utilization factor, k, then can be expressed by d; and d;, and



2.3 Overview of Model-Based Controlled DCM Grid-Tied Inverters 57

expanded by using (2.11) as

1%
k=dy+dr = -%d,. (2.21)

Vac

k is a function of the line phase angle, wt. The inductance of the inverter-side inductor, L,
should be designed to make maximum k, kn,x, to be equal to a given value, which should be
less than 1 in order to guarantee the DCM operation and high as possible to reduce i,. The
maximum value of dy, don.max, then can be easily calculated on the assumption that the AC

voltage is sinusoidal, and can be expressed as

V2Vae

(2.22)
Vdc

d l.max — kmax

where V. is the r.m.s value of the AC voltage.
On the other hand, the average current in one switching cycle, iyye, that should be equal

to the instantaneous load current can be expressed as

= 2.23
lave 2Lacfsw ( )

By substituting d max for di and kpy,x for k in (2.23), and assuming the load current with
unity power factor, the maximum instantaneous load current, i, that can be achieved at

ot =90°, can be expressed as

2 \/Evdc Vac - 2Va02
2Vchacf SW

(2.24)

imax = kmax

By assuming a sinusoidal current reference, ipnax can be expressed as

imax - \/ilac.ratedy (2~25)
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where I, rateq 18 the rated output current in r.m.s. Through (2.24) and (2.25), L, then can be

calculated as

2 \/zvdc Vac - 2Vac 2

Lac S kmax :
2 \/if sz ac.rated Vdc

(2.26)

Parameter Design for LC Filter

The capacitance and inductance of the filter capacitor and inductor can be determined to
achieve acceptable ripples in the capacitor voltage and grid-side current. It is assumed that
all of the high frequency components in iy . flow into the filter capacitor, Cy. The maximum
ripple of the capacitor voltage should be limited to an acceptable level after the capacitance

of Cy is determined, therefore Cr can be calculated as

Ip.max
Cr> o, (2.27)
8/, swVripple.max

where ip max 18 the maximum peak to peak value of iLac, Vripple.max 18 the maximum allowable
voltage ripple of Cy.
The maximum current ripple of i, should also be limited to an acceptable level after the

inductance of Lt is determined, therefore L¢ can be calculated as

AVimax

Ly> oo, (2.28)
81 swlripple.max

Where irjpple.max 1 the maximum acceptable ripple of i,c.
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2.4 Problems with Model-Based Control for DCM

2.4.1 Classification of Current Distortions

The current control method discussed above are all based on model-based control and feed-
forward. However, such kind of control strategy has one drawback. The current distortions
can be generated with the applying of an imperfect model to the controller. The distortions
cannot be corrected adaptively since the current control is not feedback. This problem makes
the model-based control sometimes impractical for the grid-tied inverter application, since

the harmonics current should fall below the grid standards.

(

Current Distortions Obtained in DCM Grid-tied inverters
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Fig. 2.22 Current distortions that can be obtained in DCM grid-tied inverters.

Fig. 2.22 depicts a classification of current distortions that can be obtained in a DCM grid-
tied inverter. In this dissertation, the current distortions can be divided into three different
types: zero-crossing distortion, low-order harmonic distortions and high-order harmonic

distortions. The distortions can be caused by different reasons, such as the applied switching
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schemes or the use of an imperfect model. These distortions will be discussed in the following

sections. However, only the distortions caused by periodic errors are discussed.

2.4.2 Zero-Crossing Distortion

Over the past decades, the current distortion around zero-crossing areas is a common problem
and it has been widely reported and studied in both AC/DC and DC/AC converters with CCM
design [47-63]. Basically, the switching scheme used in a CCM grid-tied inverter can be both
unipolar and bipolar. Many previous studies have pointed out that the zero-crossing distortion
usually occurs in an inverter with unipolar PWM modulation [64—67]. In reference [64],
the distortion caused by switching delays was studied. In reference [65], the slope of the
actual current less than the reference current around zero-cross was ascribed as the reason
for the zero-crossing distortion. In reference [66], it was reported that the narrow gate pulse
around zero-cross can cause a pulse dropping effect and result in zero-crossing distortion. In
reference [67], the distortion can be generated with non-unity power factor (PF) operation.
The voltage may not be sufficient to magnetize the inductor current and that results in the
zero-crossing distortion.

It is similar with the unipolar switched inverter with CCM, the zero-crossing distortion
can also occur in DCM gird-tied inverters with unipolar switching. The main reason can
be explained by the slow slope of inductor current in unipolar switching. In contrast to the
unipolar switched inverter, however, the problem of zero-crossing distortion is negligible
in the bipolar switched inverter. As a possible solution, a hybrid PWM modulation can be
used to avoid the current distortion by operating with bipolar PWM around zero-cross, while
unipolar PWM is applied for other switching cycles [66, 67]. To the best of the author’s
knowledge, this concept, however, has not been provided to the grid-tied inverter with DCM

operation.
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2.4.3 Low-Order Harmonic Distortions

In CCM designed grid-tied inverters, the low-order harmonics in the output current can be
caused by the use of dead-time. The dead-time must be inserted to avoid the conduction
overlap of high-side and low-side switches of one leg. However, the use of dead-time
can cause a voltage error therefore distort the current around zero-cross. The dead-time
compensation can be applied to compensate the voltage error and reduce the distortion [68—
73].

On the other hand, the use of dead-time can also cause a zero-current-clamping effect
around zero-cross where the operation mode changes from CCM to DCM. The dynamic
changes suddenly between CCM and DCM. Consequently, a current controller designed for
CCM only unable to control the DCM current well due to the different dynamic. As a result,
the current becomes distorted. A dedicated current controller that being designed to control
both CCM and DCM current is required to deal with this kind of mixed conduction mode
(MCM) operation [24, 74, 75].

The model built for the DCM operation is the key in the model-based control. A perfect
model achieves zero control errors between reference and output current. However, it is
impractical to obtain such perfect model in real applications. The use of an imperfect model
can cause some problems in the output current, such as low-order harmonic distortions. The
low-order harmonics can be possibly caused by nonlinear characteristics of the B-H curve
of the magnetic core, the use of dead-time, voltage drops on the semiconductor switches or
cables or oscillations in the DC-link voltage or grid voltage [76—78]. In order to meet the
harmonic standards being given from the grid, such as EN61000-3-2 [79] or IEEE1547 [80], it
is of importance to eliminate these low-order harmonics. The influences of oscillations in the
DC-link voltage or grid voltage, the use of dead-time and voltage drops on the semiconductor

switches or cables are analyzed and discussed by a simulation software in the following text.
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The Use of an Ideal Model
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Time (ms)

Fig. 2.23 Time domain simulation of a bipolar DCM modulation under a certain design spec-
ification. V4. =400 (V), Vae =200 (V), few = 100 (kHz), Lzeq = 2.4 (A), Loe = 119 (uH),
Ly =125 (uH), C¢ = 2.2 (uF).

Fig. 2.23 shows a simulation result of inverter-side inductor current, grid-side inductor
current, and duty ratios with the bipolar DCM modulation at rated current operation. The
simulation was conducted with an ideal model being considered. A clean sinusoidal waveform
can be obtained in the grid-side inductor current, i,.. It can also be observed that the peak
values of i ,. are not always two times higher than i,.. These values are dependent on the
ratio between DC-link voltage and grid voltage. In addition, the calculated duty ratios, d;
and d;, are non-linear over half line cycle. These duty ratios clearly demonstrate that how
the model-based calculation compensate for the non-linear characteristics in the DCM. The
harmonic components i,. are calculated and shown in Fig. 2.24. Only slight third-order

harmonic is obtained while other harmonics being almost zero. The total harmonic distortion

of i,c 15 0.7%.
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Fig. 2.24 Harmonic components in the grid-side inductor current iyc.

Oscillation of DC-link Voltage

For a single-phase grid-tied inverter, an oscillation with frequency that corresponds to twice
the line frequency can be obtained in the DC-link voltage. A large DC-link capacitor is
usually required to decouple the double line frequency ripple of voltage. However, it is
impractical to maintain a constant DC voltage since the required capacitance can be too
large. Generally, the capacitance of the DC-link capacitor is designed to make the ripple
voltage being within acceptable ranges. The oscillation in the DC-link voltage thus can cause
low-order harmonics in the output current.

Fig. 2.25 shows a simulation result of conventional bipolar DCM when oscillating voltage
with 5% of the DC voltage is considered in the DC-side. The distorted grid-side inductor
current, i,c, can be observed. The oscillating voltage in the DC-side results in higher or lower
voltage being applied on the inverter-side inductor. Consequently, the average value of if o
can no longer follow the reference if the duty ratios is calculated on the basis of a constant

DC-link voltage. This problem, however, can be addressed by taken the oscillating V. into



64 Review of Current Control Strategies in Grid-Tied Inverters

10 : : :
—/\_//-/\/’
250
2 3
h= )
S 0 3
= | =
o | >
i 1-250
_10 [ ] ] ] i
0 10 20

Time (ms)

Fig. 2.25 Time domain simulation of a bipolar DCM modulation when oscillating voltage with
5% of the DC voltage is considered in the DC-side. Simulation conditions: Vg, =400 (V),
Vac =200 (V), fsw = 100 (kHz), Lrateq = 2.4 (A), Lac = 119 (uH).
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Fig. 2.26 Time domain simulation of a bipolar DCM modulation when V. is measured and its
values are used in the duty calculation. Simulation conditions: Vg, =400 (V), Vi = 200 (V),
Jsw =100 (kHz), Lrateq = 2.4 (A), Lac = 119 (uH).
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Fig. 2.27 Harmonic components in the grid-side inductor current iy..

account in the duty ratio calculations. Fig. 2.26 shows the simulation results in the case of
V4c being measured and its values being used in the duty calculation. The effect caused by
the oscillating V. is corrected. Fig. 2.27 shows the harmonic components in i, for these two
cases. It can be obtained that the oscillating V. mainly results in high low-order harmonics
being obtained in the output current, particularly the third harmonics. The high low-order
harmonics are reduced after the variation of V. is taken into account in the duty calculation.

The THD of i, is then reduced from 5.4% to 0.7%.

Distortion of Grid Voltage

Fig. 2.28 shows a simulation result under distorted grid-voltage, Vy.. 3% of third-order
harmonic in Vj is considered. It is similar with the previous case, the current distortions
can also be observed under distorted grid voltage. The distorted V. can cause effects, that is
similar with the oscillating DC-link voltage, on the average current. Therefore, this problem
can also be addressed by using the instantaneous values of v, in the duty calculations. This

concept is similar with the grid-voltage feed-forward that used in CCM grid-tied inverter [81].
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Fig. 2.28 Time domain simulation of a bipolar DCM modulation under distorted V,c with
3% of third-order harmonic being considered. Simulation conditions: Vg, = 400 (V), Voc =
200 (V), fsw = 100 (kHz), Lraeq = 2.4 (A), Lac = 119 (uH).
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Fig. 2.29 Time domain simulation of a bipolar DCM modulation when v, is measured and its
values are used in the duty calculation. Simulation conditions: Vg, =400 (V), Vi = 200 (V),
Jsw = 100 (kHz), Liateq = 2.4 (A), Lac = 119 (UH).
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Fig. 2.30 Harmonic components in the grid-side inductor current iy..

Fig. 2.29 shows the simulation results with instantaneous v,. being measured and used in
the duty calculation. Fig. 2.30 shows the harmonic components in i,c for these two cases.
The distortion in the grid voltage also results in low-order harmonics being obtained in iy,
particularly the third harmonic. The low harmonics are reduced after v,. being used in the

duty calculation. The THD of i, is then reduced from 5.2% to 1.21%.

Effect of Dead-Time and Voltage Drops

In CCM grid-tied inverters, the use of dead-time results in an effect of lost on the the inverter
output voltage. This effect can cause current distortions around zero-crossing areas. This
distortion is proportional to the switching frequency. It is similar with the dead-time effect
occurred in CCM, this problem can also be obtained in DCM. Fig. 2.31 shows a simulation
result of bipolar DCM modulation with dead-time of 500 (ns) being considered. Distortion
around zero-crossing areas can be observed. Fig. 2.32 shows the harmonic components in Z,c.
The low-order harmonics, particularly the third harmonic, can be caused by the dead-time

effect.
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Fig. 2.31 Time domain simulation of a bipolar DCM modulation with dead-time of 500 (ns)
being considered. Simulation conditions: Vg, = 400 (V), Vae =200 (V), fiw = 100 (kHz),
Lated = 2.4 (A), Lac = 119 (UH).
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Fig. 2.32 Harmonic components in the grid-side inductor current iyc.
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Fig. 2.33 Time domain simulation of a bipolar DCM modulation when 10 Q of resistive
components in the DC-bus being considered. Simulation conditions: Vg. = 400 (V), Ve =
200 (V), fsw = 100 (kHz), Irated = 2.4 (A), Lac = 119 (uH).
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Fig. 2.34 Harmonic components in the grid-side inductor current iyc.
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The effect caused by voltage drops due to the resistive components is similar with the
effect of lost on the inverter output. Fig. 2.33 shows a simulation result of bipolar DCM
modulation when 10 € of resistive components in the DC-bus being considered. Fig. 2.34
shows the harmonic components in i,c. The high third-harmonic can also be obtained in this
case.

The oscillating DC-link voltage and distorted grid voltage can be measured and the
effect of them can be corrected in the DCM model easily. However, the effect caused by
the use of dead-time or voltage drops or other possible reasons, such as the non-linearity of
B-H curve in the magnetic cores or limited PWM resolution [76], cannot be expressed by
mathematical model in a simple way. Nevertheless, it is difficult to take all the possibilities
into considerations when the DCM model being built. Consequently, the resultant distortions,
particularly the third harmonic, cannot be corrected adaptively under conventional feed-
forward control.

In CCM grid-tied inverters with linear controls, several approaches have been proposed
to eliminate the low-order harmonics, such as by applying the selective harmonic compensa-
tion [82-84] or by the use of repetitive controllers [85]. However, solutions to the low-order

harmonics for a DCM grid-tied inverter with model-based control are seldom reported.

2.4.4 High-Order Harmonic Distortions Caused by Parasitic Capaci-

tance

This kind of distortion does not occur in CCM grid-tied inverters, however, it can be obtained
in DCM grid-tied inverters. The distortion is caused by the use of an imperfect DCM model.
In the DCM, the inductor current, i ,c, 1S discontinuous and that results in a zero-current
interval in every switching cycle. Conventionally, it o 1s assumed to be zero during this
interval. Therefore, the initial current at the next turn-on instant should be zero, as shown

in Fig. 2.35. In practical; however, the switches are usually turned on with non-zero iy 4
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due to the resonance between inductor and parasitic capacitor of switching devices. This

is referred to as non-uniform turn-on behavior [86, 87]. The non-zero initial current can

l Lac

0

Fig. 2.35 Schematic views of the inverter-side inductor current caused by ideal turn-on
behavior.

affect the average inductor current, as shown in Fig. 2.35; consequently, the output current
becomes distorted, as shown in Fig. 2.37. The harmonic orders in the output current is usually
around 20 th to 40 th. Therefore, this kind of distortion is referred to as high-order harmonic
distortions. For a given switching device, the high-order distortions can become worse under
higher switching frequencies; or for a given switching frequency, the distortion can be severe
with a large parasitic capacitance is applied to the switching device. As a possible solution,
the achievement of uniform turn-on, which means the initial inductor current at turn-on

instant are the same, can be applied to reduce the high-order harmonic distortion. However,
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Fig. 2.36 Schematic views of the inverter-side inductor current caused by non-uniform
turn-on behavior.
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lLac

Fig. 2.37 Current distortion caused by non-uniform turn-on behavior.

this purpose cannot be realized with the conventional model-based DCM controls due to the

low control degree of freedom.

2.5 Hybrid Control of Model-Based Control and Linear

Feedback

2.5.1 Basic Structure

Generally, the model-based controller can be applied to DCM without using feedback,
because the accumulated errors can be reset in every cycle. However, the control errors (i.e.
current distortions) can be caused by inherent problem of switching scheme or by the use of
imperfect models. The model-based controller unable to correct the errors adaptively, since
it is feed-forward based. In CCM current control, several harmonic compensators (HCs)
can be cascaded to a proportional-resonant (PR) controller to perform selective harmonic
compensation (SHC) [88-90]. This concept can also be applied to the model-based controller

for DCM grid-tied inverter.
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Fig. 2.38 Block diagram of a feed-forward control with partial feedback.

Fig. 2.38 shows a hybrid control concept of model-based control with linear feedback [91].
The basic concept of this control is to feed back the errors and modified the reference current,
which is different from the linear PI control. Therefore, it is referred to as partial feedback
control in this dissertation. Firstly, the errors between the output and reference current are
extracted from the output current. The errors are then subtracted from the reference current.
After that, the duty ratios are calculated on the basis of the compensated reference. To
realize this purpose, the grid-side inductor current is sensed. It is relatively easy to sense the
grid-side inductor current, since it is 50 Hz with small switching ripples. Therefore, the high
frequency and low delay sensor is not essential in this case.

The partial feedback control can be used to eliminate low-order harmonics in the output
current, i,c, by modifying the current reference. Take the elimination for third harmonic as
an example: if the third order harmonic is caused by periodic errors, it can be eliminated by
injecting a compensation signal, i,.(3), to the reference current, iref, as depicts in Fig. 2.39.
Similar concepts can also be applied to eliminate other low-order harmonics. In order to

obtain the compensation signal, the amplitude and phase angle of the harmonic components
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are required. These information can be obtained by extracting the harmonic components

from the output current by means of a second order generalized integrator.

lref

- /
LR 3
L4 .

Fig. 2.39 The third-order harmonic can be cancelled by injecting a compensation signal,
Iac(3)» to the reference current, ire.

2.5.2 Second Order Generalized Integrator

The second order generalized integrator (SOGI) [92], which is also referred to as resonant
controller, can be used to extract certain harmonic components from the output current. The

transfer function of a modified version of the SOGI can be expressed as [93]

i'(s) s (2.29)

where K, is the control gain, @ is the grid angular frequency and the grid frequency is
50 Hz in this dissertation. Theoretically, the SOGI can achieve infinity gain at the resonant
frequency and almost without gain outside of the resonant frequency [88]. (2.29) can be

decomposed into two simple integrators in continuous time-domain, as shown in Fig. 2.40.
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Fig. 2.41 depicts the bode plot of (2.29) with different K, = 0.1,1,10 and ® =2 - - 50
being applied. A very high gain is achieved at the resonant frequency with a narrow frequency
band being around the resonant frequency, which is at 50 Hz in this case. The gain and
bandwidth are dependent on the control gain, as shown in the upper plot of Fig. 2.41. This

feature of SOGI makes it suitable as a notch filter that being used to extract certain harmonics.
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Fig. 2.40 Control block diagram of a second order generalized integrator in continuous
time-domain.

Fig. 2.42 depicts the response of the SOGI in continuous time-domain. The input signal
is a 50 HZ sinusoidal signal with @ =2 - 7 - 50 being set in the SOGI (i.e. the SOGI is tuned
at 50 Hz). It can be obtained from Fig. 2.42 that the output of SOGI is also a 50 Hz signal
with integrated amplitude and without any phase delay being obtained. If the SOGI is tuned
at other frequencies, it can be used to extract the harmonics at those frequencies from the
input signal. In this case, the SOGI can be treated as a harmonic compensator (HC) [88-90].
The transfer function of HCs that being designed to compensate certain harmonics can be

expressed as

Y Gu(s) = Kp(h)m7 (2.30)
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Fig. 2.41 Bode plot of the SOGI with different K, = 0.1,1,10 and @ = 2- - 50 being applied.

where K1, being the proportional gain designed for the certain harmonic and £ being the
harmonic order.

Fig. 2.43 depicts the response of the SOGI when the input contains third-order harmonic.
The SOGI in this case is tuned at 3w in order to extract the third-order component from
the input signal. The 150 Hz signal with integrated amplitude being in phase with the

fundamental signal can be obtained from the output of the SOGI.

2.5.3 Operation Principle of Low-Order Harmonic Compensation

Fig. 2.44 shows the operation principle of the low-order harmonic compensation using the
resonant controller. The grid frequency is 50 Hz in all the experiments and simulations

shown in this dissertation. i, is sensed by a current sensor and its value is input into the
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Fig. 2.42 Time-domain simulation of the input and output waveforms of a SOGI. K|, is set to
be 0.1. The frequency of the input signal is 50Hz and SOGI being tuned at 50 Hz.
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Fig. 2.43 Time-domain simulation of the input and output waveforms of a SOGI. K, is set to
be 0.1. The frequency of the input signal is S0Hz that contains 10% third-order harmonic
and SOGI being tuned at 150 Hz
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SOGIs tuned at the frequencies of the target harmonics. The band-passed in-phase signals
with integrated amplitude, i, (,), are generated by the SOGISs and they are subtracted from
the original current reference, i.r. The duty ratio, d, is calculated base on the compensated

current reference, iref(comp)-

Lief ;Olref(comp)} | model-based d
e e Ly W controller
contains 3rd; no 3rd amplitude | amplitude -

harmonic | harmonic increases keeps

(O )
VRV

150 Hz 4 ML

D> K3 »| resonant controller »0

Lac(3) Ty
3o .

Low-Order Harmonic Compensation

Fig. 2.44 Operation principles of the low-order harmonics compensation. The elimination of
third-order harmonic is taken as an example.

The harmonic components in i, is reduced along with the increasing amplitude of i,.(,),
and the amplitude of i, ,) keeps constant after the disappearance of the harmonic components
in iyc. In other words, the compensation signals, i,(,), are always generated to compensate
for the corresponding harmonic components in 7, through this kind of partial feedback.

The experimental verification of the partial feedback control with respective to the low-
order harmonic compensation is shown in Appendix A. On ther other hand, the zero-crossing
distortions caused by inherent problem of switching scheme and the high-order harmonic
distortions are difficult to be eliminated with the partial feedback control only. Conse-
quently, these problems are addressed by other modulation techniques and the corresponding

discussions will be presented in Chapter 3 and Chapter 4.
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2.6 Conclusion

This chapter starts with a review of control strategies for grid-tied inverters. There are several
well established control strategies that can be applied to perform the current control. However,
some of them are not suitable for low-power applications or low inductance designs, such
as CCM with hysteresis control or CCM with linear control. Some control strategy and
operation modes allow further reduction of inductance, however, they rely on the detection of
inverter-side inductor current, such as BCM with hysteresis and model-based control or DCM
with linear control. The detection of inductor current can be challenges particularly for high
frequency designed converters. On the other hand, the DCM with model-based control allows
to eliminate the sensing of current of inverter-side inductor. This feature makes the model-
based control more suitable and advantageous for low-power grid-tied inverters operating
in high switching frequency. However, all of the conventional model-based controls have a
drawback that makes this control strategy sometimes impractical for grid-tied applications.
The current distortion including zero-crossing distortion, low-order and high-order harmonic
distortions can be generated and they cannot be eliminated adaptively.

Conventionally, the model-based control for DCM grid-tied inverter is based on feed-
forward control strategy. Consequently, the control errors, that being generated by the use of
an imperfect model, cannot be corrected by the model-based controller. This problem can
be improved by introducing a partial feedback control. The low-order harmonics caused by
periodic errors then can be eliminated by cascading individual resonant controllers to the
model-based controller. However, it is difficult to deal with the zero-crossing distortions and
high-order harmonic distortions.

It also is interesting that the errors of fundamental components between the output and
reference current can also be corrected with similar approach. The disadvantage of the

model-based control, which is inductance dependency, thus can be addressed.
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Chapter 3

A Hybrid of Unipolar and Bipolar
Modulations for Reducing Peak Current

and Zero-Crossing Distortion

3.1 Introduction

This chapter presents a novel switching scheme and modulation for single-phase DCM
grid-tied inverter. Conventionally, two popular switching schemes for pulse width modu-
lation (PWM) modulations can be applied to the DCM grid-tied inverter. An asymmetry
unipolar switching benefits from lower switching losses and lower peak values of inductor
current. However, an inherent problem related to current distortions around zero-crossing
areas can be the problem. This problem can be addressed by adopting a bipolar switching
scheme. However, the bipolar DCM suffers from higher peak inductor current therefore
conduction losses and switching losses. These problem can be addressed by combining the
two conventional switching schemes. A novel switching scheme is proposed to realized
this purpose. The proposed switching features high degree of freedom on controlling the

inductor current. Therefore, operation modes can be changed freely between the bipolar and
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asymmetry unipolar DCM. In addition, a modulation is proposed to reduce the peak inductor
current and improve the problem of zero-crossing distortion.

This chapter is organized as follows: the problems of using conventional switching
schemes are discussed in Section 3.2. Next, the proposed switching scheme and its modu-
lation methods are presented in Section 3.3. After that, the experimental verification and
analysis are presented in Section 3.4. Finally, the conclusion of this chapter is given in

Section 3.5.

3.2 Problems with Conventional Switching Schemes

10
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Fig. 3.1 Time domain simulation of a asymmetry unipolar DCM under a certain design
specification. Vg. =400 (V), Vaoe =200 (V), fsw = 100 (kHz), Li3eq = 2.4 (A), Loc =98 (UH),
kmax = 0.9, Lg = 125 (uH), C¢ = 2.2 (uF).

Conventionally, bipolar and asymmetry DCM can be applied to DCM grid-tied inverters,
as discussed in Chapter 2. A simulation result of inverter-side inductor current, grid-side

inductor current and calculated duty ratios with the asymmetry unipolar DCM, under rated
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Fig. 3.2 Time domain simulation of a bipolar DCM modulation under a certain design speci-
fication. Vg =400 (V), Voe =200 (V), fsw = 100 (kHz), L4teq = 2.4 (A), Ly = 119 (uH),
L¢ =125 (uH), G = 2.2 (uF).

current operation, is show in Fig. 3.1. A problem regarding to distorted current can be
observed around zero-crossing areas where i, changes its polarity. This distortion, however,
does not appear in the bipolar DCM, as shown in Fig. 3.2.

The non-linear duty ratios can be obtained in both asymmetry unipolar DCM and bipolar
DCM. However, the duty of synchronous rectification, d», has some differences. In the
bipolar DCM, d; decreases to zero when the current angle goes to zero or 7. In contrast, d»
increases along with the current angle goes to zero or 7. This indicates that the utilization
of duty ratios is higher in the asymmetry unipolar DCM. Low utilization of duty ratios can
leads to high peak values of inductor current. For grid-tied inverters that designed to operate
in DCM, the peak inductor currents are high and that results in high turn-off currents and

high root mean square (r.m.s) values. Consequently, higher turn-off and conduction losses
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Fig. 3.3 Comparison of peak values of inverter-side inductor current, iy ,¢, at rated current
operation, based on a certain design, in which optimized inductance are applied.

can be obtained in comparison with that in CCM grid-tied inverters. From the point of view
of losses reduction, the peak inductor currents should be as low as possible.

Fig. 3.3 depicts the peak values of the inverter-side inductor current, if ¢, for every
switching cycles over half line period.The data are taken from Fig. 3.1 and Fig. 3.2. It can be
obtained that most of the peak values in the bipolar DCM modulation, ipk pipolar> are higher
than those values in the asymmetry unipolar DCM modulation, i,k unipolar- In the bipolar and
asymmetry unipolar DCM, peak currents are equal to the trun-off currents. Consequently,
the resultant turn-off losses can be higher if bipolar DCM modulation is adopted. Further
more, the inductor peak currents can also influence the design of inductor and core losses of
inductor.

Fig. 3.4 depicts the r.m.s. values of the inverter-side inductor current, i 4., for every
switching cycles over half line period. It can also be obtained that the r.m.s. values of if 5. of
bipolar DCM are higher than those of asymmetry unipolar DCM modulation. Consequently,

the resultant conduction losses of semiconductor devices can be higher if the bipolar DCM



3.2 Problems with Conventional Switching Schemes 99

Inductor r.m.s. current of bipolar DCM

\

'S
1

Current (A)
2

Inductor r.m.s. current /
of asymmetry unipolar DCM

0 5 10
Time (ms)

Fig. 3.4 Comparison of r.m.s. values of inverter-side inductor current, if 5., at rated current
operation, based on a certain design, in which optimized inductance are applied.

modulation is adopted. In addition, the inductor r.m.s current can also influence the winding
conduction losses of inductor. The application of asymmetry unipolar switching seems
more suitable for the DCM grid-tied inverter in term of higher efficiency. However, the
zero-crossing distortion can be a problem.

In conventional DC/AC or AC/DC converters with CCM design, a problem regarding
to significant current distortion around zero-crossing areas of AC voltage can be obtained
when a converter is designed with unipolar switching [1-17]. This problem can also occur in
a DCM grid-tied inverter with the same switching scheme being applied, as demonstrated by
Fig. 3.1. The current distortion around zero-crossing of AC voltage can be caused by the low
speed of demagnetizing current during interval 2.

Fig. 3.5 shows simulation waveforms of the inverter-side inductor current, i ,¢, line volt-
age, vac, and the voltage cross the inverter-side inductor, vy 4, with asymmetry unipolar DCM,
around the zero-crossing of AC voltage. It can be observed that i; o becomes continuous

within several switching cycles before and after v, changes it polarity. In contrast, it 5. can
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Fig. 3.5 Time-domain simulation of a asymmetry unipolar DCM around zero-crossing areas.
iLac cannot reduce to zero due to the low fallen speed. Consequently, it becomes continuous
and the distortion occurs when the polarity of current changes.

reduces to zero in every switching cycle around those areas with bipolar switching, as shown
in Fig. 3.6. This can be explained by the factor of the different demagnetizing rates of the
inductor current. If the asymmetry unipolar switching is applied, the inductor current is
demagnetized at the rate of v,./L,.. However, this can cause a problem when v, is close to
ZETO-Crossings. vue can be too small to demagnetize the inductor current within one switching
period. As a result, if 5. cannot reduce to zero and it become continuous eventually. If the
bipolar switching is applied, however, the inductor current is demagnetized at the rate of
(Vge + Vac)/Lac so that ip o can reduce to zero completely due to this sufficient high rate of
demagnetizing.

A conclusion can be drawn that i ,. can become continuous and result in significant
overshoot of i ,c when v, is close to zero in the asymmetry unipolar switching. Nevertheless,
the asymmetry unipolar DCM is still preferred rather than the bipolar DCM because of

lower switching and conduction losses. However, the slow rate of demagnetizing current
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Fig. 3.6 Time-domain simulation of a asymmetry unipolar DCM around zero-crossing areas.
iLac can reduce to zero due to the fast fallen speed of demagnetizing current.

can be a problem. The fast demagnetizing rate can be achieved in the bipolar switching.
Therefore, the problem can be addressed by operating the converter in a hybrid of unipolar
and bipolar mode. The converter can be operated with bipolar switching around zero-crossing
of AC voltage to avoid distortion while unipolar switching being used for other switching
cycles [18-20]. This concept is also valid for DCM operated inverter. In order to realize this

purpose, a novel switching scheme and its modulation are proposed.

3.3 Proposed Switching Scheme and Modulation

3.3.1 Operation Principle

The proposed switching scheme and its modulation are proposed to elevate the demagnetizing
rate of inductor current and improve the problem of zero-crossing distortion for asymmetry

unipolar DCM. The schematic waveforms of inductor current and switching patterns of
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Fig. 3.7 Proposed switching patterns and corresponding waveforms for DCM.

the proposed switching are shown in Fig. 3.7. The scheme of proposed switching is a
combination of the scheme of conventional bipolar and asymmetry unipolar. The diagonal
switches S| and S3 (for positive grid voltage) or S, and S4 (for negative grid voltage) are
turned on simultaneously, only one of the switches is turned off firstly, then another one
is turned off. By applying this kind switching scheme, the inductor current can become a
trapezium current shape. Therefore it is referred to as trapezium current mode (TPCM).
The schematic waveforms and current path of one switching cycle operation with the
proposed TPCM is shown in Fig. 3.8. There are four main intervals within one switching
cycle in the TPCM. The principles of one switching operation for the positive line voltage

are described as follow:
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Fig. 3.8 Possible current paths of one switching cycle operation in TPCM for positive grid
voltage V.

Interval 1:

During interval 1, Sy, S4 are turned on simultaneously and switches S», S3 are in off-state.

iLac Increases linearly. The peak value of i 4, ip, during this interval can be expressed as

V .
ip =~ T, (3.1)
Lac

where V. denotes the DC-link voltage, v, denotes the instantaneous line voltage and being
assumed constant in one switching cycle. L, denotes the inductance of inverter-side inductor.
dj denotes the duty ratio of turn-on for Sy, Ty, denotes the switching period. It should be
mentioned that S4 can also be turned off prior to S4. In the following discussion, it is assumed

that S| turns off prior to S4. The interval 1 ends when the switch Sy is turned off.
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Interval 2:

The switching scheme in this interval is used in the asymmetry unipolar switching scheme.
S4 is still in on-state. i ,c, decreases linearly through the body diode of S5 after S is turned
off. §3 can be turned-on to achieve the so-called synchronous rectification during this interval.

The inductor current during this interval can be expressed as

—Vac

Lac

— (ip —ip2) = dr Ty - (3.2)
where i, is the value of i, reduced to once Sy is turned-off, d; is the duty ratio of turn-on
for this interval and d;+d, is the duty ratio of turn-on for S4. The interval 2 ends when Sy is

turned off.

Interval 3:

The switching scheme in this interval is used in the bipolar switching scheme. After Sy is
turned off, if ,. decreases linearly through the body diode of S, and S3. S, can be turned-on
to achieve the so-called synchronous rectification during this interval. iy, during this interval
can be expressed as

—Vic — Vac

~ipp = dsT, (3.3)

where d3 denotes the duty ratio for S» and d> + d3 denotes the duty ratio for S3 to achieve

the synchronous rectification. The interval 3 end when iy, reduces to zero.

Interval 4:

During this interval, the inductor current is zero theoretically. After this interval, S; and S4

are turned on again and a new switching cycle begins.
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Fig. 3.9 Schematic waveforms of the possibilities on controlling inductor current for the
same average current (when the same L, is applied).

The proposed switching scheme features more degrees of freedom on controlling the
inductor current, as shown in Fig. 3.9. By controlling the turn-off time of the corresponding
switches, different shape of ij 5. can be created for a given average current, iyye. This feature
allows the converter to operate in three modes, which are bipolar DCM, asymmetry unipolar
DCM and TPCM. The operation mode can be shifted suddenly from the bipolar DCM to
the asymmetry unipolar DCM; or shifted smoothly by using an additional trapezium current

mode.



106 A Hybrid of Unipolar and Bipolar Modulations

3.3.2 Model for Duty Calculation

The duty rations are derived from the average current model built for the trapezium inductor

current. The average inductor current, i,ve, in one switching cycle can be expressed as

S 1 [Tw S| +8y+834S
/ i aodt = 212293 F 54 (3.4)
0

iave = = T )
Iyw T Tsw

where S1-S4 are the areas in the trapezium as shown in Fig. 3.10. Only the current that in the
main intervals are considered in the calculation and the current in interval 4 is assumed to be

zero. By doing so, it comes down to a simple area calculation of the trapezium waveform.
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Fig. 3.10 Model-based calculation for TPCM in one switching cycle.

The areas S1—S4 can be expressed as

I,
S = Elpdl Tsw, (3.5)
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1. .
Sy = E(Zp —ip2)dr Tow, (3.6)
S3 = ipZdZTSWa (3.7
1.
Sy = 51p2d3Ts.W, (3.3)

The sum of dy, d; and dj3 is referred to as the duty utilization and it is express by k, as

di+dy+d;=k. (3.9)

The duty ratios, d1, d3, d3, to achieve i.¢ can be obtained by combining (3.4), (3.5), (3.6),
(3.7), (3.8) and (3.9); and be expressed as

_ \/kzvdc2 - k2V302 - 4Vchacfswiref + kvdc + kVac

iref > 0
— 2Vdc 2Vdc (lref )
d = v 2 o) - (3.10)
. \/k Viae™ — k*vac™ + 4VicLac fowiret + kVie — kvgc (i < 0)
Wie Wie ref
\/kzvdc2 - kzvacz — 4VycLac fowlref (i P> 0)
% re
dr = de - (3.11)
\/kzvdc2 - kzvacz +4VycLac fswiret (i < 0)
Vdc ref
_ \/kzvdc2 - kzvacz - 4Vchacfswiref + kac - kVac (i > O)
dy = 2Vqc 2Vae ref (3.12)
_ \/kzvdc2 - kzvacz + 4Vchacfswiref + kac + kVac (i < O)
Wi Wi ref

, respectively. It can be observed form (3.10), (3.11)and (3.12) that k is only variable that
can be changed while other parameters are dependent on operation conditions. Therefore,

different sets of duty ratios can be obtained by using different k.
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3.3.3 Proposed Modulation to Improve Zero-Crossing Distortion

Fig. 3.11 depicts the schematic waveforms of the concept of the proposed modulation. In
order to complete the demagnetization process, the interval 3 that has a fast demagnetizing
rate of inductor current is required around zero-crossing areas. In order to maintain low
peak currents, operation mode that being close to the asymmetry unipolar DCM is preferred
in other switching cycles. In the proposed switching scheme, the mode changing between
bipolar DCM and asymmetry unipolar DCM can be easily realized by giving appropriate k to
(3.10), (3.11) and (3.12).

avoid distortion . maintain low peak current . avoid distortion

< > ' < > ' < >

lLac

0 >7t

Fig. 3.11 Concept of the proposed operation to avoid high peak current and improve zero-
crossing distortion.

3.3.4 Design Considerations

The following discussions assumes a unity power factor operation of the inverter. Assuming
that the operation mode is always asymmetry unipolar DCM, the interval 3, which is the
current path for bipolar DCM, should not exist, so that the inverter-side inductor current, iy,
becomes the same as that in the asymmetry unipolar DCM. By considering this circumstance,

an upper boundary for k, kypper, then can be determined. If (3.12) is always equal to zero,
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kupper can be calculated as

2Vchacfswiref (i £ > 0)
Vac (Vdc - Vac) re
Kupper = : (3.13)
2VacLac fswiret (i P < 0)
Vac (Vdc + Vac) re

In a similarly way that the lower boundary for &, kjower, can be determined by assuming the
operation mode is always bipolar DCM. For this circumstance, the interval 2 that associates
with the current path in the asymmetry unipolar DCM, should not exist. if 5. thus becomes

the same as that in the bipolar DCM. If (3.11) is always equal to zero, kjower can be calculated

as
4Vchacfswiref (i £> 0)
5 re
. dec - vgc
klower - B (3.14)
—4VycLac fowiret (i < 0)
dec - V%C *

k can be any values within the two boundaries. Design of k has many possibilities,
however, it should follow certain design rules to achieve the given purpose. As discussed
above, fast demagnetizing rate of inductor current is required to complete the demagnetizing
process. This means that the interval 3 should be as long as possible around zero-crossing
areas. From this point of view, k should be close to kjoyer- On the other hand, k should be
close to kypper in other switching cycles to keep the peak currents as low as possible. A simple

implementation for k is proposed in accordance with the above design rule, as expressed as

4Vy. L I .
dchfS\ZNref =+ koffset (lref > 0)
Vie — Vac

k =
\/_4Vchacfswiref

(3.15)

+ kot (iref < 0)
3 offse re
Vdc_vgc
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Table 3.1 Circuit Parameters and Conditions

DC link voltage Vie 400 V
AC voltage Vac 200V
Rated current Ly rated 24 A
Switching frequency Sfsw 100 kHz
Digital controller DSP TMS320F28377S
Switching device SiC-MOSFET SCT2160KE
LCL filter Design
Inverter-side inductance for bipolar DCM Lac bipolar 119 uH
Percentage impedance of Lac pipolar 90 XLac bipolar 0.045%
Inverter-side inductance for unipolar DCM Lac unipolar 98 uH
Percentage impedance of Lyc unipolar %0 X1 ac.unipolar 0.037%
Inverter-side inductance for TPCM L 119 uH
Percentage impedance of L,. Tpcm 9%X1 ac. TPCM 0.045%
Grid-side inductance L¢ 125 uH
Percentage impedance of X ¢ Y0 X1 ¢ 0.047%
Capacitance of filter capacitor Cy 2.2 uF

k is proposed to be kjower plus a certain offset, kogfser. koffset Can be calculated as

Kotfset = kupper(wt:90°) - klower(wt:90°)7 (3.16)

where kypper(wi=90°) and Kjgwer(wi=90<) are the values of kypper and kjower at the phase angle
where ot = 90°.

Fig. 3.12 shows examples of calculated kypper, kiower and k for rated current operation.
The calculation is based on a certain specification that used in the experiment. The conditions
and parameters are listed in Table 3.1. A maximum limitation for k, kpax, 1S required to
guarantee the DCM operation even under maximum power operation. kpy,x is also used
to calculated the inverter-side inductance. Any k that exceeds this limitation should be
restricted to kpax. In this calculation, k. 1s set to be 0.9. Fig. 3.13 depicts the examples of
Kupper(wt=90°)» Klower(wt=90°) and koftser under different current set-points, fyc set-

Fig. 3.14 shows a simulation result of the inverter-side inductor current, grid-side inductor

current and duty ratios with the proposed TPCM. The simulation conditions are listed in
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Fig. 3.12 Calculated upper, lower limitations and k for rated current case based on a certain
design in which L,; = 119 (uH).
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Fig. 3.13 Values of upper, lower limitations and kqsse; at peak current phase for different /.
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Fig. 3.14 Time domain simulation of the proposed TPCM based on a certain specification in
which Ly = 119 (uH).

Table 3.1. The non-linear duty ratios can also be obtained in the TPCM. It is shown that there
is no distortions around zero-cross, meanwhile, the peak values of ij . are similar with the

calculated results.

3.3.5 Calculations for Turn-off and Inductor R.M.S. Current

Fig. 3.15 shows a comparison of calculated turn-off currents of i o for every switching
cycles over half line cycle, rated current operation, with three modulations. The calculation
conditions are on the basis of experimental conditions, as listed in Table 3.1. The optimized
inductance are applied to each design. In bipolar and asymmetry unipolar DCM, the peak
currents are equal to the turn-off currents; in the proposed TPCM, one of the switches can be

turned of at lower current. therefore, there are two different turn-off currents in one switching
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Fig. 3.15 Calculated turn-off currents for every switching cycles over half line period.
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Fig. 3.16 Calculated average turn-off currents for one line period.
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Fig. 3.17 Calculated inductor r.m.s. current for every switching cycles over half line period.
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Fig. 3.18 Calculated inductor r.m.s. currents for one line period.
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cycle. It can be obtained that the turn-off currents in the bipolar DCM are higher than those
of asymmetry unipolar DCM as discussed in the previous sections. On the other hand, the
two turn-off currents of proposed TPCM can be lower than those of conventional two DCMs.

Fig. 3.16 shows a comparison of average turn-off current for half line period. The average
turn-off current can represent the turn-off losses. In bipolar and TPCM, two switches are
turned off in every switching cycles, therefore, the average turn-off current are calculated
separately and added together. The average turn-off current of TPCM can be reduced by
45.2% in comparison with that of bipolar DCM. However, it can be increased by 27.1% in
comparison with the asymmetry unipolar DCM, since there is only one switch being turned
off in the asymmetry unipolar DCM. This result indicates that the turn-off losses of TPCM
can be reduced in comparison with that of bipolar DCM.

Fig. 3.17 shows a comparison of calculated inductor r.m.s. currents of if ,. for every
switching cycles over half line cycle, rated current operation, with three modulations. It
can be obtained that the inductor r.m.s. values of TPCM are the lowest while the inductor
r.m.s. values of bipolar DCM are the highest. Fig. 3.18 shows a comparison of inductor r.m.s.
current for one line period. The TPCM can reduce the inductor r.m.s. current by 6.5% in
comparison with bipolar DCM; and the inductor r.m.s. current of TPCM can be reduced by
2.6% in comparison with asymmetry unipolar DCM. This result indicates that the conduction
losses of TPCM can also be reduced in comparison with conventional two DCMs. However,
the reduction in conduction losses can be relatively small in comrarison with the reduction of

turn-off losses.
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Fig. 3.19 Simplified structure of the fabricated single phase grid-tied inverter system.

3.4 Experimental Results and Analysis

3.4.1 Experimental setup

The schematic view of the fabricated experimental system is shown in Fig. 3.19. In this
experiment, the DC link voltage was supplied from a DC power supply, therefore, Vy. was
assumed to be constant and its value was not measured. The AC voltage was supplied
from a linear AC voltage source with power dissipating resistors connected in parallel. The
instantaneous capacitor voltage, v s, was sensed and used as AC voltage reference. i..r was
synchronized in phase with the AC voltage through a digital phase locked loop (PLL). A
common mode choke was connected to the AC side of the inverter to suppress common mode
noise in the experiment. The conventional bipolar DCM, conventional asymmetry unipolar
DCM and proposed TPCM were implemented in a 480 W class prototype, which is controlled
by a digital signal processor (DSP) TMS320F28377S. A periodic timer interrupt of 20 kHz
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Fig. 3.20 Fabricated prototype.

was used to do all of the calculations. The experimental conditions are the same as that in
the simulation and the parameters are listed in Table 3.1. The SIC-MOSFET (SCT2160KE,
1200 V, 22A) was used as the switching device and the switching frequency was set to be
100 kZ in order to achieve small volumes of inductor. The optimized inductance were applied
to the bipolar DCM, asymmetry unipolar DCM and TPCM, respectively. However, the
fabricated inductor whose inductance were not exactly the same as that in the calculation.
The filter capacitance was designed to achieve an acceptable ripple of 1.5% of the maximum
capacitor voltage. The grid-side inductance was designed to achieve an acceptable ripple of
1.5% of the maximum output current. Two resonant controllers were used to eliminate the
third and fifth harmonics in the output current. A photo of the fabricated prototype of the

inverter is shown in Fig. 3.20.

3.4.2 Waveforms Demonstration and Analysis

The experimental waveforms of the asymmetry unipolar DCM, bipolar DCM, and TPCM,
at the rated current operation, are shown in Fig. 3.21, Fig. 3.22, and Fig. 3.23, respectively.
Significant zero-crossing distortion in i, can be observed form Fig. 3.21. However, it is

negligible if the bipolar DCM or TPCM is applied, as shown in Fig. 3.22 and Fig. 3.23,
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Fig. 3.21 Experimental waveforms of inverter-side inductor current, if 4., and grid-side
inductor current, i,c, with asymmetry unipolar DCM modulation.
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Fig. 3.22 Experimental waveforms of inverter-side inductor current, ifac, and grid-side
inductor current, iyc, with bipolar DCM modulation.
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Fig. 3.23 Experimental waveforms of inverter-side inductor current, if,., and grid-side
inductor current, i ., with TPCM Modulation.
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Fig. 3.24 Measured peak values of if ,. over half line period for rated current case.
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respectively. The peak values of it 5. in Fig. 3.22, Fig. 3.21, and Fig. 3.23 over half line
period are processed from the experimental data and depicted in Fig. 3.24. It is similar to the
calculated results for turn-off currents, the lowest peak values of ifac, ipk. TPCM, 1S Obtained in
TPCM and the highest peak values of ipac, ik bipolar» s Obtained in bipolar DCM. The peak
values of i, in unipolar DCM, ipk unipolar are slight higher than ip tpcm.

The efficiencies and total losses for asymmetry unipolar DCM, bipolar DCM and TPCMs
were measured in the experiment and the results are shown in Fig. 3.25. The measurement
was conducted by using a digital power meter (YOKOGAWA WT-1600). The range of
measurement for DC input was 600 V/2 A and 300 V/5 A for AC side. The maximum errors
of reading and measurement were calculated based on this condition, and the error bars are
added. The American weighted efficiency [21] (only DC/AC stage) are calculated based
on the measured results and shown in Table 3.2. The bipolar DCM has lowest weighted
efficiency mainly due to its low efficiency at heavy loads; the weighted efficiency of TPCM

can be almost the same as that of asymmetry unipolar DCM.

Table 3.2 Weighted Efficiency Comparison

Bipolar DCM  Asymmetry unipolar DCM  Proposed TPCM
95.7% 96% 96.1%

This improvement of efficiency brought by TPCM and asymmetry unipolar DCM can
be explained by the reduced peak current, which leads to the reduction of turn-off and
conduction losses. Fig. 3.26 shows an estimation of loss break-down for the rated current
operation. The estimation for conduction and turn-off losses are conducted on the basis of
experimental conditions and the datasheet of used semiconductor device. In this experiment,
diode rectification was used. In order to perform a more accurate calculation, the conduction
losses for channel and body diode were calculated separately. The channel conduction
losses were obtained by using calculated r.m.s current and device on-state resistance. The

diode conduction losses were obtained by using current flowing through the body diode
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Fig. 3.26 An estimation of loss break-down for bipolar DCM, asymmetry unipolar DCM and
proposed TPCM when I s¢t = 2.4 A.

of corresponding switch (obtained in simulation) and I-V characteristic of the switch body
diode shown in the datasheet. The turn-off losses were obtained by using calculated turn-off
currents and data of turn-off losses shown in datasheet.

The reduction in semiconductor losses (-3.5W) almost agreed with the reduction in total
losses (-2.3W). In comparison with bipolar DCM, the inductor r.m.s. current of TPCM is
reduced by 6.5% and the resultant reduction in conduction losses is 7.1%; and the average
turn-off current of TPCM is reduced by 45.2% and the resultant reduction in turn-off losses is
44.1%. Therefore, the reductions in conduction loss and turn-off loss can almost agreed with
the reduced inductor r.m.s. current and average turn-off current, respectively. The reduction
of turn-off losses contributed to the reduction in total losses more than the reduction of
conduction losses. Therefore it can be considered as the main reason for the total loss
reduction. In addition, the inductor losses can also be reduced by the reduced peak inductor
current. However, it is difficult to discuss this further when the error bars (caused by

measurement error) are taken into consideration.
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3.5 Conclusion

The asymmetry unipolar DCM benefits from lower switching losses and peak currents,
however, the distortions around zero-crossing of AC voltage can be caused by the slow
magnetizing rate of inductor current. This problem does not exist in the bipolar DCM
since the magnetizing rate of inductor current is sufficient high. In this chapter, a novel
switching scheme that combines the conventional bipolar and asymmetry unipolar DCM
is proposed. The proposed switching features high control degree of freedom so that the
operation modes can be shifted freely in between the conventional twos. A modulation
technique is also presented to reduce the peak inductor current and improve the zero-crossing
distortion problem for the asymmetry unipolar DCM. The proposed modulation was verified
by a 480 W class prototype in the experiment. The lowest peak currents were achieved in
the proposed TPCM, meanwhile, without zero-crossing distortion problem being obtained.
The reduced peak inductor current leads to the reduction of turn-off losses and conduction
losses in TPCMs, and that leads to higher effciencies at heavy loads in comparison with
the conventional bipolar DCM. The improved current quality regarding to no zero-cross
distortion problem, makes the TPCMs more attractive than asymmetry unipolar DCM since

similar efficiency can be obtained.
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Chapter 4

Modulations for Reducing Harmonic
Distortion Caused by Parasitic

Capacitance

4.1 Introduction

In this chapter, two modulation methods, which are based constant and variable switching
frequency, are proposed to reduce the high-order harmonic distortions for DCM grid-tied
inverters designed with high frequency operation. The high-order distortions are caused
by resonance between inductors and parasitic capacitor of switching devices during the
zero current period of DCM. For conventional model-based control, an ideal model that
neglects the resonance is considered. However, the influence of parasitic capacitor becomes
non-negligible under high frequency operations. In order to eliminate the current distortion,
an improved model that considers the resonance is analyzed. The proposed modulation
methods that based on this model are proposed to mitigate the effect caused by the resonance.
The effectiveness with respective to harmonic reduction of the proposed methods is validated

by experiment verification.
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This chapter is organized as follows: in Section 4.2, the origin of high-order harmonic
distortions that occurred in a DCM grid-tied inverter is explained in detail. The impacts
of high-order harmonic distortions on the DCM grid-tied inverters are discussed. Several
exist methods that can be used to reduce the distortions are discussed and their demerits are
pointed out. The first modulation that based on constant switching frequency is proposed in
Section 4.3. The second modulation that based on variable switching frequency is proposed
in Section 4.4. The model-based calculation, model derivation for resonance and modulation
concept for each method are present in these Sections. The proposed methods are validated
and discussed by a simulation verification, as shown in Section 4.3.4 and Section 4.4.5,
respectively. The experimental verification and analysis for the first modulation are presented
in Section 4.3.5 and Section 4.3.6. The experimental verification and analysis for the second
modulation are presented in Section 4.4.6. Finally, The conclusion of this chapter is given in

Section 4.5.

4.2 Effect Caused by Parasitic Capacitance of Devices

4.2.1 Current Distortion and its Impacts on DCM grid-tied Inverters

In recent years, many researchers have proposed to change the design from CCM to DCM
or BCM for the low-power grid-tied inverters, aiming at size reduction of the inductors
and/or achieving soft-switching [1-14]. In Chapter 2, the comparison between BCM and
DCM is shown, and it is pointed out that the DCM can be suitable for high frequency
designed grid-tied inverters. For a DCM grid-tied inverter, a model-based control can be
more advantageous and suitable, because the converter can be operated without sensing
iLac. With the model-based control, difficulties that relates to current detection and sampling
corrections are no longer lying. Owing to the different strategy of current control, the DCM

gird-tied inverters can be designed to operate at further high frequency to reduce the volume
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of grid-connected inductors. However, a distortion problem that caused by the parasitic
capacitors of switching devices becomes non-negligible under high frequency operations, as
discussed in Chapter 2.

Conventionally, the model built for the DCM is based on a assumption that the current
flowing through inverter-side inductor, iy o¢, is an ideal triangular shape and has a zero current
period [3, 4]. The corresponding switches are always turned on with zero current in this case.
In practical; however, an oscillating current flows as i o during the zero current period. This
is caused by the resonance between the inductor and parasitic output capacitance of switching
device. The initial values of if ,. then cannot always be zero, which cause a behavior of
non-uniform for the turn-on switches due to this oscillating current. As a result, the average
current cannot follow the current reference any more due to the increased or decreased peak
current; and the output current becomes distorted in consequence. Moreover, the distortion
becomes more severe under high switching frequency conditions, which have impacts on
further reduction of inductor volumes and efficiency improvements for the converter.

Fig. 4.1 shows a simulation result of conventional DCM under two different switching
frequencies with a given parasitic output capacitance being applied to all the switches. In the
top plot, the switching frequency, fqw, is set to be 20 kHz; in the bottom plot, fy, is set to
be 100 kHz. The grid-side inductor current, i,., are distorted in both top and bottom plots.
However, the distortion of i, in the bottom plot is worse than that in the top plot. The total
harmonic distortion (THD) of the grid-side inductor current i, is increased from 2.0% to
6.5% after the switching frequency is increased from 20 kHz to 100 kHz. Consequently, this
kind of distortion can be severer under higher switching frequencies (i.e. when the inverter-
side inductance becomes smaller) for a given device. The converter cannot be designed to
operate at very high switching frequencies in order to avoid the distortion. Further reduction

of inductor volumes thus can be limited due to this reason.
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Fig. 4.1 Time domain simulation of a bipolar DCM modulation under two different switching
frequencies. The drain-source capacitance, Cgys, was set at 0.4 nF. Simulation conditions:
Ve =400 (V), Vae =200 (V), Lated = 2 (A), Lac = 130 (uH), Lf = 125 (uH), G = 2.2 (uF).

Fig. 4.2 shows a simulation results of conventional DCM with two different parasitic
output capacitance being applied to the switching device, while the switching frequencies
are the same. In the top plot, the parasitic output capacitance, Cs, is set to be 0.1 nF; in the
bottom plot, Cg, 1s set to be 0.4 nF. Higher THD of i, can also be obtained with a large Cyg
being applied. Consequently, the distortion can also be worse if a device with larger parasitic
output capacitance is adopted for a given switching frequency. Devices with small chip size
therefore small parasitic capacitance should be adopted to avoid the distortion. However,
a small chip size in the device leads to large on-state resistance therefore more conduction
losses. Further improvement on the converter efficiencies thus can be limited due to this

reason.



4.2 Effect Caused by Parasitic Capacitance of Devices 133

10 N T N T v T v
THD of i,,=2.6%
I'Lac

I

ac

Current (A)
(=}

C4s=0.1nF
-10
10 T T

; THD of i,,=6.5%
Lac

lac

Current (A)
o

Cds =0.4nF

Time (ms)

Fig. 4.2 Time domain simulation of a bipolar DCM modulation with two different drain-
source capacitance applied to the switching device. The switching frequency, fgw, was
set to be 100 kHz. Simulation conditions: Vg. = 400 (V), Vae = 200 (V), Laed = 2 (A),
Ly = 130 (uH), Lg = 125 (uH), C¢ = 2.2 (uF).

4.2.2 An Estimation of Generated Harmonics with Conventional DCM

In order to investigate how far the current quality of a DCM grid-tied inverter can be
influenced by the parasitic capacitance, harmonics generation with conventional DCM under
different power capacities are estimated and evaluated. The estimation is based on a 400 W
single-phase converter, whose specifications are listed in Table 4.1. Design parameters of
higher capacity of converters are calculated based on this design.

In order to evaluate the relative harmonics, several assumptions are made. The switching
devices is assumed to have the same voltage rating but the current ratings of device are

proportional to the capacities of converter. Parasitic capacitance of switching device, Cg, 1S
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Table 4.1 Based Design Parameter

DC link voltage Vie 400 V
AC voltage Vac 200V
Fundamental current 1 base 2A
Power P 400 W
Parasitic capacitance Cds base 0.2 nF
Inverter-side inductance Lac base 135 uH
Switching frequency Jfsw base 100 kHz
Switching device SCT2160KE 1200V, 22 A

assumed to be proportional to the device current rating therefore the power, P, as expressed
as

P

Cds =
R base

: Cds.base; (4 1)

where B,y 1s the power of converter with based design, Cyg pase 18 the parasitic capacitance
of switching device of the based design. The inductance, L,., is inverse-proportional to
the current rating, therefore power, P; and it is also inverse-proportional to the switching

frequency, fsw, as expressed as

- Poase . fsw.base

L
“P fw

' Lac.basea (42)

where fqw base 18 the switching frequency of based design, L. pase 1S the inverter-side induc-
tance of based design. The amplitude of resonant current, whose schematic view is shown
in Fig. 4.3, with based design, leg pase, has relationship with Cyg pase and Ly pase, and can be

expressed as

Casp
Lres pase ©< I - base . (4.3)
ac.base

Assuming that the switching frequency is the same with the based design, the amplitude of

resonant current, .5, can be expressed as

P

- : Ires.base- (4-4)
: Lac.base A base

. Cds.base
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\ 4

Fig. 4.3 Schematic view of the amplitude of resonant current, /.

The fundamental current with based design, /1, can be expressed as

B P
R base

Il 'Il.basea (45)

where I pase 1S the fundamental current of based design. It is difficult to expressed the
total harmonic distortion (THD) directly. Consequently, the relative harmonic, 4, is roughly

estimated by using the above models, and expressed as

P
he @ P * Ires base _ Lies base

(4.6)

I P 1 '
1 B)ase ]lvbase 1.base

The result indicates that the relative harmonics can be independent of converter power rating.

A simulation software (PSIM) is used to evaluate the harmonic distortions of several
design examples. The results are shown in Fig. 4.4. An upper limitation of switching
frequency can be found to keep the THD lower than 5% at rated operation. This limitation can
be considered as the maximum designed frequency of the DCM converter. The simulation
results almost agreed with the assumption that the harmonics does not increase even at

higher power levels, though the limitation of switching frequency was slightly increased.
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Fig. 4.4 Limitations of switching frequency against capacity of converter.

Consequently, it can be considered that the limitations of switching frequency for high-power
levels are almost the same with those for low-power levels, with a given device technology
and rule of design being applied. Generally, however, the designed switching frequency
for high-power level inverters cannot be such high in comparison with that for low-power
inverters in order to keep low power dissipation of semiconductor devices therefore less
cooling requirements. Consequently, the influence of parasitic capacitance can be small on

high-power inverters.

4.2.3 Possible Solutions to the Current Distortion

From the above estimations, it is found that the parasitic capacitance has more impact on
low-power grid-tied inverters. In order to realize high frequency operation for low-power
DCM grid-tied inverters, the distortions caused by parasitic capacitance of switching device

is required to be eliminated. It is difficult to eliminate this kind of distortion by the partial
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feedback control. Firstly, the order of harmonics in the distorted current are usually high,
typically around fifteenth to fortieth order. Therefore, the frequency of harmonics are difficult
to be predicted. Consequently, it is impractical to cascade the SOGISs that being tuned at each
harmonic frequency to eliminate the distortion, because of the burden computations being
required can be a problem. Secondly, the average values of inverter-side inductor is under
controlled while the grid-side inductor current is measured. Therefore, phase delays that
caused by the current going through the filter capacitor also make the high-order harmonics
difficult to be corrected by the harmonic compensators.

This kind of current can be avoid if the peak current are controlled to be equal to a
predefined reference [15]. By doing this, the peak current are not affected by the initial
inductor current. Therefore, the inductor current area and average current can be almost the
same with the desired values. However, the detection of triangular peak current can be a
challenge under high frequency operation, as discussed in previous sections.

The distortion can also be eliminated by clamping the inductor voltage being constant
during the oscillating current periods [16]. This requires the use of bi-directional switches
being parallel connected to the inverter-side inductors. Consequently, the increased costs
in terms of additional switches and driver circuits can be the drawback of this technique
approach.

On the other hand, the high-order distortions can be reduced by damping the oscillating
current [17]. In previous study with respective to a PFC converter application, several
snubber circuits that consists of resistor, capacitor and diode have been proposed to damp
the oscillating current so that the initial current at turn-on instant can be almost the same.
This method is simple and effective, however, power dissipation of these snubber circuits can
reduce the overall efficiencies of system.

A turn-on delay method can also be applied to make the corresponding switches to turn

on with the same initial current [18]. After the inductor reduces to zero, a pre-programmed
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Fig. 4.5 Schematic views of the inverter-side inductor current caused by uniform turn-on
behavior.

delay time is used to delay the turn-on instant. The switches can always be turned on at the
same point by this kind of technique. However, it also rely on the detection of zero-cross of
the triangular inductor current. Consequently, it has the same difficulty with the model-based
BCM control.

In comparison with using additional components or inductor current detection, it is
desired to rely on control methods only to reduce the high-order distortions. However,
relatively solutions are seldom reported in the previous literature. Since the high-order
current distortion is caused by the non-uniform turn-on behavior, it can be corrected by
achieving an uniform turn-on behavior,in which the initial values of the inductor current, iy ,,
for every switching cycle become the same, as shown in Fig. 4.5. This purpose, however,
cannot be realized with conventional DCM controls due to the low degree of freedom on
controlling the inductor current. For a given switching frequency, there is only one set of
duty ratios to achieve a given average current so that the length of resonance current period,
which is dependent on the length of turn-on and turn-off times, cannot be changed freely. In
order to control the length of resonance current period, more control degrees of freedom are
necessary. From this point of view, two modulation strategies, which are based on different
approaches, are proposed in this chapter. In the first approach, the trapezium current mode

(TPCM), which is proposed in the Chapter 3, is used to achieve the uniform turn-on with
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appropriate modulation strategies. In the second approach, a frequency variation modulation

is proposed to achieve the uniform turn-on.

4.3 Proposed Modulation Based on Constant Frequency

4.3.1 Operation Principles of TPCM

Fig. 4.6 shows the possible current paths during one switching cycle operation in the TPCM,
where the resonance current is considered during interval 4. The one switching cycle of
TPCM composes four main intervals, the operation principles for the positive line voltage

are briefly described as follow:

Interval 1:

S1, S4 are turned on simultaneously and switches S,, S3 are kept off. the current flowing
through the inverter-side inductor, iy 4., increases linearly. The interval 1 ends when the

switch S is turned off.

Interval 2:

S4 1s still in on-state. iy oc decreases linearly through the body diode of S5 after Sy is turned

off. The interval 2 ends when S, is turned off.

Interval 3:

After Sy is turned off, i; o decreases linearly through the body diode of S, and S3. The

interval 3 end when iy ,. reduces to zero.
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Fig. 4.6 Possible current paths of one switching cycle operation in TPCM for positive grid
voltage V.

Interval 4:

During this interval, the inductor current forms a resonant circuit with the parasitic capacitors
of all the switches. ip,. flows through the inductor and oscillates around zero with finite
amplitudes. At the same time, the voltages cross the switches also oscillate freely due to
the parasitic capacitor being charged and discharged by ij,.. After this interval, S| and
S4 are turned on again and a new switching cycle begins. In order to compensate for the
effect caused by the resonant current, iy o with same initial values should be achieved at next
turn-on for the corresponding switches.

The feature of TPCM is that the inductor current shape can be changed freely for a given
average current. The duty utilization can be controlled by using different sets of duty ratios,
as discussed in Chapter 3. This feature also indicates that the length of interval 4, Tic, and
the behavior of resonance current, iy ,c, (therefore oscillating voltage across the switches) can

be controlled.
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4.3.2 Model of Resonance During Interval 4

A model considering the resonance behavior during the interval 4 is analyzed in this section.
In the following sections, the discussions are based on the assumption of unity power factor
operation for the inverter.

During interval 4, there are two kinds of resonance periods, as can be observed in Fig. 4.7.
The first resonance period is referred to as 77, and one period of the second resonance is

referred to as 7;. The total duration of the resonance period, Tysc, can be expressed as
TOSC — Tl +n X ]“27 (4.7)

where 7 is the number of cycles for the second resonance. It is suggested to apply integer
numbers for n so that both the uniform turn-on and the zero-voltage switching (ZVS) can be
achieved.

During T, the switch voltage vg; and vg4 resonate to zero first. By assuming that iy 4 is

zero at t4, vs1 and vgy during the resonance process can be expressed as

v (1) = vea(t) = %Vdc(cos(\/ia)r(t—m)) +l)+%vac(cos(\/§wr(t Cw)-1),  (48)

/1
o = , 4.9)
2Lachs

where Vg4, and v, denote the DC link and the instantaneous line voltage, respectively. Ly¢

where

denotes the inductance of inverter-side inductor, Cy4s denotes the estimated drain-source
capacitance of the power devices and assumed to be same for all the devices. @, represents

the resonance angular frequency.



142 Modulations for Reducing Harmonic Distortion Caused by Parasitic Capacitance

t: 1 k f; 4 Irtlterval t4 /
P , ' T, :b T, ssec
s Interval 1 2 Interval2 3 5 '
Lac [ ! , ;

S

[}

< T >

Sw

Fig. 4.7 Key waveforms during one switching cycle in TPCM.

The minimum voltage of vg; and vs4 can be derived by substituting cos(v/2;(t—14)) =

—1 into (4.8), which are
VS1 = V§4 = —Vac. (4.10)

The results indicate that vg; and vg4 can reach zero always during 77 since —vy. is always
negative during the half line cycle with positive grid voltage.
T is the time required to discharge vs; and vgy4 from Vy, to zero. T can be calculated by

solving vg; = 0, and expressed by

1 -V
T;; = —— arccos <‘vm|—dc> . 4.11)
V20 [Vac| + Ve
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Fig. 4.8 Examples of Tf and Ty, over half line period calculated based on a certain specification
for unity power factor operation.

After vg; and vg4 become zero at ¢, iy oc Will flow through the body diodes of S and
S4, and the negative voltage is blocked by the body diodes. ij o during this process can be

expressed as

\/E(Vdc + Vac)

Lac
Zn =] 2. 4.13
n 2Co. (4.13)

When iy 5. becomes zero at #,, the blocked period is end. The block time, 7}, can be calculated

iLac(f) = = (t —tr) — -sin(V2axtg), (4.12)

where Z, is

as

Vae + .
Ty, = \/LacCas (dc—|va°|) sin(vV2; Ti).- (4.14)

Vie — |Vac|
Tt and Ty, are functions of the grid voltage phase, @wr. Fig. 4.8 shows an example of 7, and

Ty, over half line period calculated based on a certain specification.
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T5 is assumed to be constant, and approximated by

TZ =~ 271. \/ LachS. (4.15)

During 75, vs; and vg4 start from zero and oscillate without touching boundary. If the

oscillation is a pure LC oscillation, vg; and vs4 during 75 can be expressed as
1
vs1(f) =vsa(t) = E(vdc—vac)<—cos<ﬁwr(t—tb)+1). (4.16)

The valley voltage of vs; and vs4 can be derived by substituting cos(v/2@;(r—1,)) = 1 into
(4.16), which is

VS1 = VsS4 — 0. (4.17)

This indicates that vg; and vy start from zero and can reach zero again at z,ec when iy oc = 0;
therefore, the ZVS and the uniform turn-on can be achieved in the next switching cycle by

controlling 75 to make this switching cycle terminated at this instant.

4.3.3 Modulation Method to Achieve Uniform Turn-On

In this section, the application of the TPCM to achieve the uniform turn-on and to improve
the current distortion problem are proposed and discussed. In the proposed modulation with
TPCM, Ty is decided and calculated preliminary to satisfy (4.7), then the duty ratios are
calculated and evaluated. The duty ratios of the interval 1, 2 and 3, d;, d, and d3, respectively,
can be calculated from the model built for the inductor current, as discussed in chapter 4.

The sum of dy, d, and dj3 is referred to as the duty utilization, k, which is

k=di+dy+d3=1— Tosc fsw, (4.18)
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and should be set as

k=1-— (Tl —|—I’lT2)fSW, (4.19)

to achieve the uniform and ZVS turn-on.

The duty ratios, di, d», d3, to achieve i¢ are expressed as

\/kZVdc2 - k2V302 —AVycLac fswivet . kVac +kvac

_ + Iref >0
dy = 2Vdc 2Vdc ( re ) (4.2())
_ \/szdc2 - szacz + 4VicLac fswiref + kVie — kvac (i < O)
2Vdc 2Vdc ref
VIV — kzva‘clz — 4VgeLac fowiref (it > 0)
dr) = YT 5 gc - 4.21)
\/k Vae” — k*vac™ +4VacLac fowiret .
V (lref < O)
dc
\/kzvdc2 - kzvac2 —AVycLac fswivet . kVac — kvac .
- v + 2 (lref > 0)
dy = de Vae (4.22)
\/kzvdc2 - k2V302 + 4VacLac fswiret . kViae + kvac .
- + (lref < 0)
2Vie AR

, respectively. Different k can be obtained with different n being applied; therefore, different
set of duty ratios can be found(or can not be found) for the same reference current. Since the
switching frequency is fixed, T,sc becomes longer when the current phase angle is close to
zero or 7. Therefore, n can not be fixed and should be changed as function of the current
phase angle.

Fig. 4.9 illustrates the flowchart of the sequence to determine n. The expression in the

square root must be greater than zero, which can be expressed by a variable, A, as

A = KV —k*vae® —4VieLac fowiret| > 0. (4.23)

In addition, dy, d; and d3 should always be positive values. It is obvious that d; is always

positive. However, d3 decreases along with the increasing of d,. Consequently, negative
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values of d3 can sometimes be obtained in the duty calculations. Therefore, a minimum value
for ds, d3 min, 1S set in order to maintain the trapezium current shape. n should be selected
to satisfy A > 0 and d3 > d3 n,in. Meanwhile, n should be low as possible in order to avoid

useless high peak inductor current.

h T —————

sub loop

Yes A 4
l n= nmax;

main loop

Fig. 4.9 Flowchart of the sequence to determine 7.

There are still two problems in the process to find n. Firstly, the resultant of dy, d; and d3
can be close to zero around current zero-crossing. In this case, dz higher than d3 ,j, cannot
be satisfied even 7 is increased. At the same time, n should be restricted in order to avoid
infinite computations. The maximum value of n, nn,y, is defined and calculated by assuming

dy, dy and dj are zero and neglecting 77, which is

Nmax = LTSW/T2J- (424)
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The proposed sequence evaluates n from zero to npax Whether it satisfies the conditions.
However, any integer number to satisfy d3 > d3 i may not be found even if n = np,x 1S
finally selected. Nevertheless, the influence can be ignored since the current is almost zero in
that kind of situations.

Secondly, there can also be the cases that any integer number for n can not be found with
satisfying A > 0 and d3 > d3 iy to achieve iyye = irer €ven for not small current reference.
This can occur especially in the cases with relatively large Cys due to the corresponding long
oscillation cycles. For the cases, a resolution factor referred to as Any can be used to modify
n in order to find solutions. However, the ZVS and uniform turn-on can not be achieved
if the modification is applied. Any should not be very small in order to avoid too much

computations; however, too large Anx may result in no solutions obtained.

4.3.4 Simulation Verification and Analysis
Estimation for Parasitic Output Capacitance of Device

Estimating the equivalent drain-source capacitance of the switch, Cgg, 1s required to operate
converters with the proposed modulation method. In general, the parasitic capacitance of
semiconductor devices exhibits a non-linear voltage dependency. However, the equivalent
value of Cy to be used for the calculation can be defined for a range of oscillating voltage.
The value for the proposed modulation is same with that for the conventional DCM since the
range of oscillating voltage is same. Cy, can be estimated from the resulting resonant time, 75,
with the assumption that the inductance, L,, is fixed. 7> can be obtained by measuring it in a
preliminary operation of the converter with the conventional DCM. Cys can be approximated

by
T»2

Cos " ——.
4™ 4n2L,.

(4.25)
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It should be noted that Cyq5 does not represent the real parasitic capacitance of the switching
device. The time for the resonance can be fine-tuned by adjusting Cy in the duty calculation.
However, probable individual differences in Cyqs and L, among switching devices and
inductors in mass production, and the variation of L,. caused by temperature change can be a
challenge to achieve the perfect operation of the concept.

Table 4.2 Parameters and Conditions

Simulation and Experimental Conditions for SiC-Based Prototype

DC voltage Vie 400 V
AC voltage Vac 200V
Line frequency Sine 50 Hz
Rated current Lac rated 1.85 A
Switching frequency Sfsw 100 kHz
Estimated drain-source capacitance  Cys 0.4 nF
Resolution factor Any 0.1
Minimum value of d3 d3 min 0.01

LCL Filter Design Parameters for SiC-Based Prototype

Inverter-side inductance Lac 130uH
Percentage impedance of L Y0 X1 ¢ 0.036%
Grid-side inductance L¢ 125 uH
Percentage impedance of Ly Y X1 ¢ 0.045%
Filter capacitance Ct 2.2 uF

Simulation Results

A simulation was used to validate the proposed modulation and evaluate the improvements
in comparison with the conventional modulation. The simulation conditions were the same
with the conditions for the experiments shown in the next section, as listed in Table 4.2.
The simulation results of inverter-side inductor current, iy ,c, the grid-side inductor current,
iac, and duty ratio, d, with the conventional modulation and the rated current operation are
shown in Fig. 4.10. Unacceptable level of the current distortion in iy was observed. The
total harmonic distortion (THD) of i,. was 6.5% with this condition. It should be mentioned

that the low-order harmonics were almost not generated in the simulation.
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Fig. 4.10 Waveforms obtained by the time-domain simulation with the conventional DCM
modulation and the rated current operation. The drain-source capacitance, Cqs, Was set at
0.4 nF.

The time-domain simulations were also performed with the proposed modulation. The
waveforms with four different values of Cys were evaluated under the same value of fy,. Lac
was optimized for each value of Cyg so that the ZVS and uniform turn-on is just achieved with
n = 0 at the peak current phase of the rated current operation. Fig. 4.11, Fig. 4.12, Fig. 4.13
and Fig. 4.14 shows the resulting current waveforms and duty ratios with the proposed
modulation and the rated current operations. Resultant of n for various current set-points
including the rated current are also shown.

As can be seen from the figure, di, d; and d3 became discontinuous forms. The dis-
continuous duty ratios clearly demonstrate how the proposed modulation concept works
to compensate for the effect of the resonance. The distortions in i, were reduced in all
the cases in comparison with that with the conventional modulation, and relatively clean
sinusoidal waveforms were obtained. However, some distortions could still be observed in i,
around peak current phase, particularly in Fig. 4.11 and Fig. 4.12. The reason is that the duty

solutions with integer n were not found in those switching cycles due to the relatively large
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Fig. 4.11 Waveforms obtained by time-domain simulations with the proposed modulation,

rated current operations, fixed switching frequency, and the circuit parameters of Cys =
0.4 (nF) and L,. = 130 (uH).
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Fig. 4.12 Waveforms obtained by time-domain simulations with the proposed modulation,

rated current operations, fixed switching frequency, and the circuit parameters of Cys =
0.3 (nF) and L, = 137 (uH).
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Fig. 4.13 Waveforms obtained by time-domain simulations with the proposed modulation,

rated current operations, fixed switching frequency, and the circuit parameters of Cyqs =
0.2 (nF) and L,; = 145 (uH).
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Fig. 4.14 Waveforms obtained by time-domain simulations with the proposed modulation,

rated current operations, fixed switching frequency, and the circuit parameters of Cys =
0.1 (nF) and L,c = 156 (uH).
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values for Cy. The results indicate that the proposed modulation has a trade-off between
the switching frequency, fiw, and the drain source capacitance, Cyqg; therefore, there is an
upper limit of the switching frequency to achieve a certain level of the improvement by the
proposed modulation for selected semiconductor devices.

It was also observed that the solutions for duty ratios with integer n could not be found
in most of the switching cycles at light loads, especially when Cys was relatively large.
The results indicate that the proposed modulation can work well for high-order harmonic
compensation at heavy loads; however, the performance can be reduced at light loads. It
should be mentioned that the amplitude of the harmonic components generated at light loads
are relatively low in comparison to the current rating.
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Fig. 4.15 Switching cycle waveforms around the current phase where n was changed from 2
to 3 with the proposed modulation. The drain-source capacitance, Cyg, was set at 0.1 nF.

Fig. 4.15 shows the simulation result of switching cycle waveforms around the current
phase where n was changed from 2 to 3 with the proposed modulation. The trapezium

inductor current, if ,., with different shapes can be observed before and after the changing
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of n, as shown in the upper plot of Fig. 4.15. In addition, the number of oscillation cycles,
which can be observed in vgy, changes from 2 to 3 instantaneously. The average values of
ILac» Lave, are calculated in the simulation and shown in the bottom plot of Fig. 4.15. It shows
that i,y can be maintained at the value equal to the reference current, i, well after the
suddenly changing of the current shape. This result proves that the high control degree of

freedom can be achieved by the TPCM as discussed in previous sections.

Calculations for Turn-off and Inductor R.M.S. Current

Fig. 4.16 shows a comparison of calculated turn-off currents of i ,. for every switching cycles
over half line cycle, rated current operation, with conventional and proposed modulation.
The calculation is based on a certain specification that used in the experiment. The conditions
and parameters are listed in Table 4.2. It is similar with the results presented in Chapter 3,
the turn-off currents are reduced with TPCM being applied. Fig. 4.17 shows a comparison
of average turn-off current for half line period. The average turn-off current of TPCM can
be reduced by 37.2% in comparison with that of bipolar DCM. The reduction in average
turn-off current of proposed modulation is less than that of modulation shown in Chapter 3,
since it is not aiming at optimizing inductor peak currents. Nevertheless, the turn-off losses
of proposed modulation can be reduced in comparison with that of conventional modulation.

Fig. 4.18 shows a comparison of calculated inductor r.m.s. currents of i, for every
switching cycles over half line cycle, rated current operation, with conventional and proposed
modulation. Fig. 4.19 shows a comparison of inductor r.m.s. current for one line period. The
proposed modulation can reduce the inductor r.m.s. current by 4.1% in comparison with the
conventional modulation. This result indicates that the conduction losses can be reduced,
however, the reduction of conduction losses can be relatively small in comparison with the

reduction of turn-off losses.
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Fig. 4.16 Calculated turn-off currents for every switching cycles over half line period.
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Fig. 4.17 Calculated average turn-off currents for one line period.
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Fig. 4.18 Calculated inductor r.m.s. current for every switching cycles over half line period.
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Fig. 4.19 Calculated inductor r.m.s. currents for one line period.
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4.3.5 Experimental Verification with SiC-MOSFET
Experimental System and SiC-MOSFET Based Prototype

A laboratory prototype was fabricated to verify the proposed harmonic reduction strate-
gies. The experimental system was the same as that shown in Chapter 3. The experimental
conditions were the same as the in the simulation, as shown in Table 4.2. SiC-MOSFETSs
(SCT3030AL, 650 V, 70 A) that has a relative high current rating therefore parasitic capaci-
tance were intentionally used in order to demonstrate the advantages of proposed modulation.
Cg4s was approximated to be 0.4 nF by a preliminary experiment and according to (4.25), and
set for the duty calculations. The estimated Cys was near to the value of the device output
capacitance, Cyss, shown in the device data-sheet. However, it is not simple to determine the
effective capacitance for the oscillation from the data-sheet since Cygs usually has a strong
voltage dependency. The conventional DCM and proposed TPCM were implemented in the
same prototype controlled by a digital signal processor (DSP). A periodic timer interrupt of
20 kHz was used to do all of the computations.

A digital phase locked loop (PLL) was used to generate the current reference, irs in
phase with the line voltage. Current references with unity power factor were set for all the
conditions. Two resonant controllers that being tuned at 150 Hz and 250 Hz were used to

eliminate the third and fifth harmonics in the experiment.

Waveforms Demonstration and Analysis

Fig. 4.20 and Fig. 4.21 show the experimental waveforms of inverter-side inductor current,
iLac, grid-side inductor current, i,c, and the line voltage, v,¢, for rated current operation with
conventional and proposed modulation, respectively. In Fig. 4.20, the current control was
based on the feed-forward. In Fig. 4.21, the proposed partial feedback control with low-order
harmonic compensation was applied to eliminate the low-order harmonics. It is similar to the

simulation results, severe distortions can be observed in Fig. 4.20. The distortions was after
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Fig. 4.20 Experimental waveforms of the inverter-side inductor current, ifac, grid-side
inductor current, i,., and the line voltage, v,., with conventional modulation and without
low-order harmonic compensation. The THD of iy is 6.7%.
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Fig. 4.21 Experimental waveforms of the inverter-side inductor current, iy ,., grid-side
inductor current, i,., and the line voltage, v,., with proposed modulation and with low-order
harmonic compensation. The THD of iy is 3.5%
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Fig. 4.22 Experimental waveforms of the inverter-side inductor current, iy ,., grid-side
inductor current, i, and the voltage across the device Sy, vsy, in switching cycle view around
wt =~ 135° with conventional modulation.
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Fig. 4.23 Experimental waveforms of the inverter-side inductor current, ip,., grid-side
inductor current, i, and the voltage across the device Sy, vsy, in switching cycle view around
wt ~ 135° with proposed modulation.

the proposed modulation was implemented to the converter. The THD of i,; was reduced
from 6.7% to 3.5% after the proposed modulation and low-order harmonic compensation
were applied.

Fig. 4.22 and Fig. 4.23 shows the waveforms in switching cycle view with conventional
DCM and proposed TPCM, respectively. Oscillating vs; could be observed in both modula-
tions. However, vg; did not always oscillate to zero or valley at the next turn-on instant with
the conventional modulation as can be seen from Fig. 4.22. Consequently, the initial inductor
currents were non-uniform.

On the other hand, Fig. 4.23 shows the waveforms with the proposed modulation around
the current phase where n was changed from 2 to 3. It was observed that the number
of oscillation cycles changed from 2 to 3 instantaneously while the average current was

maintained before and after this changing, as same as for the simulation result shown in
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Fig. 4.24 Harmonic components in 7, at the rated current operation.

Section 4.3.4. Consequently, vg; always oscillated to almost zero and the initial inductor
currents could be uniform. However, the voltage at the turn-on instant was not always be
complete zero. The reason for that can be considered to be existing resistive components in

the oscillation current path.

Harmonic Analysis

The harmonic components in i, with the rated current operations were calculated by means
of discrete Fourier transform (DFT), and the results are shown in Fig. 4.24. The high-order
harmonics, such as twenty-seventh and thirty-first harmonic components, were found in the
conventional modulation and they were reduced after the proposed modulation was applied.
At the same time, the high third and fifth harmonic components were also reduced after the

low-order harmonic compensation was applied.
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Fig. 4.25 Calculated total harmonic distortions (TDDs) as function of the output power.

The total demand distortions (TDDs) of i, under different power levels based on the
rated current were calculated and the results are shown in Fig. 4.25. The TDD represents
the harmonic current distortion in percentage of the maximum demand load current. The

definition of TDD is expressed as

49
a0
h=2
TDD(h) = : (4.26)

max

where h denotes the order of harmonic, /, denotes the harmonic current of 4 th order in
r.m.s., Imax denotes the fundamental component of maximum demand current. The calculated
results show that the conventional DCM modulation controlled with feed-forward only could
not achieve 5% at heavy loads due to the severe current distortions under this experimental
condition. On the other hand, the TDDs of i, were well below 5% over the entire range of

the power-level after the proposed strategies of harmonic reduction were applied.
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Fig. 4.26 Measured efficiencies and total losses as function of the output power.

Efficiency Analysis

The measured efficiencies and total losses are shown in Fig. 4.26. The measurement was con-
ducted by using a digital power meter (YOKOGAWA WT-1800). The range of measurement
for DC input was 600 V/2 A and 300 V/5 A for AC side. The maximum errors of reading
and measurement were calculated based on this condition, and the error bars are added.

The efficiencies at heavy loads were improved after the proposed harmonic reduction
strategies were applied. Negligible improvements on the total losses reduction can be
obtained even the error bars are taken into consideration.

Fig. 4.27 shows the peak values of if o with the rated current operations over half line
period, which were obtained by processing the measured waveforms. It was similar with the
calculated results, the proposed modulation (with harmonic reduction strategies) reduced
inductor peak current in comparison with the conventional modulation (without harmonic

reduction strategies).
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Fig. 4.27 Measured peak values of inverter-side inductor current, iy 4., after low-order har-
monic compensation was applied. The peak currents were obtained from measured wave-
forms with 1 MS/s of acquisition rate.
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Fig. 4.28 An estimation of loss break-down for conventional and proposed modulations when
Iac‘set == 1.85 A.
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An estimation of loss break-down was conducted for the rated operation and the result
is shown in Fig. 4.28. The unknown losses increased in comparison the results shown in
Chapter 3, though the conduction losses were significantly reduced. This could be caused by
the large parasitic capacitance of semiconductor device, and that resulted in higher turn-on
losses. The turn-off losses were reduced with the proposed modulation being applied, as
explained in the previous section. The reduction in turn-off losses can be one of the main
reasons for the total loss reduction. The proposed modulation can achieve ZVS for turn-on,
therefore, the turn-on losses can be reduced. This can also be a reason for the total loss
reduction. In addition, the inductor losses can be reduced in the proposed modulation, since
the inductor peak current is reduced. However, it is difficult to discuss the unknown losses

further when the error bar is taken into consideration.

4.3.6 Experimental Verification with GaN-HEMT
Experimental System and GaN-HEMT Based Prototype

In order to reduce the volume of LCL filter further, the DCM grid-tied inverter is designed
to operate at MHz with GaN-HEMT devices being applied. Overview of the laboratory
H-bridge prototype is shown in Fig. 4.29. A GaN-HEMT device (GS66504B, 650 V, 15 A)
was selected as the switching device, and two half-bridge evaluation boards, which include
two GaN-HEMT devices and two gate drivers, were used to form an H-bridge topology. The
drain-source capacitance of the GaN-HEMT device was estimated to be 0.1 nF.

The resulting percentage impedance of L,. and Ly for the design with f,, = 1 MHz are
about 0.0023% and 0.0047%, respectively. The total percentage impedance is drastically
reduced in comparison with that of the conventional CCM design, which is generally 2%—-5%
of the base impedance. Some inductors that are impractical for conventional designs, such as
air-core based inductor or chip inductor, can be used due to the extremely low inductance.

In [3], a toroidal air-core with Litz wire was considered in order to avoid possible high
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Fig. 4.29 Overview of H-bridge prototype with two evaluation boards from GaN Systems.

core loss and to mitigate the skin effect caused by the high frequency discontinuous current
for the design of inductors. However, the winging loss, which include skin and proximity
effects, can increase since more turns are necessary for an air-core based inductor. In this
experiment, the commercial chip inductors (Panasonic: ETQ-PSM2R5YFK, 2.5 uH, 14 A)
were applied to form a compact LCL filter, as a new attempt. Fig. 4.30 shows the overview
of the LCL filter that used in this prototype. From the point of view of the efficiency
improvement, two inductors connected in parallel were used at both lines as the inverter-side
inductors to derate the inductor current and avoid too much temperature rising. On the
other hand, each inductor on the grid side consisted of one inductor since the current in the
grid-side inductor is continuous and sinusoidal with small current ripples. An experiment
of operation verification with the MHz operated DCM grid-tied inverter is also conducted.

The experimental conditions and circuit parameters are listed in Table 4.3. The experimental
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Fig. 4.30 Overview of LCL filter in which commercial chip inductors are applied.

Table 4.3 Parameters and Conditions

Experimental Conditions for GaN-Based Prototype

DC voltage Ve
AC voltage Vac
Line frequency Serid
Rated current L rated
Switching frequency Sfsw
Drain-source capacitance Ciys
Resolution factor Any
Minimum value of d3 d3 min

180 V
100 V
50 Hz
225 A
1 MHz
0.1 nF
0.1
0.01

LCL Filter Design Parameters for GaN-Based Prototype

Inverter-side inductance L
Percentage impedance of L, %Xy ac
Grid-side inductance Ly

Percentage impedance of Ly %X ¢
Filter capacitance Cr

2.5 uH
0.0023%

5 uH

0.0047%
0.39 uF
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system of the single-phase grid-tied inverter is the same with that shown in Chapter 3. The
conventional and proposed control strategy were implemented in the same prototype that

being controlled by a DSP controller.

Waveforms Demonstration and Analysis

The experimental waveforms of the conventional DCM and proposed TPCM are shown in
Fig. 4.31 and Fig. 4.32, respectively. In Fig. 4.31, the low-order harmonic compensation
was not applied so that the converter was controlled with feed-forward only. In Fig. 4.32,
the partial feedback control with low-order harmonic compensation was applied. Some
distortions could still be observed in iy around peak current phase. This was caused by the
trade-off relationship discussed in Section 4.3.4. The THD of i, was reduced from 7.3% to
4.5% under maximum current operation after the proposed control strategy was implemented
to the converter. The results also demonstrate that the current can be controlled well without
any difficulties even under extremely low inductance condition under the model-based control

strategy.

Harmonic Analysis

The harmonic components in i, and calculated total demand distortions (TDDs) based on the
maximum current operation are shown in Fig. 4.33 and Fig. 4.34, respectively. The third and
fifth order harmonic components were effectively reduced after the low-order compensation
method was applied. The high-order harmonics, such as the 25th, the 27th and the 29th, were
not effectively reduced. The reason was that integer n was not found during those switching
cycles closed to the peak current phase, and uniform turn-on was not achieved, as it was
discussed in Section 4.3.4. As a results, the current distortion was obtained, as it can be
observed in Fig. 4.32. Nonetheless, the TDDs were below 5% over the entire load ranges

after the proposed harmonic reduction strategies were applied.
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Fig. 4.31 Experimental waveforms of the grid-side inductor current, i,., and line voltage,

Vac, under the maximum current operation, with conventional DCM and without low-order
harmonic compensation.
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Fig. 4.32 Experimental waveforms of the grid-side inductor current, i,., and line voltage, v,c,

under the maximum current operation, with proposed TPCM and with low-order harmonic
compensation.
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Fig. 4.33 Harmonic components comparison in the case of maximum current operation.
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Fig. 4.34 Calculated TDDs under different power levels.
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Fig. 4.35 Measured efficiencies and total losses against output power.

The obtained results of a GaN-HEMT based grid-tied inverter are similar with that of a
SiC-MOSFETs based grid-tied inverter. In the case of the DCM controlled with feed-forward
only, the power quality cannot meet the grid requirements under heavy loads. The switching
frequency has to be reduced to at least half of the present one in order to obtain similar
performance of TDDs under this experimental conditions. Consequently, the proposed
modulation allows further high frequency operation of a DCM grid-tied inverter therefore

further volume reduction of inductors.

Efficiency Analysis

The conversion efficiencies and total losses shown in Fig. 4.35 were measured in the ex-
periment. The measurement was conducted by using a digital power meter (YOKOGAWA
WT-1800). The range of measurement for DC input was 300 V/2 A and 300 V/5 A for

AC side. The maximum errors of reading and measurement were calculated based on this
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condition, and the error bars are added. In the case of maximum current operation, the
efficiencies without and with the proposed harmonic reduction strategy were 89.2% and
90.4%, respectively. The overall efficiencies were improved with the proposed modulation.
One possible reason of this improvement could be caused by the reduced peak currents and
turn-off losses in the TPCM. In the case of conventional DCM modulation, the conversion
efficiencies of the prototype with chip inductors were almost the same with that with air-core
inductors, which was shown in reference [3]. The conduction and reverse conduction loss of
the GaN-HEMT devices, and the switching losses were considered to be similar. Although
the inner structure of the applied chip inductor was unknown, the winding losses of the
air-core shown in [3] were considered to be higher than that of the chip inductors, since more

turns were used. Consequently, the core losses of the chip inductors can be a problem.

4.4 Proposed Modulation Based on Variable Frequency

4.4.1 Concept of the Proposed Method

The high-order distortions can be eliminated by achieving an uniform-turn-on behavior
for the switches, which means the values of initial current at turn-on being the same. A
modulation method that based on the conventional bipolar DCM is proposed to achieve this
purpose. The possible current path during one switching cycle operation of the bipolar DCM
is shown in Fig. 4.36, where the resonance process has been taken into consideration. The

operation principles for the positive gird voltage are briefly described as follows:

Interval 1:

At the beginning of interval 1, S1, S4 are turned on simultaneously while S, S3 are kept off.
The inverter-side inductor current, iy »c, increases linearly. The interval 1 ends when Sy, Sy4

are turned off.
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Fig. 4.36 Possible current paths of one switching cycle operation in DCM for positive grid
voltage V.

Interval 2:

After S, S4 are turned off simultaneously, ij o decreases through the body diodes of $;
and S3. The synchronous rectification can be achieved by turning on S, and S3 during this

interval. The interval 2 ends when iy . reduces to zero current.

Interval 3:

After i, reaches at zero, parasitic capacitance of S| and S3 forms a resonant circuit with L.
The inductor current, i 4¢, oscillates around zero and charges and discharges the parasitic
capacitance. As a result, the voltages across the switches, vg; and vg3, oscillate during this
interval. Parasitic capacitance of S, and S4 also forms a resonant circuit with L,., and the
switch voltages of S> and S4 oscillate as well as vg; and vg3. The interval 3 ends when S

and Sy are turned on again.
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Fig. 4.37 Schematic waveforms with the conventional (top) and proposed modulations
(bottom). The switching cycle is extended to achieve the switch voltage, vy, to be zero at
the end of the switching cycle.
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The uniform turn-on can be achieved if the inverter-side inductor current, iy oc, always
resonates to the same value at the next turn-on instant. To achieve this for any current
reference, the length of the switching cycle, Ty, should also be controlled to make iy 5. be a
constant value at the end of the cycle. for instant, zero as depicted in Fig. 4.37. To make ij 4
be zero also achieves vg; being zero at the next turn-on instant, that can be advantageous as
known as zero-voltage switching (ZVS). The new switching cycle, Ty, should satisfy the

following conditions:

* The average current of iy 5. during Ty, iave, 1S €qual to the given reference current, if.

iLac and vg; becomes zero at the end of Ty .

The duty ratios should also be calculated based on this new Tgy,. It is impractical to realize
this kind of control in error-based feedback controls. However, it can be achieved under the

calculation-based feed-forward controls with the model considering the oscillation.

4.4.2 Model Derivation for Duty Calculation

Fig. 4.38 shows the key waveform of one switching cycle operation in the DCM. During

interval 1, the peak value of i ,c, ip, at 7 can be calculated as

. Vae—v
ip =~ Ton (4.27)

where V. denotes the DC link voltage, v, denotes the instantaneous line voltage and being
assumed constant in one switching cycle, Ty, 1s the turn-on time for the switches and the
duration of interval 1, and L, is the inductance of the inverter-side inductor. According to
the voltage-second balance, the relation between diode conduction time, T, which is equal

to the duration of interval 2, and i, is expressed as

. —Vie — Vac

—ip=—7 T (4.28)
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Fig. 4.38 Schematic waveforms during one switching cycle for positive grid voltage in DCM.

By neglecting the small current caused by the resonance during interval 3 and assuming a
pure triangular inductor current, the average inductor current during one switching cycle, iyye,

can be calculated as

2Vdc
. 1/2-i,T,
i :i: 1/2lp(TOII+’I‘SI') — / p OanC“I_VaC (4 29)
e Tsw Ton + Tsr + Tosc Ton zde + Tosc ’ .
Ve + Vac

where S is the area of if ,c in one switching cycle, and if . should be equal to i,f. The relation

between i, and Tosc can be derived by substituting (4.27) to (4.29), which is

Tosciret(Vac? — Vac?
ip — it iref2+ osclref( dc Vac ) (4.30)
Vchac
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Then, Ty, and T, can be calculated from (4.27), (4.28), and (4.30) as

Lac ip

Ton=—""" 4.31
on Vdc — Vac 9 ( )
I
Ty= % (4.32)
Vie + Vac
The switching period, Tgy, can be calculated as

2VycLacl
Tsw=Ton+Tst + Tosc = %‘FTOSC- (4.33)

dc” —Vac

It can be observed from (4.31), (4.32), and (4.33) that T is the sole variable that can be
freely set to determine the duty ratios and the switching cycle to achieve iyye = iref, While the
other variables are dependent on the operating conditions. The switching frequency, fsw, can

naturally be expressed as

fow=1/Ty. (4.34)

It is similar to the conventional modulation for DCM [4, 3], iaye is controlled directly by duty

ratios. The turn-on duty, d,y, that is equal to the length of interval 1, can be calculated as

Ton

don = 5 = onfsw' (435)
Tsw

The duty for diode conduction, dg;, that is equal to the length of interval 2, can be calculated

as

T
dsr - T_sr - srfsw- (4-36)

SW
don and dg; can be calculated after determining 7qgc. dgr can be used to achieve the so-called

synchronous rectification.
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4.4.3 Model of Resonance During Interval 3

During T, there are two types of resonance. The first resonance is referred to as 77, and
one period of the second resonance is referred to as 7>, as shown in Fig. 4.38. Tys can be

expressed as
Tosc — Tl —|—l’l X Tz, (4.37)

where n is the total number of 7;. The use of integer values of n can always achieve zero
current switching therefore the same initial current; eventually the realization of ZVS at the
next turn-on instant.

During 77, the switch voltage, vg; and vg4, resonate to zero first. By assuming that iy , is

zero at 13, vs| and vsy4 can be expressed during the resonance as
1 1
vs1() = vsa(t) = 5 Vae(cos(V2er(1—13)) +1) + S vac (cos(V2a@r(r —13)) = 1), (4.38)

where the resonance angular frequency, @, can be expressed as

1
=1/ : 4.39)
2Laccds (

where Cys is the estimated equivalent drain-source capacitance of the switch and it is assumed

to be the same for all the switches. The bottom voltage of vg; and vs4 can be derived by

substituting cos(v/2a;(t—13)) = —1 into (4.8), as follows:

V§1 = VsS4 = —Vqc- (4.40)

The results shown that vs; and vs4 can always reach zero during 77 with the bipolar switching

modulation as —vy. is always negative during the half line cycle with positive grid voltage.
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T 1s the time required to discharge vg; and vg4 from Vg, to zero. Tf can be calculated by

solving vg; = 0 and it is expressed by

1 —V.
T = arccos (h}ml—dc> . 4.41)
\/E(Dr ‘Vacl + Ve

After vg; and vgq become zero at tg, i o Will flow through the body diodes of S| and S4,
and the negative voltage is blocked by the body diodes. The block time is referred to as Tj,.

iLac during 7y can be expressed as

Vie — 2(V,
iLac(t) = (Ve = vac) St —tg) — M -sin(vV2 ), (4.42)
Lyc 27,
where Z,, is
Zy = Lac (4.43)
2Cds
When i 4. becomes zero at #,, the blocked period is ended. Ty, can be calculated as
Vac + v .
T, = \/LacCys (Vjc—:vacl) 51n(\/§a)rTfr). (4.44)
¢ |Vac

It should be noted that 7. and 7}, are functions of the grid voltage phase, wt.

In this study, 75 is assumed to be constant, and approximated by

T, =27/ LacCys. (4.45)

During 7>, vs; and vs4 start from zero and oscillate. If the oscillation is a pure LC oscillation,

vs1 and vg4 during 7, can be expressed as

v (1) = vsa(1) :%(Vdc—vac)(—cos(\/ia)r(t—tbﬂ—l). (4.46)



178 Modulations for Reducing Harmonic Distortion Caused by Parasitic Capacitance

300

200

-
- - -
--------
——————
_______
- -
- -
- -
==

Proposed

Switching Frequency (kHz)

0 T
wt

Fig. 4.39 Examples of resulting parameters with the proposed modulation. fg,, with different
integer numbers for n over half line cycle for the rated current operation.

The valley voltage of vg; and vs4 can be derived by substituting cos(v/2@(f—#,)) = 1 into

(4.16), which is

vg] =vsq = 0. 4.47)

vs1 and vgy start from zero and can reach zero again at t,.. Therefore, the initial current
can be uniform; and ZVS can be achieved in the next switching cycle by controlling 75 to

terminate the switching cycle at this instant.

4.4.4 Design for the Number of Second Resonance

Tosc can be determined after selecting integer values for n based on (4.37), then f,y and i
can be calculated. Fig. 4.39 and Fig. 4.40 show an example of the set of calculated fsy, and 7,

for the rated sinusoidal current with unity power factor and some different integer numbers
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Fig. 4.40 Examples of resulting parameters with the proposed modulation. i, with different
integer numbers for n over half line cycle for the rated current operation.
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Fig. 4.41 Examples of resulting parameters with the proposed modulation. 7o with different
current set-points.
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for n, respectively. The calculations are based on a certain specification: Vg, = 400 (V),
Vac =200 (V), Iic =2 (A), Ly = 130 (uH), C45 = 0.4 (nF).

If zero is applied for n, the operation mode becomes BCM and fs,, increases significantly
when the phase angle is close to 0 or 7. However, i, becomes lower than the others. Applying
larger integer values for n can reduce fyy, significantly; however, i, can become higher.
Consequently, fixing 7 is not a suitable solution regarding the trade-off between fsy and ip.

Selecting an appropriate n can achieve both limiting the switching frequency and ob-
taining the lowest possible peak current at the same time. n should satisfy the following

criteria:
* n should be low as possible to avoid a useless high peak current.

* n should be increased when the resulting switching frequency is higher than the given

maximum limitation.

Then, fsw can be determined in accordance with the above design rules for n, as expressed
by the blue solid line in Fig. 4.39. f; has some step changes; however, it is limited to be
lower than the given maximum frequency shown by the red dotted line. For the same L,,
fsw should always be lower than that designed for the conventional DCM, so that the DCM
operation can always be maintained. However, i, increases in comparison with that in the
conventional DCM under the same specification as shown in Fig. 4.40.

T,sc with the conventional and proposed modulations, and several current amplitudes are

shown in Fig. 4.41. The cascading Ty are obtained after the proposed rules for n are applied.

4.4.5 Simulation Verification and Analysis
Concept Verification

The proposed modulation was verified by a simulation. In order to prove that the proposed

modulation does not have the trade-off relationship between fg,, and Cgs that exists in the
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Table 4.4 Specifications for Simulation and Experiments

DC link voltage Ve 400 V
AC voltage Vac 200 V
Rated current Lac rated 2A
Inductance of inverter-side inductor L 176-130 uH
Inductance of grid-side inductor L 125 uH
Capacitance of filter capacitor Cy 2.2 uF
Maximum switching frequency Jsw(max) 100 kHz

TPCM, widely different values of Cy4s were evaluated. The same conditions and parameters
as those listed in Table 4.4 were used for both modulations in the simulations. The rared
current was set at 2 A. For each value of Cyg, L, was calculated to just satisfy n = 0 at the
peak current phase to make a fair comparison.

The top plots of Fig. 4.42, Fig. 4.43, Fig. 4.44 and Fig. 4.45 show the waveforms
with the conventional modulation with the rated current and unity power factor operations.
The corresponding middle and bottom plots show the waveforms with the proposed DCM
modulation, and the resulting f,, and n. It can be observed that i,. was distorted with the
conventional DCM modulation; moreover, the distortion became severe with the increase
in Cys. In contrast, clean sinusoidal waveforms of i, were obtained with the proposed
modulation, even with a comparatively large value for Cg;.

With the increase in Cyg, the peak current of it 5 became higher and the variations of
switching frequency became wider. The large value for Cys results in an increase of 73;
therefore, the extension of Ti to find the integer solution for n can be longer. The increase
in Tysc naturally leads to the increases in Tgy, and the peak current. Those results indicate that
the switching frequency and the peak current are affected by the value of Cys; however, Cyg

does not affect the current distortion.
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Fig. 4.42 Results obtained by time-domain simulations with the conventional and proposed
DCM modulations with L, = 135 uH, C4s = 0.2 nF.
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Fig. 4.43 Results obtained by time-domain simulations with the conventional and proposed
DCM modulations with L,. = 130 uH, C4s = 0.4 nF.



4.4 Proposed Modulation Based on Variable Frequency 183

10

= f i ;
- ac 3
< | : :
= b 1 E
: -
-5
I -
S N
=] o i
O F :
-10F Conventional E
10 : E
~ = ;
NI z
H -
: -
5]
p= F
} S o
= o i
O F ]
-0f Proposed E
15 .
KX T A A AN 100 —~
o g 12
n 5: ‘/n -f;W :50 \;
0_ 1 o
2

0 10
Time (ms)

Fig. 4.44 Results obtained by time-domain simulations with the conventional and proposed
DCM modulations with Ly, = 100 uH, Cqs = 1 nF.
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Fig. 4.45 Results obtained by time-domain simulations with the conventional and proposed
DCM modulations withL,. = 80 uH, Cy4s = 2 nF.
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Fig. 4.46, Fig. 4.47, Fig. 4.48 and Fig. 4.49 show the results with the proposed DCM
modulation under reduced power levels with L, = 130 (uH) and Cy4s = 0.4 (nF). The results
demonstrate that the minimum values of fg, can not be reduced further even under low-power
levels. Consequently, the maximum range of the switching frequency can be determined
under the rated current operation for a given design.

The upper plots in Fig. 4.50 show the switching cycle waveforms of if 4¢, and the switch
voltage, vs1, with the conventional modulation in the case of Cys = 0.4 (nF). An oscillating
vs1 could be observed in the duration of the zero-current period. vg; was not zero at most of
the turn-on instants. The bottom plots in Fig. 4.50 show the waveforms with the proposed
modulation at the time when n was changed from 3 to 2.

The resonance was terminated at the end of the switching cycle with zero voltage in all
the switching cycles. Therefore, the switches always turned on with almost zero voltage and
current. The results clearly demonstrate the concept of the proposed modulation and the
reasons why the current distortion can be improved. Fig. 4.51 shows the switching cycle
waveforms for a low-power operation where the current set-point, I, set, Was set at 0.25 A.
It can be observed that the zero-current and zero-voltage at turn-on instants could still be
achieved with the proposed modulation. It confirms that there is no lower limit of the current

amplitude to achieve the zero-current and zero-voltage turn-on.

Trade-off Between Peak Current and Parasitic Capacitance

Fig. 4.52 shows the minimum values of the varying switching frequency, fsw. min, Normalized
by the upper frequency, fsw.max, under the rated current operation as function of Cys. Fig. 4.53
shows the increased maximum peak inductor current, ip max, normalized by the value of iy max
when Cys Was zero, i, pase, under the rated current operation as function of Cgy;.

It can be observed that i, jax became high along with the increase in Cys and the increased

amount became high for higher fsw max. The results indicate that a comparatively large
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Fig. 4.46 Results obtained by time-domain simulations with the conventional and proposed
DCM modulations with L, = 130 (uH), Cy4s = 0.4 (nF) when I, is set to be 1.6 A.
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Fig. 4.47 Results obtained by time-domain simulations with the conventional and proposed
DCM modulations with L, = 130 (uH), Cy4s = 0.4 (nF) when I, is set to be 1.2 A.
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Fig. 4.48 Results obtained by time-domain simulations with the conventional and proposed
DCM modulations with L, = 130 (uH), Cy4s = 0.4 (nF) when I, is set to be 0.8 A.
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Fig. 4.49 Results obtained by time-domain simulations with the conventional and proposed
DCM modulations withL,. = 130 (uH), Cy4s = 0.4 (nF) when I, is set to be 0.4 A.
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Fig. 4.50 Switching cycle waveforms obtained by time-domain simulations under rated
current operation with the conventional and proposed DCM modulations around the current
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parasitic capacitance for a given switching frequency results in the increase in the inductor
peak current. The trade-off between the conduction loss and parasitic capacitance of power
semiconductor devices still affect the system design, even though it does not limit the

capability to correct the current waveform.

Calculations for Turn-off and Inductor R.M.S. Current

Fig. 4.54 shows a comparison of calculated turn-off currents of i} 5. for every switching cycles
over half line cycle with conventional and proposed modulation. The calculation is based on
a certain specification that used in the experiment. The conditions and parameters are listed
in Table 4.4 (I ¢ set = 1.85 A and Ly = 130 uH are considered in order to make a comparison
with previous modulation with TPCM). It is different from the modulation with TPCM, the
switches are turned off at the same currents and the turn-off currents are increased with the
proposed modulation being applied. This is caused by the reduced switching frequency, as
discussed in previous sections. Fig. 4.55 shows a comparison of average turn-off current for
half line period. The average turn-off current of proposed modulation increases by 5.3% in
comparison with that of conventional modulation.

Fig. 4.56 shows a comparison of calculated inductor r.m.s. currents of if ,. for every
switching cycles over half line cycle with conventional and proposed modulation. Fig. 4.57
shows a comparison of inductor r.m.s. current for one line period. The proposed modulation
also increases the inductor r.m.s. current by 4.1% in comparison with the conventional

modulation. This result indicates that the conduction losses can be slightly increased.

Analysis on Transient Response

The transient performance under the proposed DCM modulation was analyzed by using
the same simulation software. Fig. 4.58 shows the transient response for a step-up change

of the current reference from 20% to 100% at wt = 90°. In the simulations, the capacitor
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voltage, v.f, was sampled at the beginning of every switching cycle, and used for the duty
calculations as v, for the switching cycle. The average value of i ,. over one switching
cycle, iave, was calculated from the measured waveform of ip 4. It should be noted that iyye
shown in Fig. 4.58 is delayed by one switching cycle due to the calculation.

It can be observed from Fig. 4.58 that iy, could respond in step to the change of it
without remarkable overshoot or oscillation, even though the peak of it o was oscillating. The
result confirms that the dynamic response of i,y under the feed-forward control is sufficiently
quick. However, a slight oscillation of i,ye, which can be caused by the differences between
ver and sampled vcg, was observed.

On the other hand, i, cannot respond as quickly as iy ,¢, since it is not directly controlled
by the feed-forward controller. An undesired oscillation of iy was observed after the step
change. It is confirmed that the frequency of this oscillation was close to the resonance
frequency of the LC low-pass filter composed by L¢ and Ct. In addition, it was also observed
that the oscillation decayed after several ten switching cycles by parasitic resistance of the
components. The result indicates that the oscillation will not cause severe problems in

low-power converters. However, further investigation is still needed for this phenomena.

Analysis on EMI Generation

In order to investigate the EMI generation caused by the proposed modulation in comparison
with the conventional DCM modulation, and to discuss the required effort for filtering it,
the conducted emission was analyzed by time-domain simulations using the same software.
Two high-pass filters, which emulate a line impedance stabilization network (LISN) for the
frequency range between 150 kHz and 30 MHz, were connected between the inverter (after
the harmonic filter) and an AC source as shown in Fig. 4.59.

The voltages across 50 Q resistors, vy jsn; and vy sn2, were measured. The difference

voltage between v sn1 and v sne is considered to be the differential-mode (DM) conducted
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emission. On the other hand, the sum (average) of visn1 and v sz represents the common-
mode (CM) conducted emission. Both the conventional and proposed DCM modulations
employ a bipolar switching scheme. Therefore, the CM voltage can theoretically be zero if
the switching of the paired switches is perfectly simultaneous and parasitic components are
symmetric. Consequently, only the DM conducted emission was analyzed in the simulation.

The simulation time step was set at 1 ns in order to support the results up to 30 MHz.
C4s = 0.4 (nF) for the switching devices was considered. The switching frequency was fixed
at 100 kHz for the conventional DCM modulation. The range of the switching frequency
for the proposed DCM modulation was same with that shown in Fig. 4.43. The frequency
spectrum of the DM voltage over a line cycle was calculated through fast Fourier transform
(FFT). Fig. 4.60 shows the calculated results. The EMI frequencies are in the range of
150 kHz to 30 MHz. For the conventional DCM modulation, peaks clearly appeared at
integral multiples of the switching frequency and their side-bands were narrow. On the
other hand, for the proposed DCM modulation, the spectrum spread over a wider range
of frequencies due to the variable switching frequency operation. It can be observed that
the peaks were reduced in comparison to those with the conventional DCM; therefore, the
requirement of attenuation for the peak components can be less. However, the widely
spreading frequency spectrum can increase the difficulties of designing the EMI filter in

comparison with that designed for specified peak frequencies.

4.4.6 Experimental Verification
Experimental Setup

In this experiment, the same SiIC-MOSFET based prototype as that shown in Section 4.3.5
was used. To reduce the conduction loss, switching devices with relatively low on-resistance
are preferred. However, such devices have a relatively large output capacitance, which results

in a severe current distortion with the conventional DCM modulation in a sufficiently high
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switching frequency. The distortion can be eliminated by the proposed DCM modulation,
even with the relatively large parasitic capacitance as discussed in Section 4.4.5. SiC-
MOSFETs (SCT3030AL, 650 V, 70 A), which have a relatively high current rating, were
intentionally used to demonstrate the advantage of proposed frequency variation modulation.
The same circuit parameters and conditions listed in Table 4.4 were also used for the
experiments. The percentage impedance of the inverter-side inductor and grid-side inductor
are 0.041% and 0.039%, respectively. In comparison with the that used in CCM control,
which is usually 2%-5% of base impedance, the total percentage impedance is about 0.08%
only.

The maximum switching frequency, foy(max) Was set at 100 kHz and used for the con-
ventional DCM modulation. In the conventional DCM modulation, the switching frequency
is fixed. Therefore, the carrier counter, TBCTR, in the PWM peripheral module or a field
programmable gate array (FPGA) is always reset at a fixed specified value, TBPRD, which
corresponds to the switching frequency. TBPRD can be calculated as TBPRD = fjock/ fsw>
where f.iock 18 the clock frequency of the digital controller. The gate signals are generated
by comparing TBCTR with a register value, CMPA, that corresponds to the time duty ratio,
don, as CMPA = d,, x TBPRD. In the proposed DCM modulation, the switching frequency
has some variations; therefore, both the TBPRD and CMPA should be updated every control
cycle.

The system structure of the fabricated single-phase grid-tied inverter is shown in Fig. 4.61.
The specifications of the DSP and FPGA used in the experiments are listed in Table 4.5. In
this prototype, the computations of CMPA and TBPRD were conducted in a digital signal
processor (DSP) using a periodic timer interrupt of 20 kHz, and the calculated results were
sent to the FPGA to generate the gate signals. The calculation results were kept constant
during one control cycle, which was longer than the switching cycle. This implementation

was needed due to the longer calculation time than the switching cycle in this setup. It
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Fig. 4.61 Simplified structure of the fabricated single phase grid-tied inverter system.

Table 4.5 Specifications of the Digital Controllers

Model

Clock Speed

DSP TMS320F28377S  feock.Dsp 200 MHz
Selock FPGa 100 MHz

FPGA XC6SLX45

can cause harmonic distortion of the frequencies higher than 20 kHz. However, the total

harmonic distortion (THD), which is usually defined by the components lower than 49th

order, is not affected. The DC voltage was supplied from a DC power source, the AC voltage

was supplied from a linear AC voltage source with power dissipating resistors connected in

parallel. A current sensor was connected with the grid-side inductor in series to perform an

over-current-protection and a low-order harmonic compensation. The instantaneous filter

capacitor voltage, v¢f, was sensed and used as v, for the duty computations. A sinusoidal

current reference, which was in-phase with v, was given as iyf so that the unity power factor

was almost achieved.
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Practical Implementation

n can be found in accordance with the design rules discussed in Section 4.4.4. However, n is
required to be examined from 0 in every control cycle. The computation time increases when
the current phase angle is close to zero and 7. In this prototype, a simple way was used to

find the appropriate n, that is, to obtain n as

Tosc(conv) -1

- 1, (4.48)

n=|

where Ty (conv) 18 the calculated zero current period with the conventional DCM modulation,
as depicted in Fig. 4.41 with the red dotted line. The minimum integer values of n to satisfy
the design rules can be easily found by means of a ceiling function.

Tosc(conv) €an be expressed as

I— don(conv) - dsr(conv)

, (4.49)

Tosc(conv) = 7. (cony)

where foy(cony) 1S the designed switching frequency with the conventional DCM, which is
equal to fyy (max) for this purpose; dop(cony) and dgy(cony) are the duty ratios for turn-on and
diode conduction with the conventional DCM, respectively. doy(cony) and dy(cony) can be

calculated [4] as

d - |iref‘LaCfsw(conv) (Vdc + |vaC |) (4.50)
on(conv) Vdc(Vdc — |Vac|) ) :

Iref|L V. %
Sr com) \/| ref| acfsw conv( dc — | acl)' (4.51)

Vdc Vae + |Vac|)
Before the implementation of the proposed modulation, 7, was measured through a
preliminary operation with the conventional DCM; and the equivalent value of the drain-

source capacitance, Cqg, Was approximated on the basis of (4.25). Then the resonant angular



4.4 Proposed Modulation Based on Variable Frequency 199

frequency during 77, @;, was calculated by using the values of Cys and L, on the basis of
(4.39). Consequently, the sequence of calculation to get n, TBPRD and CMPA are listed as

follows:

1. Calculating the duty ratios, don(cony)> dsr(conv)» and zero current period, Toe(cony), 10 the

conventional DCM on the basis of (4.50), (4.51), (4.49), respectively.

2. Calculating n on the basis of (4.48), where T; is the sum of Ty and Ty, which are

calculated on the bases of (4.41) and (4.44).
3. Calculating the zero current period, Tysc, on the basis of (4.37).
4. Calculating the peak inductor current, iy, on the basis of (4.30).

5. Calculating the time for turn-on, 75, and turn-off, 7T, on the basis of (4.31) and

(4.32), respectively.

6. Calculating the switching period, Ty, and switching frequency, fsw, on the basis of

(4.33) and (4.34), respectively; and calculating TBPRD.

7. Calculating the duty ratio for turn-on, d,,, on the basis of (4.35); and calculating

CMPA.

Waveforms Demonstration and Analysis

The experimental waveforms with the conventional and proposed modulations under the
rated current operations are shown in Fig. 4.62 and Fig. 4.63, respectively. These results are
similar to those of the simulation in that i, was seriously distorted when the conventional
DCM was adopted. The total harmonic distortion (THD) of i, was 8.8%. Meanwhile, the
distortion was obviously reduced by applying the proposed modulation, and the THD of i,

was reduced to 1.0%.
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Fig. 4.62 Experimental waveforms of the inverter-side inductor current, i e, grid-side
inductor current, i,., and the line voltage, v,., with the conventional modulation and low-
order harmonic compensation for rated current operation.
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Fig. 4.63 Experimental waveforms of the inverter-side inductor current, if,., grid-side
inductor current, i,c, and the line voltage, v,., with the proposed modulation and low-order
harmonic compensation for rated current operation.
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Fig. 4.64 Experimental waveforms of the inverter-side inductor current, i e, grid-side
inductor current, i,., and the line voltage, v,., with the conventional modulation and low-
order harmonic compensation for low current operation.
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Fig. 4.65 Experimental waveforms of the inverter-side inductor current, if,., grid-side
inductor current, i,c, and the line voltage, v,c, with the proposed modulation and low-order
harmonic compensation for low current operation.
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Fig. 4.64 and Fig. 4.65 demonstrate the waveforms under low-power operations. The
current distortion could still be observed in i,. with the conventional modulation. The THD
of iy was reduced from 12.7% to 4.4% after the proposed modulation was adopted. Low
THD of i, was achieved even in the low-power operation. It should be noted that lagging

currents caused by the filter capacitors were observed in the low-power operations.

Harmonic Analysis

The harmonic components in i, were calculated by means of a discrete Fourier transform
(DFT) and the results are shown in Fig. 4.66. The harmonic components were reduced
effectively in almost all the orders after the proposed DCM modulation was adopted.

The THDs and total demand distortions (TDDs) of i, for rated current operation are
calculated from the experimental waveforms. The results are shown in Fig. 4.67. For the
conventional modulation, the THDs were higher than 5% in the entire operating power range,
although the TDDs at light loads were less than 5%. Both the THDs and TDDs were less
than 5% in the entire operating power range with the proposed modulations. For conventional
DCM modulation, the switching frequency has to be reduced to at least one-fourth of the
present one to obtain the similar performance of THDs and TDDs under this experimental
condition. Consequently, further volume reduction for a DCM grid-tied inverter can be

achieved with the proposed modulation.

Demonstration of Switching Cycles Waveforms

Fig. 4.68 demonstrates the switching cycle waveforms with both modulations. With the
conventional DCM, the switch voltage, vs, could not resonate to zero at most of the turn-on
instants, and vg; at the turn-on instants varied. Therefore, it can be considered that the
uniform turn-on was not achieved, and that is the reason why the current distortion was

observed in iy.. Fig. 4.69 demonstrates the waveforms with the proposed DCM around the
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Fig. 4.68 Switching cycle waveforms of inverter-side inductor current, iy 4., and switch
voltage, vs1, with conventional DCM modulation.

=)

n change from 3 to 2 " Proposed.

Iy
=]
=]

Vsi1

“ " MA/M /m %E WA/MM/NM ﬂf\f\/”éﬁ
W(\W\L\[\LLW\/ \U\LUV W\UMW ‘\UWM \UW \\UW\\W\/\W >

Tlme (ns)

Fig. 4.69 Switching cycle waveforms of inverter-side inductor current, ifac, and switch
voltage, vs1, with proposed DCM modulation around the current phase where n was changed
from 3 to 2.

current phase where n was changed from 3 to 2. It was confirmed that the switching cycles
were controlled properly, and the switch was turned on at valleys of vg; in all the switching
cycles. The changing switching frequency could be observed around 100 us. It was also
confirmed that the transient of n could be performed safely. vg; could not completely resonate
to zero in some switching cycles. This could be caused by the resistive components in the
oscillation current path. Nevertheless, uniform turn-on was still achieved and vg; could

resonate to low values in comparison with the result with the conventional DCM modulation.

Demonstration of Current Response

Fig. 4.70 and Fig. 4.71 show the line cycle and switching cycle view of the response of the
currents for a step-up change of the current reference, respectively. Fig. 4.72 and Fig. 4.73
show the line cycle and switching cycle view of response of the currents for a step-down
change of the current reference, respectively. Those were similar with the simulation results

shown in Section 4.4.5. There were almost no overshoot observed in i ,. after the step
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Fig. 4.74 Measured efficiencies and total losses as function of the output power.

changes; on the other hand, i, could not respond as fast as it 4. In the experiments, it was
observed that the oscillation of i,. decayed soon after the step change. The fact indicates that
the parasitic resistance in the fabricated converter was sufficiently high to avoid the problems

caused by the oscillation.

Efficiency Analysis

The efficiencies and total losses are shown in Fig. 4.74. The measurement was conducted
by using a digital power meter (YOKOGAWA WT-1600). The range of measurement for
DC input was 600 V/2 A and 300 V/5 A for AC side. The maximum errors of reading
and measurement were calculated based on this condition, and the error bars are added.
Almost the same efficiencies between the two modulations were obtained. Fig. 4.75 shows
an estimation of loss break-down when I, s¢ = 1.85 A (in order to make a comparison with
previous modulation with TPCM). It was similar with the results shown in Section 4.3.5,
the unknown losses were high, and this could be caused by the large parasitic capacitance

of semiconductor device. The conduction and turn-off losses in the proposed modulation
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increased slightly in comparison with those in the conventional modulation. This can be
caused by the increased inductor peak current, as discussed in previous sections. In addition,
the inductor losses can also be increased due to the increased inductor peak current. The
proposed modulation can achieve ZVS turn-on. Therefore, the reduction in total losses could
be caused by the effect of ZVS turn-on. However, it is not obvious since the conduction
losses, turn-off losses and inductor losses are increased. Nevertheless, it is difficult to discuss
the effect of ZVS further since the difference in between two modulations are relatively small

in comparison with the error bar.

4.5 Conclusion

With wide band-gap semiconductor devices, grid-tied inverters can be operated at relatively
high frequencies to achieve the volume reduction of passive components. The DCM can

be considered as a promising design for low-power grid-tied inverters for the purpose of
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further reduction of the inductor volume. The model-based control can be applied and it
is advantageous to the control of the grid-tied inverters operated in the DCM with further
high switching frequency, because the highly rippled and high-frequency inductor current
is not required to be sensed. However, the conventional DCM modulation cannot achieve
the uniform turn-on; therefore, it can generate high-order harmonic distortions in the output
current. The high-order distortion is caused by the resonance between inductor and parasitic
capacitors of switching devices. Two modulations together with an improved DCM model
that considers the resonance are proposed to reduce the high-order harmonic distortions.

The first modulation is based on the TPCM with constant frequency. Different combina-
tion of duty ratios can be used to change the length of resonance current period. Therefore,
the uniform turn-on for the corresponding switches can be achieved. The use of TPCM can
reduce the peak inductor current and turn-off losses, however, it has an upper limit of the
switching frequency to improve the current distortion effectively for given device parasitic
capacitance.

The second modulation is based on conventional DCM with variable frequency. The
proposed method can always achieve the uniform turn-on for the switches by expanding the
switching periods, and that leads to the reduction of the harmonic distortion. This method
can remove the trade-off relationship between switching frequency and parasitic capacitance.
However, the increased peak inductor current can still affect the converter design.

In general, semiconductor devices with low on-state resistance, which can easily be
achieved by increasing the chip area, can improve the efficiencies; however, a trade-off
between the parasitic output capacitance and the on-state resistance exists. In the conventional
DCM operated with the feed-forward current control, the trade-off relationship limits the
maximum switching frequency due to the generated current harmonics. This trade-off can be
eliminated by the proposed modulations shown in this chapter. Higher switching frequency

for a given device can be selected, or the conduction loss can be reduced by selecting high-



210 Modulations for Reducing Harmonic Distortion Caused by Parasitic Capacitance

current devices while the switching frequency is maintained high. Therefore, improvement

in the trade-off between loss and power density can be expected.
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Chapter 5

Conclusion

5.1 Summary of Dissertation

The photovoltaic system have received more and more attentions in recent years due to the
increasing demand for clean energies. The operation of such systems do not generate pollution
and greenhouse gas emissions, therefore they can be considered as one of the promising power
generation systems that to replace the conventional ones. With the continuous increasing
of residential market of PV applications, demands for grid-tied inverter with relatively low
power ratings has been rapidly increased. A new concept of low-power grid-tied inverters,
which is referred to as AC module or micro-inverter, has been proposed and gained more
and more attentions. For such an inverter, the reduction on the manufacturing cost is of
importance in order to be mass produced. The techniques of minimizing the grid-tied
inductors play an important role in micro-inverters.

Generally, high frequency operation can be used to reduce the volumes of inductors.
However, the use of conventional power devices, such as Si-IGBTs, Si-MOSFETs or Si-
SJ-MOSFETs can degrade the performance of inverter, particularly under high frequency
operations. With the development of WBG power devices, higher performance can be

achieved by adopting such devices, even under higher switching frequencies. However,
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control of a grid-tied inverter under extremely low inductance can be a challenge with
conventional CCM design. To address this problem, the converter can be designed to operate
in BCM or DCM.

In Chapter 2, the current control strategies of grid-tied inverters operating in CCM, BCM
and DCM are reviewed and compared. The hysteresis control and linear control are the well
established strategies for CCM grid-tied inverter. The hysteresis current features simple
control and implementation. However, the wide variation and high switching frequencies
make it not suitable for low-power applications. The linear PI control is a feedback control
strategy that based on the errors. However, the current control can be highly difficult under
extremely low inductance conditions. Therefore, the low inductance cannot be achieved with
such control strategy.

On the other hand, the number of researches on BCM control for low-power grid-tied
inverters have been increased in recent years. For BCM control, the current control strategies
are usually based on hysteresis control or model-based control. The low inductance can be
used since the control is not error based. However, the current controls of BCM rely on the
detection of current of inverter-side inductor, which can be a challenge especially under high
frequency operations. Further more, the wide variation of switching frequencies can also
result in too much turn-off and inductor losses at low-power levels. Consequently, the BCM
is also not the best choice for high frequency designed inverters.

For DCM, the linear control and model-based control can be applied to as the current
control. It is pointed out that the DCM design with model-based control is the most advanta-
geous and suitable one for grid-tied inverters, for the purpose of high frequency operation.
By applying such control strategy, the extremely low inductance can be used and the current
detection for inverter-side inductor is no longer required. However, the current distortions

can be generated with an imperfect model being used. The model-based controller unable
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to correct the control errors, since is based on the feed-forward control. This makes the
model-based control sometime impractical for grid-tied applications.

In order to eliminate the current distortions, several approaches are proposed. A partial
feedback control is introduced to the model-based controlled DCM inverter. The concept is
to feed back the errors that exist between the output and reference current to the model-based
controller. An application of this partial feedback control regarding to the elimination of
low-order harmonics is presented and discussed. Through this kind of partial feedback
control, the low-order harmonics in the output current can be eliminated adaptively.

In Chapter 3, a hybrid switching scheme that combines the scheme of conventional
bipolar DCM and asymmetry unipolar DCM is proposed. The proposed switching scheme
is named as TPCM in accordance with the shape of inductor current. The TPCM features
high control degree of freedom. This allows the operation mode of converter to be shifted
freely from bipolar DCM to asymmetry unipolar DCM, and vice versa. A modulation is also
proposed to reduce the peak inductor current and address problem of zero-crossing distortion.
The operation mode is controlled to be bipolar DCM around zero-crossing areas in order
to avoid the zero-crossing distortion; and the operation mode during other switching cycles
is controlled to be asymmetry unipolar DCM. The experimental results demonstrate that
the proposed modulation has higher efficiencies than the bipolar DCM, meanwhile, without
zero-crossing distortion in comparison with the asymmetry unipolar DCM.

Chapter 4 discusses the effect of resonance caused by the parasitic capacitance of switch-
ing device on the output current. The impacts of this resonance can no loner be neglected
when a DCM grid-tied inverter is operated at high frequencies. The conventional DCM
modulation suffers from the current distortions due to the problem of resonance. For a
given switching device, the switching frequency has to be reduced to maintain a relatively
low distortion of output current. However, this is in conflict with the volume reduction

of inductors. To address this problem, an improved model that considers the resonance is



218 Conclusion

analyzed; and two modulations based on this model are proposed to achieve the uniform
turn-on and reduce the high-order harmonic distortions.

The first modulation is based on the TPCM with constant switching frequency being
applied. The length of the resonant current period is controlled to achieve uniform turn-on
by means of different combinations of duty ratios. The proposed modulation is verified by
experiment with a SIC-MOSFET based prototype and a GaN-HEMT based prototype. The
experimental results confirms the effectiveness of harmonic reduction with the proposed
methods. The TDDs of output current can maintain below 5% even with large parasitic
capacitance of switching device being applied. The efficiency of converter at rated power
operation is also improved almost by 1% with the proposed modulation. It is shown that the
design of switching frequency with proposed modulation can be increased to a higher level
in comparison with that with conventional one. However, an upper limitation of switching
frequency still exists and it affects the further volume reduction of inductors.

The second modulation is based on conventional DCM with variable switching frequency.
The switching period is controlled to terminate the oscillating current. By doing this, the
trade-off between switching frequency and parasitic capacitance can be totally removed.
However, the trade-off between peak inductor current and parasitic capacitance can still
influence the system design. The superior performance on harmonic reduction of the proposed
method is verified by both simulation and experiment analysis. The THD of output current is
reduced from 8.8% to 1.0% at rated power operation and from 12.7% to 4.4% at low-power
operation. Both THD and TDD of output current can maintain below 5% without worsening

the efficiencies under this design specification.
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5.2 Achievements and Contributions

With WBG devices, high frequency operation becomes possible and it is preferred for the
purpose of inductor volume reduction. To reduce the volume of inductor further, the DCM
design can be a good candidate. The model-based feed-forward control can be advantageous
for DCM in comparison with the conventional feedback control. However, the drawback is
that the harmonic distortion cannot be eliminated. This drawback makes the DCM impractical
for grid-tied inverter applications since the harmonics should meet the grid standards. In this
dissertation, problems of DCM grid-tied inverters operating at high frequency, which are
the method of current control, the reduction of harmonic distortion and the achievement of
soft-switching, are studied, and the solution to the corresponding problems are proposed.

In can be concluded that the converter cannot be designed to operate at high switching
frequency with conventional model-based controls, such as average current control, variable
peak current control or dual-mode control, in order to avoid current distortions, particularly
the high-order harmonic distortions. Consequently, volume reduction of grid-connected
inductors can be restricted due to this reason. The high-order harmonic distortions can be
avoided if the peak values of inverter-side inductor current are well controlled (i.e. in this
case, the peak inductor currents are not affected by the non-uniform turn-on and so do the
average current). Therefore, the design possibilities can be expanded with peak current
control being applied, e.g. constant peak current control. However, the requirement of
detecting the triangular inductor current can be a challenge, as discussed in previous sections.
The detection of inductor current can be sensitive to switching noises and delay problems.
Consequently, the designed switching frequencies (therefore volume reduction) also has an
upper limitation.

Another shortcoming of a grid-tied inverter with DCM design is the higher peak current
and resulted higher conduction losses in comparison with that in the grid-tied inverter with

conventional CCM design. In order to reduce the conduction losses and improve the converter
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Fig. 5.1 Pareto fronts with respective to efficiency and power density of a DCM grid-tied
inverter with conventional and proposed model-based control strategies.

efficiencies, devices with lower on-stare resistance are preferred. However, the trade-off
relationship between the device on-state resistance and parasitic output capacitor is the
factor that limits the use of such devices, because the turn-on losses and total harmonic
distortions can be even worse. This trade-off relationship also limits the design and efficiency
improvement for the DCM grid-tied inverter. Consequently, the design possibilities can be
narrow if the conventional control methods are adopted as the control strategy for low-power
DCM grid-tied inverters.

Fig. 5.1 depicts an image of improvements that can be obtained by adopting the proposed
model-based controls. The improvements are evaluated in terms of efficiency and power
density, and it is also known as Pareto fronts. When the DCM grid-tied inverters are designed
with conventional controls, the switching frequency should be low and the switching devices

with relatively high on-resistance should be selected, in order to keep relatively low harmonic
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distortions. The distortion problems can be addressed by means of different modulations
being proposed. Therefore, design possibilities are wider than that with conventional DCM
controls. By adopting the modulation methods proposed in this dissertation, the control of
a DCM grid-tied inverter without sensing the high frequency current can be realized, the
harmonic problems can be addressed even under higher switching frequency conditions and
the trade-off relationship can be expanded or even removed. This contribution allows a DCM
grid-tied inverter to be designed with high switching frequencies, so that the realization of a
reduced volume of inductor can be achieved. Further more, the designs of DCM grid-tied
inverters can be more flexible, so that the realization of a more efficient converter can be
achieved. Therefore, the Pareto fronts are possible to be moved from the solid-line curve
(when conventional controls are adopted) to the dash-line curve (when the proposed controls
are adopted).

This dissertation offers an insight into the control methods for high frequency DCM
grid-tied inverters. With the control and modulations proposed in this dissertation, the use of
high frequency DCM for low-power grid-tied inverter applications becomes practical. With
WBG devices and the proposed DCM controls, the converter can be designed with higher
switching frequencies, higher efficiencies and lower harmonic distortion in comparison with
the conventional one. Therefore, the realization of a grid-tied inverter with higher power

density, efficiency becomes possible.
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5.3 New Insights and Future Works

This dissertations discusses the model-based controls for DCM grid-tied inverters to achieve
reduction of harmonic distortions. The effectiveness of the proposed methods are validated
by experimental results. It is shown that the harmonic distortions are no longer problems
with the proposed controls being applied to the DCM grid-tied inverters. However, some
works are still required to be further elaborated in order to meet other requirements given by

the grid requirement.

5.3.1 Non-Unity Power Factor Operations

The proposed modulations and experimental verification shown in this dissertation are based
on unity power factor operation. Recently, grid-tied inverters with reactive injection abilities
are required. One problem of the DCM can be the peak inductor current that being increased
under non-unity power factor operation. This can cause saturation of the inductor core. In
order to avoid saturation, the inductor should be designed with a larger volume.

In this dissertation, a modulation with TPCM to achieve peak current reduction is shown
in Chapter 3; a modulation with TPCM and a modulation with bipolar DCM for the purpose
of harmonic reduction are shown in Chapter 4. It is possible to combine the three individual
concepts together, e.g. TPCM with variable frequency operation or DCM with peak current
control and variable frequency. It is also interesting to use the proposed method or the
combination of proposed concepts to realize optimal operation under non-unity power factor

operation.

5.3.2 Capability of Low Voltage Ride Through

This dissertation discusses about model-based controls for DCM grid-tied inverters. In the

model-based control, it is suggested to measure the DC-link voltage and grid-voltage and used
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their values for duty calculation in order to address the problem of low-order harmonics. By
measuring the grid voltage, it is possible to provide the capability of low voltage ride through
(LVRT), if the control frequency is synchronized with the switching frequency. However, One
drawback of the model-based control is the relatively long computation times in comparison
with that of classic CCM controls. The capability of LVRT may not be satisfied if the required
computation times are longer than one switching period with the increasing of switching
frequency. The LVRT capability requires the grid-tied inverter to operate continuously when
the voltage of electrical grid drops. However, over current protection can be triggered if a
suddenly drop of grid voltage occurs, particularly in the case of the control frequency being
much lower than the switching frequency (e.g. MHz operation). Consequently, the grid-tied
inverter can be forced to stop, which is conflict to the requirement of LVRT capability. In
order to address this problem, the duty should be corrected as fast as possible to prevent the

current from overshooting.






Appendix A

Experimental Verification of Low-order

Harmonic Compensation

The experimental verification of low-order harmonic compensation using partial feedback
control is presented in this Chapter. The simplified structure of the system of a single-phase
grid-tied inverter with model-based control is shown in Fig. A.1. In this experiment, the DC
voltage was supplied from a DC power source. The AC voltage was supplied from an AC
power source with parallel connected linear resistor. The capacitor voltage was measured and
the values are used in the duty calculation as the AC reference. The experimental conditions
and circuit parameters are the same as that shown in Chapter 3 and are listed in Table A.1.
In this experiment, the conventional bipolar switching scheme and its modulation for DCM
was considered. Two resonant controllers that being tuned at 3w and 5w were used to
eliminate the high third and fifth order harmonics. The current reference was generated and
synchronized in phase with the line voltage through a digital phase-locked-loop (PLL). All
of the programs were implemented in a digital signal processor (DSP) (TMS320F28377S
200MHz).

The experimental waveforms of grid-side inductor current, i,c, and line voltage, v,c, under

rated current operation, without and with partial feedback control are shown in Fig. A.2
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Fig. A.1 Simplified structure of the fabricated single phase grid-tied inverter system.

Table A.1 Circuit Parameters and Conditions

DC link voltage Vie 400 V
AC voltage Vac 200V
Rated current Lac rated 24 A
Switching frequency Sfsw 100 kHz
Digital controller DSP TMS320F28377S
Switching device SiC-MOSFET SCT2160KE
LCL Filter Design
Inverter-side inductance Lac 119 uH
Percentage impedance of L 90X1 2¢ 0.045%
Grid-side inductance L¢ 125 uH
Percentage impedance of Ly %X ¢ 0.047%

Capacitance of filter capacitor Ct 2.2 uF
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Fig. A.2 Experimental waveforms of grid-side inductor current, i,c, and line
under rated current operation without partial feedback control.
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Fig. A.3 Experimental waveforms of grid-side inductor current, i,., and line voltage, v,
under rated current operation with partial feedback control.
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and Fig. A.3, respectively. The harmonic components in the gird-side inductor current, i,,
were calculated by means of discrete Fourier transform (DFT). The calculated results of
harmonic components are shown in Fig. A.4. It was obtained that third and fifth harmonics
were high with conventional control structure and they were effectively eliminated after the
partial feedback control was applied. The THD of i, was reduced from 4.8% to 3.0%. The

effectiveness of the low-order harmonic compensation was verified by this experiment.
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Fig. A.4 Harmonic components comparison for rated current case.
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