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ABSTRACT

Renewable energy and distributed generation are getting more and more popular,
including photovoltaic modules (PV), wind turbines, and fuel cells. The renewable energy
sources need the power electronics interface to the utility grid because of different
characteristics between the sources and the grid. No matter what renewable energy source
is utilized, inverters are essential in the microgrid system. Thanks to flexible modular
design, transformerless connection, extended voltage and power output, less maintenance
and higher fault tolerance, the cascade inverters are good candidates for utility interface of
various renewable energy sources.

This dissertation proposes a new type of cascade inverters based on dual-buck
topology and phase-shift control scheme. Compared to traditional cascade inverters, they
have enhanced system reliability thanks to no shoot-through problems and lower
switching loss with the help of using power MOSFETs. With phase-shift control, it
theoretically eliminates the inherent current zero-crossing distortion of the single-unit
dual-buck type inverter. In addition, phase-shift control can greatly reduce the ripple
current or cut down the size of passive components by increasing the equivalent switching
frequency.

An asymmetrical half-cycle unipolar (AHCU) PWM technique is proposed for
dual-buck full-bridge inverter. The proposed approach is to cut down the switching loss of

power MOSFETs by half. At the same time, this AHCU PWM leads to current ripple



reduction, and thus reducing ripple-related loss in filter components. Therefore, the
proposed PWM strategy results in significant efficiency improvement. Additionally, the
AHCU PWM also compensates for the zero-crossing distortion problem of dual-buck full-
bridge inverter. Several PWM techniques are analyzed and compared, including bipolar
PWM, unipolar PWM and phase-shifted PWM, when applied to the proposed cascade
dual-buck full-bridge inverter. It has been found out that a PWM combination technique
with the use of two out of the three PWMSs leads to better performance in terms of less
output current ripple and harmonics, no zero-crossing distortion, and higher efficiency.

A grid-tie control system is proposed for cascade dual-buck inverter with both
active and reactive power flow capability in a wide range under two types of renewable
energy and distributed generation sources. Fuel cell power conditioning system (PCS) is
Type I system with active power command generated by balance of plant (BOP) of each
unit; and photovoltaic or wind PCS is Type II system with active power harvested by each
front-end unit through maximum power point tracking (MPPT). Reactive power command
is generated by distributed generation (DG) control site for both systems. Selective
harmonic proportional resonant (PR) controller and admittance compensation controller
are first introduced to cascade inverter grid-tie control to achieve better steady-state and

dynamic performances.
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Chapter 1

Introduction

1.1 Research Background

In the past two decades, renewable energy has gained tremendous attention thanks
to its environmentally-friendly feature as well as its ability to offer more cost-effective
options to meet the demand of electricity market. Distributed generation (DG) based on
renewable energy provides power in the vicinity of loads, which reduces the loss through
power transmission and improves the power quality to the loads. In addition, the DG can
be utilized in a remote village or rural area where the grid is not available. It can also be
used as a backup source when the grid is gone [1]-[4].

Solar power, wind power, and fuel cells [5]-[7] are widely used for distributed
generation. Because the first two energy sources do not need extra fuel, the installation of
photovoltaic modules (PV) and wind turbines increased at a rate of 20-40% per year in the
last few years [8]-[9]. Though fuel cells have a higher fuel cost compared to solar and
wind power, they are considered better for the system stability because they are not
susceptible to the weather for power generation.

If DG units are powered only by intermittent energy sources, such as PV or wind,

it is necessary for DG units to have the energy storage system to handle the transient



energy demands. The energy storage system can be composed of batteries, flywheels,
super-capacitors, and so on [10]-[11].

Fig. 1.1 shows a renewable energy and distributed generation based microgrid
configuration. The renewable energy sources need the power electronics interface to the
utility grid due to the different characteristics between the sources and the grid [1], [10],
[12]-[13]. For example, DG sources can be dc power (solar, fuel cell), or variable-
frequency ac power (wind) while the utility grid is fixed ac 50/60Hz. From Fig. 1.1, we
can see that no matter what renewable energy source is utilized, inverters are essential in

this microgrid system.

Converter Inverter LV MV
Solar E;) ;_ >~
Fuel g A= o
Cell = Y= 7
Wind —— ; >
Battery |=[< ;— R

Fig. 1.1: Renewable energy and distributed generation based microgrid

configuration.



Grid-tie control of renewable energy and DG systems, such as fuel cell,
photovoltaics, and wind power, are important research topics nowadays. Various circuit
topologies and control methods have been proposed to improve the efficiency and to
enhance the performance and reliability. With flexible modular design, transformerless
connection, extended voltage and power output, less maintenance and higher fault
tolerance, the cascade inverters are good candidates for low-cost utility interface of
various renewable energy sources [14]-[24]. In this dissertation, a new type of cascade
inverter utilizing the dual-buck type inverter cells to stack the multilevel ac output voltage
is proposed for a highly reliable, high-efficiency, and potentially low cost inverter that can

be used in different renewable energy and distributed generation applications.



1.2 Benefits and Limitations of Cascade H-Bridge
Inverters

Among various multilevel voltage-source inverters, the most commonly used and
commercially available ones are the neutral-point-clamped inverter, flying capacitor
inverter and cascade H-bridge inverter [14]-[17]. Cascade inverters are with separate dc
sources, and each dc source is associated with a single-phase inverter while the ac
terminals of each inverter are connected in series. It was first invented by Richard H.
Baker back in 1975 [77].

The cascade types of inverters are capable of reaching higher output voltage level
by using commercially standard lower voltage devices and components, and it features the
modular design concept which makes the maintenance less burdensome [14]-[20], [25]-
[28]. In medium voltage AC drives application, Robicon Corporation promoted cascade
H-bridge inverters and claimed numerous advantages of their products, including low
voltage and current THD level and optional degrees of redundancy with electronic bypass
[78]-[81]. The cascade inverters are well suited for utility interface of various renewable
energy sources, such as photovoltaics, fuel cells, battery energy storage, and electric
vehicle drives, where separate dc sources naturally exist [29]-[37].

However, because most of current cascade inverters are based on a series
connection of several single voltage source inverters (VSI) with two active devices in one
leg, it still faces shoot-through problems, the most dominating failure of VSI.

In addition, for the hard-switched cascade inverters operating at higher dc bus

voltage, it loses the benefit of using power MOSFETs as the active switching devices for



efficiency improvement and fast switching speed when they are available at certain
voltage and power level.

For example, when the dc bus voltage goes up to 300V to 600V, one cannot simply
adopt super-junction power MOSFETs that are rated from 600- to 950-V level, such as
CoolMOS™ or MDmesh™ series to work at hard-switched situation like traditional
cascade H-bridge inverter because of the reverse recovery issues of the body diode [38]-

[42] unless soft-switching techniques are employed [43]-[45].



1.3 Characteristics of Single-Unit Dual-Buck Inverters

The standard half-bridge or full-bridge inverter is a typical voltage source inverter
(VSI) with two active switches in one phase leg. It needs dead time to prevent shoot-
through problems between the switches in one leg. Because of dead time effect, the output
waveforms can be distorted and the equivalent transferred energy of pulse-width-
modulation (PWM) is reduced. Even with added dead time, shoot-through is still the
dominant failure of the circuit, especially at some fault conditions. In addition, with higher
dc bus voltage operation, this standard inverter cannot simply employ power MOSFETs as
the active switches due to the reverse recovery problem of the body diode of MOSFETs
[38]-[42].

To utilize the benefits of power MOSFETs, such as lower switching loss, resistive
conduction voltage drop, and fast switching speed that allows reduction of current ripple
and the size of passive components, dual-buck half-bridge and full-bridge inverters had
been proposed [46]-[50]. The dual-buck inverter typically has two buck inverters with one
working at the positive half-cycle while the other one operating at the negative half-cycle.
The dual-buck type inverters do not need dead time, and they totally eliminate the shoot-
through concerns, thus leading to greatly enhanced system reliability. The body diode of
MOSFET never conducts, and the external diodes can be independently selected to
minimize switching losses.

However, one of the inherent drawbacks of single dual-buck inverters is the output

current zero-crossing distortion, which will be explained in detail in chapter 2. To



overcome this disadvantage, new PWM methods need to be introduced. Even though the
dual-buck inverters adopt MOSFET devices, they are still the hard-switching VSI. To
further reduce the switching loss in power devices and passive filter components, new
PWM schemes need to be explored. In this dissertation, several PWM methods that
effectively eliminate the zero-crossing distortion and reduce the switching loss are
proposed and implemented. Experimental results will be shown to prove the effectiveness

of the proposed PWM methods.



1.4 Research Motivations and Objectives

Compared to cascade H-bridge inverter, the new cascade inverter should have the
following several features. First of all, it should eliminate the possibility of shoot-through
problems, which is the major failure of traditional voltage source inverters. It should avoid
dead time to fully utilize the PWM output voltage and maximize the energy transfer to the
load. In addition, the cascade inverter should employ the high-voltage power MOSFETs
without the complexity of soft-switching assisting circuits to improve the system
efficiency.

In order to use the promising single-unit dual-buck inverter as the building block for
the cascade inverter, several issues also need to be addressed. First, the inherent zero-
crossing distortion problems of the dual-buck inverters need to be solved. Second, to
further cut down the switching loss and current ripple, new PWM schemes need to be
explored.

The system control strategies, including standalone operation of the new cascade
inverter as well as grid-tie operations for different renewable energy sources need to be

developed.

With the above research motivations, the research objectives can be summarized:
1. To design and build a new cascade inverter that inherits the advantages and

overcomes the disadvantages of traditional cascade H-bridge inverters.

2. To solve the zero-crossing distortion problems of single-unit dual-buck inverters.



To explore different PWM schemes for further reduction of the switching loss and

current ripple.

To design and implement standalone controllers for the new cascade inverter.

To design and implement grid-tie control of the cascade inverter for different
renewable energy and distributed generation sources with the wide-range power

flow capability.



1.5 Dissertation Outline

Chapter 2 presents a new type of cascade inverter based on dual-buck topology and
phase-shift control scheme. The proposed cascade dual-buck inverter with phase-shift
control inherits all the merits of dual-buck type inverters and overcomes some of their
drawbacks. Compared to traditional cascade inverters, it has much enhanced system
reliability due to elimination of shoot-through mechanism and lower switching loss with
the help of ultrafast reverse recovery diode during power MOSFETs turn-on condition.
With phase-shift control, it can eliminate the inherent current zero-crossing distortion of
the single-unit dual-buck type inverter. In addition, applied phase-shift control to cascade
inverters can greatly reduce the ripple current and cut down the size of passive
components with a higher equivalent switching frequency. A cascade dual-buck inverter
has been designed and tested to demonstrate the feasibility and advantages of the system
by comparing single-unit dual-buck inverter, 2-unit and 3-unit cascade dual-buck inverters
at the same 1kW, 120V AC output conditions.

Chapter 3 presents an asymmetrical half-cycle unipolar (AHCU) PWM technique
for dual-buck full-bridge inverter. The proposed approach is to cut down the switching
loss of power MOSFETs to half by maintaining one active switch without switching
during half-cycle of fundamental frequency of inverter output current. At the same time,
this AHCU PWM leads to current ripple reduction, and thus reducing ripple-related loss in
filter components of the inverter. Therefore, the proposed PWM strategy results in
significant efficiency improvement. Additionally, the unipolar PWM also compensates for
the zero-crossing distortion problem of dual-buck full-bridge inverter to a great degree,

10



practically eliminating the zero-crossing distortion found in the ordinary PWM operated
dual-buck inverters. Detailed analysis and implementation of the AHCU PWM technique
were performed. A 2kW, 240V ac output dual-buck full-bridge inverter prototype was
designed and tested under both traditional bipolar SPWM and this unipolar PWM by using
digital signal processor. Experimental results indicated that this AHCU PWM technique
increased the inverter efficiency by 0.6% and greatly improved the zero-crossing
distortion at wide load range conditions.

In chapter 3, several PWM techniques are analyzed and compared, including bipolar
PWM, unipolar PWM and phase-shifted PWM that are applied to the proposed cascade
dual-buck full-bridge inverter. It has been found out that a PWM combination technique
with the use of two out of the three PWMs mentioned above leads to better performance
of the cascade dual-buck full-bridge inverter in terms of less output current ripple and
harmonics, no zero-crossing distortion, and higher efficiency. A prototype of the proposed
inverter has been built and tested to verify the feasibility and effectiveness of the topology
and different PWM techniques.

Chapter 4 presents a grid-tie control system for cascade dual-buck inverter with
both active and reactive power flow capability in a wide range under two types of
renewable energy and distributed generation sources. Fuel cell power conditioning system
(PCS) is Type I system with active power command generated by balance of plant (BOP)
of each unit; and photovoltaic or wind PCS is Type II system with active power harvested
by each front-end unit through maximum power point tracking (MPPT). Reactive power
command is generated by distributed generation (DG) control site for both systems.

Selective harmonic proportional resonant (PR) controller and admittance compensation
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controller are first introduced to cascade inverter grid-tie control to achieve better steady-
state and dynamic performance. Detailed analysis and derivation of both control systems
were conducted. A 1kVA cascade dual-buck inverter system was designed and interfaced
to 120V, 60Hz grid to verify the control strategy. Pure active power, pure reactive power
and mixed power flow with leading and lagging angles were fully tested under steady-
state and command-dynamic conditions for both systems. The experimental results proved
the effectiveness of the designed grid-tie control for both systems.

Chapter 5 comes to the conclusion, discusses the future work and lists the

publications.
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Chapter 2

Cascade Dual-Buck Inverter with
Phase-Shift Control

2.1 Introduction

Among various multilevel voltage-source inverters, the most commonly used and
commercially available ones are the neutral-point-clamped inverter, flying capacitor
inverter and cascade H-bridge inverter [14]-[17]. The cascade types of inverters are
capable of reaching higher output voltage level by using commercially standard lower
voltage devices and components, and it features the modular design concept which makes
the maintenance less burdensome [14]-[20], [25]-[28]. The cascade inverters are well
suited for utility interface of various renewable energy sources, such as photovoltaics, fuel
cells, battery energy storage, and electric vehicle drives, where separate dc sources
naturally exist [29]-[37]. However, because most of current cascade inverters are based on
a series connection of several single VSIs with two active devices in one leg, it still faces
shoot-through problems, the most dominating failure of VSI. In addition, for the hard-

switched cascade inverters operating at higher dc bus voltage, it loses the benefit of using
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power MOSFETs as the active switching devices for efficiency improvement and fast
switching speed when they are available at certain voltage and power level. For example,
when the cell dc bus voltage goes up to 300V to 600V, one cannot simply adopt the super-
junction power MOSFETs such as CoolMOS™ and MDmesh™ that are rated 600- to
900-V to work under hard-switched condition like the traditional cascade H-bridge
inverter because of the reverse recovery issues of the body diode [38]-[42] unless soft-
switching techniques are employed [43]-[45].

This chapter proposed a new cascade dual-buck inverter based on single dual-buck
inverter topology to better address the issues mentioned above. The dual-buck type
inverters are still VSI, but with the unique topology and operation, it does not have the
shoot-through worries, which leads to greatly enhanced reliability [46]-[50]. Without
shoot-through problem in each building block, the cascade dual-buck inverter much
improved system reliability as compared to other cascade inverters. In addition, the
cascade dual-buck inverter does not have the dead time related issues of conventional VSI
based cascade inverters, which can easily push the duty cycle to the theoretical limit and
fully transfers the energy to load through total PWM. In the meantime, the cascade dual-
buck inverter can be hard-switched while utilizing the benefits of power MOSFETs at
certain power level.

Phase-shift control is widely used for cascade inverters because it is easy to
implement with digital controllers and it equivalently increases the switching frequency by
the number of times of cascade units, which reduces the output voltage and current ripple
[51]-[53]. For the proposed cascade dual-buck inverter, phase-shift control is adopted.

Besides the common benefits, it solves the fundamental zero-crossing distortion problem
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in the single dual-buck inverters. The detailed zero-crossing elimination mechanism will
be explained in chapter 2.3.

The chapter first shows different topologies of the proposed cascade dual-buck
inverters and their operation principles. This chapter takes single-phase cascade dual-buck
half-bridge inverter as the analytical and design subject to demonstrate the feasibility and
advantages of cascade dual-buck inverter. The phase-shift control scheme was analyzed by
comparing single-unit dual-buck inverter and 2-unit cascade dual-buck inverter. The
closed-loop control for cascade dual-buck inverter was designed and implemented. A 1kW,
120VAC output cascade dual-buck inverter system has been built to validate the proposed
topology and control by comparative experimental tests of single-unit dual-buck inverter,

2-unit and 3-unit cascade dual-buck inverters.
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2.2 Topology and Operation Principle

The single-unit dual-buck inverter has two basic forms, dual-buck half-bridge
inverter [46], [48] and dual-buck full-bridge inverter [47]. The proposed cascade dual-
buck inverter has two types accordingly: cascade dual-buck half-bridge inverter, shown in
Fig. 2.1, and cascade dual-buck full-bridge inverter, shown in Fig. 2.3. This chapter will
focus on the analysis, design and test of the cascade dual-buck half-bridge inverter to
demonstrate the feasibility and advantages of cascade dual-buck inverter.

In [48], it proposed the control strategy for two dual-buck half-bridge inverters in
series output to obtain higher voltage. However, the two dual-buck inverters shared the
same dc power supply, had two sets of filter inductor and capacitor, and the connection
was only effective for two units. The proposed inverter in this paper has different concept
of series connection, the cascading, which has separate dc power supplies for each cell,
and is extended to N unit connection, and shares the same filter components.

Fig. 2.1 shows the topology of the proposed cascade dual-buck half-bridge inverter.
It consists of N units of single dual-buck half-bridge inverter. Each unit is composed of
two power MOSFETs and two fast recovery diodes. Each unit has two output ports, ;P and
iN (i=1, 2, ..., N). To realize the cascade topology, connect the iN port of the i unit with

the (i+1)P port of the (iJrl)th unit, and use port 1P and NN as the output ports.
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Fig. 2.1: Topology of cascade dual-buck half-bridge inverter.
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Sip and Dj, are a working pair, and operate at the positive half-cycle of output
current i. Si, and Dj, are another working pair, and operate at the negative half-cycle of
output current i. The single unit operation modes are shown in Fig. 2.2 [46], [48]. For the
cascade dual-buck inverter, if phase-shift control is not adopted, we can switch all the
units exactly the same as single-unit inverter. It means the PWMs for S;, and S;, are the
same. However, this will bring in the zero-crossing distortion problem of single-unit dual-

buck inverter into the cascade topology. In addition, without phase-shift control, the



cascade topology loses its benefits of increased equivalent switching frequency and
reduced output current ripple. Therefore, the proposed cascade dual-buck inverter utilizes
the phase-shift control technique to eliminate the zero-crossing distortion problem of
single unit dual-buck inverter and at the same time achieve higher equivalent switching
frequency thus cutting down output current ripple. The detailed analysis of phase-shift

control of cascade dual-buck inverter will be presented in chapter 2.3.
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@ | O i
C C o
dF y dT A
Dlp . Dlp JEsln 4
L4
(c) Negative current, S, turned on (d) Negative current, D, free-wheeling

Fig. 2.2: Operation modes of single-unit dual-buck half-bridge inverter.
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Fig. 2.3 (a) shows the topology of single-unit full-bridge dual-buck inverter [47].
For the cascade dual-buck full-bridge inverter shown in Fig. 2.3 (b), we can put N units of
this single full bridge dual-buck inverter in series similar to cascade dual-buck half-bridge
inverter in Fig. 2.1. The operation principle of cascade dual-buck full-bridge inverter with

phase-shift control will be discussed in chapter 3.
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(a) Single-unit dual-buck full-bridge inverter (b) Cascade dual-buck full-bridge inverter

Fig. 2.3: Single-unit dual-buck full-bridge inverter serving as one cell for cascade
dual-buck full-bridge inverter.
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2.3 Phase-Shift Control Analysis

One of the significant characteristics of single-unit dual-buck type inverter is that
the switch is selectively working based on the direction of output current. From the
operation modes of single-unit half-bridge dual-buck inverter in Fig. 2.2, we can clearly
see that when i is positive, Si, and D, are the working pair, and when 7, is negative, Si,
and D, are the working pair. This distinctive operation leads to its inherent drawback,
current zero-crossing distortion, which will be explained in detail below. This issue can be
passively mitigated by turning on both Sj, and S, near zero-crossing period. However,
this remedy is against the operating principle and the best feature of dual-buck type
inverter, high reliability by avoiding turning on both active switches at the same time. In
addition, this passive measure results in higher switching losses because at zero-crossing
period two switches are switching while the original goal of dual-buck inverter is only one
switch operates at any given time.

Thanks to cascade topology, it opens the door to actively solving this current zero-
crossing distortion by using phase-shift control scheme. With phase-shifted PWM fed to
different cascade units, it theoretically eliminates the current zero-crossing distortion. In
addition, the phase-shift control greatly increases the equivalent switching frequency by N
times than that of single-unit inverter, which leads to significantly lower current ripple or
smaller passive filter component selections.

In order to illustrate the phase-shift control, single-unit half-bridge dual-buck

inverter and 2-unit cascade half-bridge dual-buck inverter are analyzed. Fig. 2.4
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shows the equivalent circuit of single-unit half-bridge dual buck inverter when S,
is on. Fig. 2.5 shows the gate signal of S, and the current through output inductor

i;. The shaded area of Fig. 2.5 corresponds to the operation mode shown by Fig.

24.

i L1p (Lf)

Vgc/2

Fig. 2.4: Equivalent circuit of single-unit half-bridge dual-buck inverter when Sy, is on.
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Fig. 2.5: Gate signal of S1, and current i; through output inductor of single-unit
half-bridge dual-buck inverter.

The current ripple of 7; can be derived from Fig. 2.4 and Fig. 2.5 as follows:

0.5V, —v,)DT,
Llp +Lf

Aj, (2.1)
where Ds 1s the duty cycle of the switch Sjp, 0.5<D <1(Bipolar SPWM); and
T :fi’ fs 1s the switching frequency of Sip.

N

At zero-crossing period, Ds is approaching 0.5. Therefore, the current ripple of 7; at
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zero-crossing region is not zero. The same analysis applies to the negative half-cycle
current. After the two half-cycle currents with switching frequency component are filtered
by output capacitor Cy, the current i,; gets its average component. It connects the averages
of positive half-cycle current and negative half-cycle current at zero-crossing period.
Because both half-cycle current averages at zero-crossing are not zero, there is a jump
from the negative average to the positive average, which is the current zero-crossing
distortion. Since the load is resistive, the output voltage v, has the same shape as iy, and
thus has the distortion. In light load condition, the resistance is much larger, so the zero-
crossing distortion of the output voltage is amplified by the multiplication of the distorted
current and the load resistance.

Fig. 2.6 shows the experimental result of output current i; and output voltage v,

across the load at zero-crossing period of single-unit dual-buck inverter.

| P Sitn:D1n S1p’D1;§p' 5% EEEE
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Fig. 2.6: Experimental result of single-unit half-bridge dual-buck inverter at
zero-crossing period.

Fig. 2.7 shows the equivalent circuit of 2-unit cascade half-bridge dual-buck
inverter when S), and S, are on. Fig. 2.8 shows the gate signals of Si, and S,,, and
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the current through output inductor i,. The shaded area of Fig. 2.8 corresponds to
the operation mode shown by Fig. 2.7. The 2-unit phase-shift angle is 180° (Phase-
shift angle is 360°/N). In order to generate the same output voltage v,, the 2-unit

cascade inverter needs 2 dc sources with 0.5V, each.

Lip (L)

Vdc/4

Vdcl4

O

Fig. 2.7: Equivalent circuit of 2-unit cascade half-bridge dual-buck inverter when
S1p and Sy, are both on.
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Fig. 2.8: Gate signals of S, , S2p and current i, through output inductor of 2-unit
cascade half-bridge dual-buck inverter.
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The current ripple of i, can be derived from Fig. 2.7 and Fig. 2.8 as follows:

(0257, +0.25V, —v,)(D, = 0.5)T,

Ai 2.2
2 L,+L,, +L, @2)
If Lip=Ls,, Eq. (2.2) can be rewritten as
. v )(D,-0.5T
Ai, = 0.5V, —v,)(D, - 0.5)T) (2.3)

2L, +1L,

In order to find out the generalized equation of current ripple with phase-shift
control for n-unit cascade half-bridge dual-buck inverter, similar process of derivation has
been conducted for enough samples, from 3-unit inverter up to 5-unit inverter. The results
are shown in Table 2.1 as follows, and it is under the assumption that L;,=Lo,=...=Lpp

Table 2.1: Current ripple derivation for 3, 4, and 5-unit cascade dual-buck
inverters.

current .
ripple Al
unit
2V, =)D, — )T,
3 2.3 3
Al3 =
3L1p+Lf
(¥, —v)D, - )T,
4 A = 24 4
N AL +L,
(¥, =)D, )T,
5 . _ 25 5
Aig =
5L,+L,

From Table 2.1, the generalized form of current ripple for n-unit cascade half-bridge

dual-buck inverter can be derived in the following equation

(W, =)D, =20,

Ai = n n 2.4)
nan + L_ ;
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where [x—| is the ceiling function, and is defined as the smallest integer not less than x
fx—|=min{meZ|m2x} (2.5)
x is real number, m is integer, and Zis the set of integers.
As can be seen from (2.4), at zero-crossing period, Dy is very close to 0.5, and thus
the current ripple at zero-crossing region is greatly reduced compared to single-unit
inverter. Theoretically, when 7 is the even number, there is no current distortion at zero-

crossing point because I_(n -1/ 2_|/ n 1is equal to 0.5. It is obvious with the increase of

the number of cascade units, the current ripple becomes smaller and smaller.
Fig. 2.9 shows the experimental result of output current i, and output voltage v,
across the load at zero-crossing period of 2-unit dual-buck inverter with phase-shift

control. There is practically no current distortion.
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Fig. 2.9: Experimental result of 2-unit cascade half-bridge dual-buck inverter at
zero-crossing period.

25



From Fig. 2.6 and Fig. 2.9, we can see that the equivalent switching frequency of 2-
unit cascade inverter with phase-shift control is doubled, which leads to current ripple cut-

down. From (2.1) and (2.3), the current ripple ratio is

_% Dv_OS L1P+Lf

- = 2.6
4 Ai, D, 2L1p +L, 2.6)
Since Lj, is already serving as the filter inductor, and if L=0, (2.6) can be
analyzed as
}/:(l—%)O.SSZS% (2.7)

Fig. 2.10 shows the current ripple ratio curve under different duty cycles. From Fig.
2.10 we can see that at zero-crossing, the ratio reaches the lowest, zero and climbs up

when Dy increases. Even as D approaches 1, the maximum ratio is only 25%.

0.25

0.15~ ]

y(Ds)

0.05[~ 1

Fig. 2.10: Current ripple ratio between single-unit dual-buck inverter and 2-unit
cascade dual-buck inverter.
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2.4 Closed Loop System Control Design

In order to demonstrate the feasibility and advantages of cascade dual-buck inverter,

the closed-loop control is derived and designed below for a 1kW, 120VAC standalone

system shown in Fig. 2.1.

Fig. 2.11 shows the average model of N-unit cascade half-bridge dual-buck inverter.

d; (j=1, ..., n) is the duty cycle of each corresponding unit, and Z; (=1, ..., n) is the output

inductor of each unit

L=L, i>0
L =L, i<0
L, (L¢)

dyVaol2 ‘b Cr
ﬁ
dyVyc/2 —b

L,

— e Y Y \_o

d,'Vaol2 ‘7|—>

——-95

O

X
s

(2.8)

Fig. 2.11: The average model of N-unit cascade half-bridge dual-buck inverter.
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From Fig. 2.11, we have the following relation

(d1+d2+-~-+dn)-Q=d1+d2+m+d” NV,
2 N 2

2.9)

d; can be different from each other. However, to maintain the power balance of

each cascade unit, it is desirable to have equal d;. So if d,=d,=---=d,=d, (2.9)

can be rewritten as

NV,

. (2.10)

(a’1+d2+---+dn)-%:d-

From (2.10) and Fig. 2.11, it is easy to derive the equivalent average model of N-

unit cascade dual-buck inverter shown in Fig. 2.12, whereXL, =L +L,+---+L,.

2L (Ls)

i

—
d'nV,./2 ‘b

Fig. 2.12: The equivalent average model of N-unit cascade half-bridge dual buck
inverter.

Define L=XL;+L,, and we have the following equation from Fig. 2.12.

d(t)-%—vo(t)sz (2.11)
2 dt
Transform (2.11) to s domain, we have
i(5)= - (d () 22—, (5)) @.12)
sL 2

So the transfer functions from duty cycle d to current i and voltage v, to current i

are as follows
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NV,

_is) 2

Gid(S)—d(S) o (2.13)
Cis) 1

G,(s)= V) S (2.14)

where Giq(s) is the control-to-output transfer function and Gij,(s) is an uncontrolled
feed-forward term. By introducing admittance compensation controller Gac(s) shown
in Fig. 2.13, the undesirable term can be cancelled out, which brings in a better
smoothed zero-current start-up and reduced current steady-state error[54]-[55].

Fig. 2.13 shows the control block diagram of N-unit cascade half-bridge dual-buck
inverter operating at standalone mode. The closed-loop design adopts dual-loop design,
the inner current loop with a simple proportional controller Gp(s) to achieve fast dynamic
response with enough stability margin and the outer voltage loop with a PR controller
Gpr(s) to ensure a higher loop gain at fundamental frequency reducing the steady-state

voltage error [56]-[58].

Gac(s) [« PLL

A

Giv(s)

Iy

ka_limit duty_limit

Vref Verr | irgf ierr | d i Vo
Gpr(S) Rab/ Gp(s) -—f- > Gi(s) G.i(s) >
Vo o
GLpr(S) [« H -

Gipr(S) = H,

4

Fig. 2.13: Control block diagram of N-unit cascade half-bridge dual-buck
inverter operating at standalone mode.
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For this 1kW, 120VAC output cascade inverter system, the controllers are designed
as follows.

For the PR controller in (2.15), &, is the proportional gain, &; is the resonant gain,
and o, is the equivalent bandwidth of the resonant controller. In principle, the bandwidth
. needs to be as small as possible to obtain a highly selective bandwidth, but for digital
implementation, it is quite difficult to realize a small w.. The controller gain at
fundamental frequency can be increased by increasing either k; or k.. On the other hand, £,
and k; can not be too high because it will impair the system stability [57]-[59]. With all the
considerations above, the parameters for PR controller in this design have been chosen

2w,k s

Cr($) =k, S 20stor
c 1

(2.15)

where kp =0.02, k. =12 , @, =10
A current loop in a dual-loop system is designed to have a high loop bandwidth with
enough stability margins rather than to reduce the current steady-state error by providing a
high gain at fundamental frequency [59]. In this design, a simple proportional controller
will meet the requirement.
G,(s)=0.05 (2.16)
In [55], the equivalent dc bus voltage is Vg, for single unit inverter system and thus
the outcome of admittance compensation term is the reciprocal of V.. From Fig. 2.13, we
can see clearly that the equivalent dc bus voltage for the cascade dual-buck inverter

is NV, /2. Therefore, the admittance compensation transfer function is obtained as

follows
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1
G () =777 (2.17)
dc

2
In order to close the outer voltage loop, shown in Fig. 2.13, G,;i(s) is derived below

based on the model in Fig. 2.12.

1
G,(s)=—— 2.18
() <C, 1 1R (2.18)

Grpr(s) 1s 2" order low pass filter with cut-off frequency SkHz and a damping ratio
0.7.

With the designed controllers above, the Bode plot of both compensated inner
current loop gain and compensated outer voltage loop gain is shown in Fig. 2.14. As can
be seen, the current loop has the cross-over frequency 1.2 kHz with gain margin 15.3dB
and phase margin 70.7deg. The voltage loop has the cross-over frequency 209Hz with
phase margin 87.2deg, and at 60Hz fundamental frequency it has a gain of 35.5dB to

reject the steady state error.
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(a) Bode plot of compensated current loop gain
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Fig. 2.14: Bode plot of compensated inner current loop gain and outer voltage loop
gain.

Fig. 2.15 shows the PWM generation flow chart based on the current reference
signal from Fig. 2.13. Fig. 2.16 shows the experimental results for PWM generation based
on the sequence from Fig. 2.15. It can be seen that the PWMs for Sj, and Si, never overlap
together, which means this cascade dual-buck inverter is shoot-through free. The phase-
shifted PWMs are simple to implement by digital controller by just adding an incremental

angle to the adjacent cascade unit.

32



>0 No
Yes
PWM generation PWM generation
for S;pfrom d for Sipfrom d
Phase-shift (360/N)°l l Phase-shift (360/N)°
PWM for S, PWM for S,,
I I
Phase-shift (360/N)°: | Phase-shift (360/N)°
| |
\ 4 Y
PWM for Sy, PWM for Sy,

Fig. 2.15: PWM generation for all switches of N-unit cascade half-bridge dual-buck
inverter with phase-shift control.
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Fig. 2.16: Experimental results of PWM generation for N-unit cascade half-
bridge dual-buck inverter with phase-shift control.
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2.5 Comparative Experimental Results

To prove the viability and merits of the proposed cascade dual-buck inverter with
phase-shift control, a 1 kW, 120VAC output cascade dual-buck half-bridge inverter
system in standalone operation was designed and tested. The system structure of the
experiment is the same as in Fig. 2.1, and the control scheme applied is shown in Fig. 2.13
and Fig. 2.15. The system controller and PWM generation are conducted by TI floating
point DSP TMS320F28335. The switching frequency of the devices is set to be 20 kHz.
Because the cascade dual-buck inverter adopts phase-shifted PWM control, the equivalent
switching frequency of the inverter is 40 kHz for 2-unit and 60 kHz for 3-unit cascade
inverters, respectively. The MOSFET is selected as STYS8ONM60ON with on-resistance
35mQ, and the diode is RURG3060 with reverse recovery time 55ns. The passive
components are selected as follows: L;j;=L;=250uH, L=1mH, C=2.4pF, Cs=1.2mF. The
system has the ability of serving as single-unit, 2-unit and 3-unit systems. For comparison,
tests were conducted with single-unit, 2-unit, as well as 3-unit systems. All the output
power of three tests is 1kW, and output AC voltage is 120V RMS. For single-unit system,
Ve 18 360V, and for 2-unit cascade system, Vg is 180V, and for 3-unit cascade system, V.
is 120V.

Fig. 2.17 shows the output current i, through load and voltage waveforms of single-
unit dual-buck inverter, 2-unit cascade dual-buck inverter and 3-unit cascade dual-buck
inverter at 1kW output. It is clear that with phase-shift control for 2-unit system and 3-unit
system, the current zero-crossing distortion was almost eliminated. However, the single-

unit zero-crossing is severe.
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Fig. 2.17: Output current i, , AC and DC voltage waveforms for single-unit, 2-
unit cascade, and 3-unit cascade inverter system at 1kW.
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The distortion problem is more obvious in light load conditions for single-unit
inverter. Fig. 2.18 shows the comparison between single-unit inverter and 2-unit cascade
inverter at 300W output. The aggravated current and voltage distortion with very high
THD will be intolerable and impose a risk for the load operation. In contrast, the cascade
dual-buck inverter with phase-shift control does not have this distortion at light load either.
The THD is measured for both single-unit inverter and cascade dual-buck inverter under
full load and light load conditions. The result is shown in Table 2.2. As can be seen, the
THD at 300W for single-unit inverter is 10% while for cascade dual-buck inverter it is

only around 1%.
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(a) Single-unit inverter
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Fig. 2.18: Output current i, , AC and DC voltage waveforms for single-unit, 2-
unit cascade inverter system at 300W.

Table 2.2: THD measurement for both single-unit and cascade dual-buck inverters.

1kW 300W

V, i, Vo iy
1-unit 2.6% 2.4% 10.3% 10.0%
2-unit 0.9% 0.8% 1.7% 1.5%
3-unit 0.9% 0.8% 1.5% 1.2%

Fig. 2.19 shows the voltage vqq; and v.qs across the split capacitors from one cell of
3-unit cascade dual-buck half-bridge inverter. For the cascade dual-buck half-bridge
inverter, the split capacitors are needed for each cascade unit. It can be seen that the
voltage of the capacitors is naturally balanced. In some cases, if the voltage across the
capacitors is unbalanced due to use of different types of capacitors, the different ESR or
other factors, a voltage balance compensator might be considered [60] to solve the issue.
The cascade dual-buck full-bridge inverter is a better alternative to save two split

capacitors and totally avoid the issue.
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Fig. 2.19: Voltage waveforms across split capacitors for 3-unit cascade dual-
buck half-bridge inverter system at 1kW.

Fig. 2.20 shows the positive half cycle output current i, through inductor and
voltage waveforms of single-unit dual-buck inverter, 2-unit cascade dual-buck inverter
and 3-unit cascade dual-buck inverter. dyis the duty cycle for current positive half-cycle.
This shows the unique operating feature of single-unit dual-buck inverter is inherited by
cascade dual-buck inverter. Every dual-buck unit in the cascade system maintains the no
shoot-through characteristic, and thus leads to a more robust and reliable cascade inverter

system than traditional voltage source based cascade inverter.
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(a) single-unit inverter
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Fig. 2.20: Output positive half-cycle current ip, AC and DC voltage waveforms
for single-unit, 2-unit cascade, and 3-unit cascade inverter system at 1kW.

Fig. 2.21 shows the output current and voltage waveforms of single-unit inverter
and 3-unit cascade dual-buck inverter under load step conditions. Load step-up and step-
down tests were done to show the fast dynamics and good stability of the designed control
system for cascade dual-buck inverter. Even though single-unit system can withstand load
change, its inherent zero-crossing distortion will affect the control system and be harmful
to the load.
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(c) Load step-up test for 3-unit cascade inverter
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(d) Load step-down test for 3-unit cascade inverter

Fig. 2.21: Load step-up and step-down tests for single-unit inverter and 3-unit
cascade inverter system.

Fig. 2.22 shows the measured efficiency curve under different power output

conditions for cascade dual-buck half-bridge inverter.
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Fig. 2.22: Efficiency measurement under different power output conditions.
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2.6 Summary

A new series of cascade dual-buck inverters has been proposed based on single-unit
dual-buck inverters. The cascade dual-buck inverter has all the merits of traditional
cascade inverters, and improves on its reliability by eliminating shoot-through worries and
dead-time concerns. With the adoption of phase-shift control, the cascade dual-buck
inverter solves the inherent current zero-crossing distortion problem of single-unit dual-
buck inverter.

To prove the effectiveness of the proposed topology and control scheme, a cascade
dual-buck half-bridge inverter system operating at standalone mode with 1kW, 120VAC
output capability has been designed and tested. By comparison of experimental results of
single-unit dual-buck inverter with 2-unit and 3-unit cascade dual-buck inverters, the

viability and advantages of the cascade dual-buck inverter are validated.
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Chapter 3

Cascade Dual-Buck Full-Bridge
Inverter with Different PWM
Techniques

3.1 Introduction

The standard full-bridge inverter is a typical voltage source inverter (VSI) with two
active switches in one phase leg. It needs dead time to prevent shoot-through problems
between the switches in one leg. Because of dead time effect, the output waveforms can
be distorted and the equivalent transferred energy of PWM is reduced. Even though with
added dead time, shoot-through is still the dominant failure of the circuit, especially at
some fault conditions. In addition, with higher dc bus voltage operation, this standard full-
bridge inverter can not simply employ power MOSFETs as the active switches due to the
reverse recovery problem of the body diode of MOSFETs [38]-[42].

To utilize the benefits of power MOSFETs, such as lower switching loss, resistive
conduction voltage drop, and fast switching speed that allows reduction of current ripple

and the size of passive components, dual-buck full-bridge inverter had been proposed
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[46]-[50]. The dual-buck full-bridge inverter, shown in Fig. 3.1, does not need dead time,
and totally eliminates the shoot-through concerns, which leads to greatly enhanced system
reliability. The body diode of MOSFET never conducts, and the external diodes D; to D;

can be independently selected to minimize switching losses.
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Fig. 3.1: Dual-buck full-bridge VSI with MOSFETSs.

However, the traditional bipolar sinusoidal PWM (SPWM) [61]-[62] used on dual-
buck full-bridge inverter results in zero-crossing distortion of the output voltage and
current, which will be explained in chapter 3.2. Even though the topology adopts
MOSFET, the dual-buck full-bridge inverter is still the hard-switching VSI. To further
reduce the switching loss in power devices and passive filter components, and at the same
time alleviate the zero-crossing distortion problem, an asymmetrical half-cycle unipolar
(AHCU) PWM technique for dual-buck full-bridge inverter is proposed in this chapter.
This AHCU PWM cuts down the switching loss of power MOSFETs to half by
maintaining one active switch without switching during half-cycle of inverter output
current. It also reduces the output current ripple, and therefore leads to less power loss in

passive components of the inverter. It compensates for the zero-crossing distortion
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problem found in ordinary PWM operated dual-buck inverters, and practically eliminates
this drawback.

The chapter 3.2 first analyzes the traditional bipolar SPWM technique and points
out its disadvantages when applied to dual-buck full-bridge inverters. Then the AHCU
PWM method is proposed and elaborated on to solve the zero-crossing distortion problem
and improve the system efficiency. In chapter 3.4, a 2kW, 240V ac output prototype has
been built and tested to compare SPWM with the proposed novel PWM. Experimental
results proved the significant output waveform improvement at zero-crossing under novel
PWM. Efficiency of two modulation methods were measured and compared. With the
help of the proposed PWM, the efficiency of the inverter is 0.6% higher than that of
bipolar SPWM.

Fig. 3.2 shows the proposed topology of the cascade dual-buck full-bridge inverter.
It consists of N units of single dual-buck full-bridge inverter. Each unit is composed of
four power MOSFETs and four fast recovery diodes. Each unit has two output ports, 7P
and iN (i=1, 2, ..., N). To realize the cascade topology, connect the iN port of the i™ unit
with the (i+1)P port of the (i+1)™ unit, and use port 1P and NN as the final output ports.

The chapter 3.3 evaluates several PWM methods, including bipolar PWM, unipolar
PWM, and phase-shifted PWM for cascade dual-buck full-bridge inverter. Through
analysis, it has been found out that the PWM combination technique, which means the use
of two PWM methods at the same time, can lead to elimination of zero-crossing distortion,
reduced current ripple, and increased system efficiency. In chapter 3.5, a 1kW, 240VAC
output cascade dual-buck full-bridge inverter prototype has been designed and tested to

validate the proposed topology and different PWMs control. The zero-crossing and current
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ripple waveforms, and the current total harmonic distortion (THD) have been compared

side by side under different PWMs.
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Fig. 3.2: Topology of cascade dual-buck full-bridge inverter.
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3.2 PWM Analysis for Single-Unit Dual-Buck Full-
Bridge Inverter

One of the significant features of a dual-buck full-bridge inverter is that the switch
is selectively working based on the direction of output current. Fig. 3.3 shows the
operation modes of dual-buck full-bridge inverter under traditional bipolar SPWM. When
the output current i is in the positive half cycle, (Si, D>) and (S4, D) are the two pairs of
working devices. The energy is pumped out when S; and S4 are turned on, shown in Fig.
3.3 (a). D;and Djare freewheeling when S; and Sy are turned off, shown in Fig. 3.3 (b).
Likewise, when the output current i is negative, the operation shifts to (S,, D;) and (S3, D4).
The dc side energy is transferred to ac side by turning on S, and S3, indicated in Fig. 3.3

(¢). Dy and Dy start to conduct the current when S, and S5 are off, shown in Fig. 3.3 (d).
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(a) Positive current, S; and S4 turned on
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(d) Negative current, D; and D, free-wheeling
Fig. 3.3: Operation modes under traditional bipolar SPWM.
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Fig. 3.4 shows the equivalent circuit of the dual-buck full-bridge inverter at the
output current positive half cycle, which relates to the operation mode in Fig. 3.3 (a) and
(b). Lf and Ct are the filter inductor and capacitor. L is the output inductor, and is equal to
the sum of L, and L,. Fig. 3.5 shows the gate signal of S; and S4, and the current through
output inductor i. The shaded area of Fig. 3.5 corresponds to the operation mode shown in
Fig. 3.4 (a). Dy is the duty cycle for the switch S) and S4, and under traditional bipolar

SPWM, 0.5<D, <1.

O
O

'Vdc

(b) D, and D; freewheeling

Fig. 3.4: Equivalent circuit of dual-buck full-bridge inverter when output current
is positive.
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Fig. 3.5: Gate signal of §; and S, with current i through output inductor.

The current ripple of i can be derived from Fig. 3.4 and Fig. 3.5 as follows:

— (Vdc' _vu )DST;
L+L,

Ai 3.1)

where T = fl , /s 1s the switching frequency of S; and S;.

It can be seen that at the zero-crossing period, D; is approaching 0.5. Therefore, the
current ripple at zero-crossing region is not zero. The same analysis applies to the negative
half-cycle current. When the positive half-cycle current connects with the negative half-
cycle current, it will create a jump. The current jump at zero-crossing will reflect on a
voltage jump on the output capacitor. At zero-crossing region, Ds is almost 0.5, and v, is
very small compared to V. Therefore, (3.1) can be rewritten as (3.2) with consideration
of both positive and negative half-cycles.

DT
Ai = sgn(vo)—V"” s (3.2)
L +Lf

Where sgn(v,) is defined as
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1 v, >0

sgn(vo)={ (33)

-1 v, <0

Fig. 3.6 shows the simulation result of output current i and output voltage v, across
the load under traditional bipolar SPWM. The dc bus voltage is 380V, and the output
voltage is 240V. With larger Vg, the current ripple is higher, which means the current

zero-crossing distortion is worse at higher dc bus voltage. Since the load is resistor, the

output current i, through load has the same shape as v,, and thus has the distortion.

.é.nalll

v, (100V/div)

Time (500ps/div)

(a) Output waveforms at zero-crossing period
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(b) Output current and voltage waveforms

Fig. 3.6: Simulation result of dual-buck full-bridge inverter under traditional
bipolar SPWM.

It is also clear that with traditional bipolar SPWM, all the active switches operate at
high switching frequency. For example, at the positive half cycle, S; and S, are turned on
and off at the same time within every switching period. This leads to higher switching
losses. In addition, under this PWM scheme, the current ripple is higher, which results in
higher losses in filter components as well.

To address the issues of zero-crossing distortion and higher switching losses caused
by traditional bipolar PWM, an asymmetrical half-cycle unipolar (AHCU) PWM scheme
is proposed for dual-buck full-bridge inverter. Fig. 3.7 shows the operation modes of dual-
buck full-bridge inverter under this new PWM. When the output current is at the positive

half cycle, S) is always turned on, shown in Fig. 3.7 (a) and (b). S4 is the switching device
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for this positive half cycle. When Sy is on, the output voltage is Vg, and when it is off, D;
freewheels with output voltage equal to zero. Likewise, when the output current is at the
negative half cycle, S, is kept on, with S3 and D4 working at the switching frequency,

shown in Fig. 3.7 (c) and (d). The output PWM voltage is -V, and zero.
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(b) Positive current, S; on and Dj; free-wheeling
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Fig. 3.7: Operation modes under AHCU PWM.

Fig. 3.8 shows the equivalent circuit under this PWM at the output current positive
half cycle, which relates to the operation mode in Fig. 3.7 (a) and (b). Fig. 3.8 shows the
gate signal of §; and S4, and the current through output inductor i. The shaded area of Fig.
3.9 corresponds to the operation mode shown in Fig. 3.7 (a). Dy is the duty cycle for the

switch S4, and under this AHCU PWM, 0<D_, <1.
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Fig. 3.8: Equivalent circuit under AHCU PWM when output current is positive.
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Fig. 3.9: Gate signal of $; and S, with current i through output inductor.

The current ripple of i can be derived from Fig. 3.8 and Fig. 3.9 as follows:

— (Vdc _Vo)DsHTv (34)

L+ Lf

Ai
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1 : o
where T, =7, fs 1s the switching frequency of Si.

Compared to the current ripple equation (3.1) for traditional bipolar SPWM, it is
clear that at zero-crossing period, the current ripple under this PWM is close to zero
because Dgy is close to zero even though Vg, is high. Theoretically, when the positive half-
cycle current connects with the negative half-cycle current, there is no current jump at all
at zero-crossing region. At zero-crossing region, Dgy is almost 0, and v, is very small
compared to Vg. Therefore, (3.4) can be reconstructed as (3.5) with consideration of both
positive and negative half-cycles.

D T
Ai = sgn(vo)% (3.5)

+ Lf

Fig. 3.10 shows the simulation result of output current i and output voltage v, across
the load under proposed PWM. All the simulation settings are the same with the one for
Fig. 3.6 except the PWM. As can be seen, the zero-crossing distortion is practically

eliminated.
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Fig. 3.10: Simulation result of dual-buck full-bridge inverter under AHCU PWM.
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From Fig. 3.7 and Fig. 3.9, we can see that under this AHCU PWM scheme, only
one active switch operates at switching frequency at any instant. Compared to the
traditional bipolar SPWM where two active switches run at switching frequency, the
switching loss of the devices is theoretically cut down by half.

Fig. 3.7 describes the AHCU PWM operation when the load is resistive or in other
words in unity power factor. Under this AHCU PWM technique, if the load is reactive,
which means the output voltage is leading the output current, the operation modes will be
different from Fig. 3.7. In order to adapt to reactive load, extra operation modes need to be
included. Fig. 3.11 shows the operation modes under AHCU PWM with reactive loads.
Compared to Fig. 3.7 with resistive load, S; and S, are still fundamental-line-frequency
switches, while S3; and S; are high-speed PWM switches. Because the polarity
combination of the output current and voltage increases to four states, there are periods
where S and S, need to be turned off when the output current and voltage have opposite
polarities. When both the output current and voltage are positive, S is always turned on,
shown in Fig. 3.11 (a) and (b). S4 is the switching device for this period. When Sy is on,
the output voltage is Vg, and when it is off, D; freewheels with output voltage equal to
zero. When the output current is positive and the output voltage is negative, in order to
generate the negative voltage, S; is turned off, and thus D, is always on during this period,
shown in Fig. 3.11 (c) and (d). Ss and D; are still the high speed switching devices. When
Sy is on, the output voltage is zero, and when it is off, D; freewheels with the output
voltage equal to -Vg.. Similarly, when the output current is at the negative half cycle, S,
and D, are either on or off depending on the voltage polarity, with S3 and D, working at

the switching frequency, shown in Fig. 3.11 (e) to (h).
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(c) Positive current, negative voltage, D, on and S; on
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(d) Positive current, negative voltage, D, on and D; free-wheeling
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(f) Negative current, negative voltage, S, on and D, free-wheeling
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Fig. 3.11: Operation modes under AHCU PWM with reactive loads.

Fig. 3.12 describes the operation modes under AHCU PWM with non-linear loads.
The rectifier non-linear load is used as an example here with current characteristics drawn
in Fig. 3.12. When the output current is equal or greater than zero, and the output voltage is
positive, S; is always turned on, and S4 is the high-switching frequency device, shown in
Fig. 3.12 (a) and (b). Similarly, when the output current is equal or less than zero, and the

output voltage is negative, S2 is always turned on, and S3 is the high-switching frequency
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device, shown in Fig. 3.12 (c) and (d).
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(d) i<0 , negative voltage, S, on and D4 free-wheeling
Fig. 3.12: Operation modes under AHCU PWM with non-linear loads.
In terms of current ripple reduction, compare (3.1) and (3.4): if the switching
frequency and filter components are the same, the current ripple ratio y can be obtained as
follows

D,
= 3.6
D (36)

Algpy s

_ AZHPWM —

The relationship between Ds and Dgy is established below

p,=Lutl (3.7)
‘ 2
Therefore, from (3.6) and (3.7), we can derive
— (3.8)
DSH +1

Fig. 3.13 shows the current ripple ratio curve under different duty cycles. From Fig.
3.13 we can see that at zero-crossing, the ratio reaches the lowest, zero and climbs up
when Dy increases. At any given point below duty cycle 1, the current ripple of AHCU
PWM is smaller than that of bipolar SPWM. This conclusion can also be verified by the

simulation results from Fig. 3.6 and Fig. 3.10. This indicates that the proposed PWM can
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reduce ripple related filter losses over the entire output current range.
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Fig. 3.13: Current ripple ratio between AHCU PWM and bipolar SPWM.
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3.3 PWM Evaluation for Cascade Dual-Buck Full-
Bridge Inverter

Fig. 3.14 shows the operation modes of a single unit of the cascade dual-buck full-
bridge inverter under bipolar PWM. (S1,, D1p) and (S°1p, D’1p) are a working pair, and
operate at current positive half-cycle. Si,and §’1, share the same gating signal, and when
they are turned on, Vg 1s applied to the output; when they are turned off, D, and D’y
free-wheel together, and -V is applied to the output. Similarly, (Sin, Din) and (8”10, D’ 1n)
are a working pair, and operate at current negative half-cycle.

Fig. 3.15 shows the operation modes of a single unit of the cascade dual-buck full-
bridge inverter under the AHCU PWM proposed in the previous section. In the analysis of
PWM schemes for cascade dual-buck full-bridge inverters, we use ‘unipolar PWM’ as the
name for the AHCU PWM proposed in chapter 3.2. At current positive half-cycle, Sipis
always turned on, and (S°1,, D’1p) is the switching pair. When §”1, 1s turned on, V. is
applied to the output. When $”1,1s turned off, D’;, free-wheels, and zero voltage is applied
to the output. Similarly, S, and (S’ 1, D’ 15) Operate at current negative half-cycle.

It can be noticed that no matter what PWM applied to the circuit, the body diode of
the MOSFET never conducts, and the external diodes D1, D’1p, D1, and D’y can be
independently selected with the features of fast reverse recovery to further minimize

switching losses.
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Fig. 3.14: Operation modes of single-unit dual-buck full-bridge inverter under bipolar
PWM.
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Fig. 3.15: Operation modes of single-unit dual-buck full-bridge inverter under
unipolar PWM.

In this section, four different PWM schemes are analyzed for cascade dual-buck
full-bridge inverter, including bipolar PWM, bipolar with phase-shifted PWM, unipolar
PWM, and unipolar with phase-shifted PWM. The current ripple equations are derived
and compared side by side.

Fig. 3.16 shows the gating signals and the related current ripple information under
different PWM schemes. The analysis is based on two dual-buck full-bridge units in

cascade. D; is the duty cycle for bipolar PWM (0.5< D_<1), and at zero crossing, D is
close to 0.5. Dy is the duty cycle for unipolar PWM (0< D, <1), and at zero crossing,

Dy is close to 0. All the states of the switches are provided underneath each output current
figure. For two-unit cascade inverter, the phase shift angle is 180° (360°/N). The
abbreviations BIP, BIP+PH, UNIP, UNIP+PH stand for bipolar, bipolar with phase-shift,

unipolar and unipolar with phase-shift, respectively.

68



Vgstp A

VgS’1p
- DT, DT,
>t
VgSZp A
VgS’Zp
" D.T. |Dr.
>t
isp A
: A
>
S1p D1p t
S 1p D’1p
S Dy,
S’ D,
on on
(a) Bipolar PWM
VgS1p A (D;.o:r; 1800phaseshift
DsTs D{T,
» t
Vgs2p A
VgS’Zp
»
igipsprA
Aigp+pH
»
S1p S1p S1p D1p
S,1p ,1p S,1p D’1p
sz Szp Szp

2p
S'Zp D’2p S,Zp S’Zp
on on on on

(b) Bipolar with phase-shifted PWM

69



VgS1p A

Vgs2p
> t
Vasioh
gS'1p L,
VgS’Zp [,SLTS DSUTS —
> t
iunipA
Aiynp
» f
Sip Sip
s’1p D’1p
sZp sZp
S’zp D’Zp
on on
(c) Unipolar PWM
VgS1pA
Vgs2p
> t
vV S’1pA
° Dul, DT |
»
A 1800p ase shift
VgS’Zp »— —
-
funiP+PH
A .
v Aiynip+pH
»
s1p s1p S1p S1p

S’1PD’1PS’1PD’1P
sZp sZp SZp SZp
D’ZpDYZpSYZpD,zp
on on on on

(d) Unipolar with phase-shifted PWM

Fig. 3.16: Gating signals and current ripple under different PWM schemes.
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Equations (3.9) to (3.12) provide the current ripple information for bipolar PWM,
bipolar with phase-shifted PWM, unipolar PWM, and unipolar with phase-shifted PWM
respectively under the assumption that Li,=L,,. As can be seen from (3.9), there will be
current zero-crossing distortion for bipolar PWM because at zero-crossing Dy is 0.5. When
bipolar PWM is phase-shifted for the second unit, as in (3.10), the current ripple will be
zero at zero-crossing period. For unipolar PWM from (3.11), because Dyy is already zero
at zero-crossing, there is no ripple current. The zero distortion is also true for unipolar
phase-shifted PWM in (3.12). Besides zero-crossing improvement, the phase-shifted
PWM also helps reduce the current ripple when it is applied to both bipolar and unipolar
PWMs, which would lead to efficiency improvement.

_ (2Vdc _Vo)DsT;

Al = AL +L, (3.9)
gy = =SS0 (3.10
Ny =2 L;er)Z‘UTS (3.11)
Bl = (VJE d (.12)
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3.4 Comparative Experimental Results for Single-Unit
Dual-Buck Full-Bridge Inverter

To prove the viability and merits of the proposed AHCU PWM, a 2kW, 240Vac
output dual-buck full-bridge inverter system in standalone operation was designed and
tested. For comparison, tests were conducted for both traditional bipolar SPWM and
AHCU PWM. The dc bus voltage is 380V. The switching frequency is 40kHz. All the
devices are rated 600V. The MOSFET is selected as STY80NMO60ON with on-resistance
35mQ, and the diode is RURG3060 with reverse recovery time 55ns. The passive
components are selected as follows: L,=L,=250pH, L=1mH, C=2.4pF. The load is a
variable resistive load bank. The system controller and PWM generation are conducted by
TI floating point DSP TMS320F28335.

Fig. 3.17 shows the gate signals for both traditional bipolar SPWM and AHCU
PWM operating at the positive half cycle of output current reference. It can be seen that at
the positive half cycle, S; never switches under AHCU PWM, which saves the switching
loss by half. In addition, the AHCU PWM for S, starts to increase from zero pulse width at

zero-crossing, which leads to current ripple cut-down.
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Fig. 3.17: Gate signals with bipolar SPWM and AHCU PWM.

Fig. 3.18 shows the output voltage v, and output current i, waveforms for both
bipolar SPWM and AHCU PWM. The zero-crossing distortion is obvious for bipolar
SPWM, while AHCU PWM greatly compensates for this distortion. Fig. 3.19 shows the
comparison at smaller load condition, S00W. It can be seen due to the reduced load, the
zero-crossing distortion is quite severe and unacceptable for bipolar SPWM. On the other
hand, by using AHCU PWM, the zero-crossing distortion is alleviated at light load

conditions.
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(a) Output waveforms under bipolar SPWM
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Fig. 3.18: Output current and voltage waveforms with bipolar SPWM and
AHCU PWM.
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Fig. 3.19: Output current and voltage waveforms under light load condition.
Fig. 3.20 shows the output voltage v, and the output current i before filtering for

both bipolar SPWM and AHCU PWM. It can be seen that the current ripple under AHCU

PWM is smaller than that of bipolar SPWM, which means less losses in filter components.
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(a) Output waveforms under bipolar SPWM
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Fig. 3.20: Output current i and voltage v, under bipolar SPWM and AHCU
PWM.

Another benefit for the AHCU PWM is efficiency improvement. In order to show
the difference between two PWM schemes, efficiency experiments were conducted.

Fig. 3.21 shows measured efficiency curves under different power output conditions
for bipolar SPWM and AHCU PWM. The switching frequency is 40kHz, and the output
voltage is 240V for all test points. The efficiency measurement was performed through
light load until full load 2.4 kW conditions. It can be seen that AHCU PWM improves the
efficiency by an average of 0.6% compared to bipolar SPWM at the same test condition.
The saving includes both switching loss in active devices and current ripple related loss in

passive filter components. The peak efficiency of the inverter with AHCU PWM is 98.4%.
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Fig. 3.21: Efficiency comparison between bipolar SPWM and AHCU PWM.
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3.5 Comparative Experimental Results for Cascade
Dual-Buck Full-Bridge Inverter

A 1kW, 240Vac output cascade dual-buck full-bridge inverter with two cascade
units has been built and tested. The dc bus voltage for each cell is 190V, and the
parameters of the passive components are as follows: Ljy=L;,=250uH, L=1mH, C=2.4pF.
The switching frequency is 20 kHz. The MOSFET is selected as IPW60R045CP with on-
resistance 45mQ, and the diode is APT30DQ60BG with reverse recovery time 30ns, and
forward voltage drop 2V. The system control and PWM generation are conducted by TI
floating point DSP TMS320F28335.

Fig. 3.22 shows the gate signals generated for different PWM methods. Only the
positive half-cycle PWMs are shown, and the PWMs for negative half-cycle are
symmetrical. Fig. 3.22 (c) to (f) are detailed PWMs at switching frequency time frame.
For two-unit cascade inverter, the phase shift angle is 180°.
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Fig. 3.22: Different PWM generations for cascade dual-buck full-bridge inverter.

Fig. 3.23 shows the output current and voltage waveforms under different PWMs. It
is clear to see that bipolar PWM creates severe zero-crossing distortion while all the other
PWMs eliminate this issue, which meets the analysis in chapter 3.3. In addition, it is
obvious to draw the conclusion that the phase-shifted PWM cuts down the current ripple

to a great extent compared to PWM without the help of phase-shift.
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Fig. 3.23: Output current and voltage waveforms under different PWMs.

Fig. 3.24 shows the measured current THD for all four PWM methods. At light load
condition, the zero-crossing problem is much more severe and that is why the THD for
bipolar PWM at half load is up to 16%. All the other three PWMs can well restrain the

THD below 2% at full load condition, which meets the limit of 5% of IEEE standard 519.
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Fig. 3.24: Current THD comparison between different PWMs.
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3.6 Summary

This chapter presents an AHCU PWM technique for a dual-buck full-bridge inverter
to compensate for the zero-crossing distortion and improve the system efficiency.
Traditional bipolar SPWM and the proposed PWM were comparatively analyzed in detail
to demonstrate the advantages of the latter.

To prove the feasibility and effectiveness of this proposed PWM, a 2kW, 240V ac
output dual-buck full-bridge inverter was built and tested with both bipolar SPWM and
AHCU PWM. Experimental results indicated the adoption of AHCU PWM reduced the
zero-crossing distortion to a great extent, especially at light load conditions. Efficiency
measurement of the inverter system showed an average 0.6% improvement by using
AHCU PWM compared to the traditional bipolar SPWM.

Following the AHCU PWM proposed for the single-unit dual-buck full-bridge
inverter, this chapter further explores several PWM schemes for the cascade dual-buck
full-bridge inverter. Different PWM schemes have been analyzed and the combinations are
considered to be better choices when it comes to ripple reduction, zero-crossing distortion
compensation and efficiency improvement. Experimental results proved the feasibility and

effectiveness of the proposed topology and different PWM methods.
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Chapter 4

Grid-Tie Control of Cascade Dual-
Buck Inverter with Wide-Range
Power Flow Capability

4.1 Introduction

Grid-tie control of distributed generation (DG) systems, such as fuel cell,
photovoltaics, and wind power, are hot research topics nowadays with various circuit
topologies and control methods proposed. Thanks to flexible modular design,
transformerless connection, extended voltage and power output, less maintenance and
higher fault tolerance, the cascade inverters are good candidates for utility interface of
various renewable energy sources [14]-[24].

A new type of cascade inverters, cascade dual-buck inverter has been proposed in
chapter 2. This newly proposed inverter inherits all the merits of cascade H-bridge inverter.
Compared to cascade H-bridge inverter, it has several advantages. Most important of all, it
eliminates the possibility of shoot-through problems, which is the major failure of

traditional voltage source inverters. It does not need dead time, which fully utilizes the

85



pulse width modulated voltage and transfers total desired energy to the load. In addition,
the cascade dual-buck inverter has the advantage to use high-voltage power MOSFETs
without the complexity of soft-switching assisting circuits to improve the system
efficiency.

In terms of cascade inverter grid-tie control, renewable energy and distributed
generation sources can be classified into two types. Fuel cell power conditioning system
(PCS) is Type I system with active power command generated by balance of plant (BOP)
of each unit; and photovoltaic or wind PCS is Type II system with active power harvested
by each front-end unit through maximum power point tracking (MPPT). Besides active
power delivery, the DG systems are also requested to take the responsibility of sending
reactive power to the grid within its design limit to help the grid maintain voltage and
power demand. Reactive power command can be generated by distributed generation (DG)
control site for both systems.

Several grid-tie control schemes have been proposed for cascade H-bridge inverter,
mostly for photovoltaic applications [63]-[68]. Some used traditional PI controllers or
repetitive controllers [63]-[65], others adopted advanced controllers like fuzzy logic,
sliding mode, and ramptime ZACE [66]-[68]. However, few of them conducted reactive
power delivery control, which is a requirement for future DG systems. In this chapter, a
wide-range power delivery controller has been designed. For Type I system, the grid-tie
control is designed to be current loop controller with both active and reactive power
commands; for Type II system, the grid-tie control is structured to be dc bus voltage
controllers for each cascade unit and an inner current loop controller with reactive power

command combined with the active peak current reference generated by the dc bus mean
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voltage controller.

Selective harmonic proportional resonant (PR) controller [56]-[57], [69] and
admittance compensation controller [54]-[55], [70] have been reported to be effective in
single inverter grid-tie control. In this paper, the two control techniques were first utilized
in cascade inverter grid-tie control to achieve better steady-state and dynamic performance.

This chapter first presents the grid-tie system control block diagrams of both Type I
and Type II systems. Second, the detailed analysis and design of controllers with wide-
range power flow capability have been conducted. In order to verify the proposed control
strategies, a 1kVA cascade dual-buck inverter grid-tie system has been designed. Various
power flow conditions including pure active, pure reactive and mixed leading and lagging
power factor cases have been tested under steady-state and dynamic conditions for both
Type 1 and Type II systems. The experimental results proved the feasibility and

effectiveness of the control system.
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4.2 System Types and Block Diagrams

Fig. 2.1 shows the topology of newly proposed cascade dual-buck half-bridge
inverter. The grid-tie control system discussed below will be based on this topology. The
output port 1P and NN can be connected to the grid through commonly used inductor-
capacitor-inductor (LCL) filter. The LCL filter has several benefits, including but not
limited to higher high-frequency harmonics attenuation and operation flexibility for both
standalone and grid-tie modes, which is a plus for DG systems such as PV and fuel cell
PCS [69], [71]-[75].

As indicated in introduction, in terms of control, the grid-tie systems can be
classified into two types. Type I system is fuel cell PCS, where each individual front-end
unit acts as voltage source and the active power command generated by the BOP. Type II
system is PV or wind PCS, where each individual front-end unit acts as current source

when the maximum active power is provided by MPPT.

A. Type | System

Fig. 4.1 shows the Type I system structure. Each fuel cell energy source is
connected to individual unit of cascade dual-buck inverter through dc-dc converter. The
dc-dc converter boost ratio can be greatly reduced or the dc-dc converter is even not

required if the cascade units are enough to generate the output grid voltage.
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Fig. 4.1: System structure of Type | grid-tie PCS.

Fig. 4.2 shows the control block diagram of Type I system. By adopting LCL filter,
the current feedback is sensed through Lf and the voltage feedback is obtained across Cr.
The active power command P, comes from the total BOP of fuel cell sources. The phase
lock loop (PLL) will generate the magnitude and phase angle information of the grid and
feed it to the current reference generation block. A current controller G; with selective
harmonic PR compensation is needed to produce the equivalent duty cycle d.q. After
obtaining each individual duty cycle for corresponding unit, the phase-shifted PWM will
be made by DSP and then drives the active switches of the cascade dual-buck inverter.

The detailed analysis of the control will be presented in chapter 4.3.
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Fig. 4.2: Control block diagram of Type | grid-tie PCS.

B. Type Il System

Fig. 4.3 shows the Type II system structure. Each PV or wind energy source is
connected to individual unit of cascade dual-buck inverter through dc-dc converter or ac-
dc converter. The front-end converter takes the responsibility of MPPT, and thus leaves
the work of individual dc bus voltage control to cascade inverter. Similar to cascade H-
bridge inverter, when used in PV grid-tie applications, in order to eliminate the leakage
current caused by PV panel stray capacitance, the dc-dc converter needs to be designed
with high-frequency transformer to solve the problem. If the front stage dc-dc converter is

non-isolated, some measures [76] can be done with the cascade inverter unit to cut the
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path of leakage current.
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Fig. 4.3: System structure of Type Il grid-tie PCS.

Fig. 4.4 shows the control block diagram of Type II system. Compared to Type I,
the difference is the front-end stage acts as individual current source. Therefore, the
cascade dual-buck inverter needs to control the dc bus voltage. The mean-value dc bus
control loop with PI compensator G, will generate the current reference for inner current
loop, which produces the equivalent duty cycle deq. At the same time, each individual unit
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has its own dc bus controller. The outputs of mean-value loop and individual loop are fed

into individual duty cycle generation block for allocating unit duty cycle respectively. The

detailed derivation will be discussed in the next section.
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Fig. 4.4: Control block diagram of Type Il grid-tie PCS.
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4.3 Grid-Tie Control Design for Type | System

Fig. 4.5 shows the average model of cascade dual-buck half-bridge inverter in grid-

tie system. d; (j=1, ..., n) is the duty cycle of each corresponding unit, and Z; (=1, ..., n) is

the output inductor of each unit and
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L=L, i<0
. L, L¢
i
dy-Vigeal? ‘|> ,

M
-

d2' Vdc2/ 2 —b

?
|
L, |
A

—
dn' Vdcn/2 —5

\9

Fig. 4.5: The average model of cascade dual-buck half-bridge inverter in grid-tie

PCS.
From Fig. 4.5, if the individual dc bus is not controlled by cascade inverter, which is

the case in Type I system, we can assign
4.2)
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Then we have the following relation

Vd61+d2@+“.+dn@=d€ (VdCI"i'Vdcz‘i""-f-Vdcn):de anc
2 2 2 2 q

d, (4.3)

where V. is the mean value of the sum of each individual dc bus voltage. From (4.3) and

Fig. 4.5, we can derive the equivalent average model of cascade dual-buck inverter shown

in Fig. 4.6, where XL, =L, +L,+---+L,

2L Lt

i

—
deq' n Vdclz —|> A\ %

O
O

Fig. 4.6: The equivalent average model of cascade dual-buck inverter in grid-tie PCS.
Note that in the equivalent circuit above, we ignored the ESR in the inductance to
derive the models below. Since the ESR in the inductors is very small, the omission of

ESR will not affect the model and control. Define L=%L +L,, and we have the

following equation from Fig. 4.6

nV di(t)
d () —%—v(t)=L 4.4
(D) 5 v(?) & (4.4)
Transfer (4.4) to s domain, we have
: 1 nv,
i(s) = E(deq (s) -T"’— v(s)) (4.5)

So the transfer functions from dq to current i and voltage vto current i are as follows

nv,.
_i(s) __2
G, (s) _—deq © oL (4.6)
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RGN
G,(s)= () sL 4.7

where Gig(s) is the control-to-output transfer function and Gi(s) is an uncontrolled feed-
forward term. By introducing admittance compensation controller Gac(s), the undesirable
term can be cancelled out, which brings in better smoothed zero-current start-up and
reduced current steady-state error [54]-[55], [70]. In [55], the equivalent dc bus voltage is
V4, and thus the outcome of admittance compensation term is the reciprocal of Vy.. From
Fig. 4.6, we can see clearly that the equivalent dc bus voltage for the cascade dual-buck

inverter is nV, /2. Therefore, the admittance compensation transfer function is obtained

as follows
G,.(s)= | (4.8)
AC - anc .
2
Fig. 4.7 shows the control block diagram of Type I system.
G - | PLL |
V. 0. 'Ac(s)
Giv(s) o

Pcorn Y Y ka,“'“il duty_limit

Current | e Jerr | dyg i v
0 Reference [~®~—f ~- Grr(S) - Gid(s) Gyi(s) >
=% Generation

Grpr(s)

Fig. 4.7: Control block diagram of Type | system.

Through PLL, the grid voltage magnitude V,, and phase angle 6, can be tracked
down, and are used for admittance compensation and current reference generation. The
active power and reactive power command can be used to calculate the apparent power

command S¢om and power factor angle ¢ as follows
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S, =P, +0.° 4.9

@=tan™' (%) (4.10)

com

The current reference magnitude 7, can be obtained by

S
[ =—cn 4.11
.y (@.11)
and the phase angle 6; of the i is
0,=0,-¢ (4.12)

For the current loop compensator Gpr(s), we choose a PR controller with capability
of selective harmonics compensation [56]-[57], [69]. It proved to be a successful solution
in DG grid-tie applications where high dynamics and lower harmonics compensation are
required. Fig. 4.8 shows the PR controller we implemented with 3, 5™, and 7™ harmonics
compensation, where k, is the proportional gain, k; is the resonant gain, and w. is the
equivalent bandwidth of the resonant controller. In principle, the bandwidth w. needs to be
as small as possible, but for digital implementation, it is quite difficult to realize a small
.. Based on the comparison of different values in [55], it is appropriate to set wcas 10 to
obtain a better highly selective bandwidth and at the same time practical for DSP
implementation. From Fig. 4.8 (a), we can see that the controller gain at fundamental
frequency can be increased by increasing either k, or k;, and the gain at harmonic
frequencies can be maximized by boosting 4 values. For each individual harmonic
compensation, it is possible to tune different &, values to tackle different harmonics.
However, for the real implementation, it is easier to set one k; for all harmonic

compensation as long as it meets the IEEE standard on current harmonics. On the other
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hand, k, and % can not be too high because it will impair the system stability. With

kp =2.5, k, =250 , w, =10 selection, the Bode plot of the PR controller is shown in Fig.

4.8 (b). It can be seen that at fundamental frequency and 3", 5, and 7™ harmonic

frequency, the controller provides a large gain.

I
ref b 2w.k.s

s +20.5+ @}

o

2w ks
s*+20.5 + o,

2w.k s
s*+2a,5 + o

2

2wk, s
| s*+ 20,5 + @,

(a) PR controller Gpr(s) with selective harmonic compensation
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Bode Diagram
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(b) Bode plot of PR controller Gpg(s)
Fig. 4.8: PR controller with selective harmonics compensation.

Grpr(s) is 2™ order low pass filter with cut-off frequency 5kHz and a damping ratio 0.7.
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4.4 Grid-Tie Control Design for Type Il System

For Type II system, the ac side model is still the same, as shown in Fig. 4.5.
Because the cascade dual-buck inverter needs to control individual unit dc bus voltage to

V4c, which means

Vdcl = I/dc2 == Vdcn = Vdc (413)
Then we have the following relation from Fig. 4.5
v, V. Vi v, nv,
d1%+d2%+~-~+dn%=(dl +d, +~~+dn)7”’=deq7”’ (4.14)
where
d+d,+---+d,
d,=— 2n (4.15)

Finally, from the derivation above, the equivalent average model at grid side does
not change either in terms of formation, which is still Fig. 4.6. Therefore, (4.4) to (4.8) are
correct for Type II system control except that the values of d.q and V. comply with (4.13)
and (4.15).

Fig. 4.9 shows the average model of each cascade unit at dc side. Therefore, we
have the following equations

Ve +di
dt
dI/ch

dt

I,

Cc

1 =

l,,==C, +d,i

= N =

(4.16)

1, dr
I =—C dcn
dcn 2 d dt n
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From (4.16), further derivation can be made

Waa P Vao ¥ Vo) L g 1g vevd )i @17)

1
]dc1+ldc2+"’+1dcn:§Cd dr

Apply (4.13) and (4.15) to (4.17), we can obtain

1 dVv
I,=-C,“
R

+d, i (4.18)
where I, =(1,, +1,,+---+1,,)/n.Fig. 4.10 shows the equivalent average model at dc
side. From Fig. 4.10 and (4.18), we have the following s-domain equation
1 :
Lao(8) == CysV oo () + g (5)ils) (4.19)

So the transfer function from i to Vy is

G - 2

ivdcmean
sC,

(4.20)
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Fig. 4.9: The average model of individual cascade unit at dc side.
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Fig. 4.10: The equivalent average model at dc side.
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Fig. 4.11 shows the control block diagram of Type II system. Fig. 4.11 (a) is the
control dual loops for generating equivalent duty cycle d.q, (b) is the control loops to

produce individual duty cycles.

Gac(s) re H PLL |«

Vi | O

Gi(s)
I p ' Y Lok _timit duty_limit
Gpi(s) —» Current | i fonr ‘ doy i N
Ocom Reference ™|~ Va Grr(s) - 1 Gi(s) o> Gyi(s)

Y

Vicrer
—

\

— Generation

i

A

Grrri(s)

'y

Givgemean(S)

(a) Equivalent duty cycle control loops

> Mean Value Vdcmean
—

coe —
1

Calculation
Vdc]
—» Grpra(s)
l ]
Vdcl — I K Pl d]
—» Guora(s) l @» Gu(s) [ D
= Individual
Vcn . [ 2 d2
5 Grera(s) @ > Gu(s) 3| Duty Cycle |——p
: Generation | :
A\ : :
- Lok _rn d,
+\ > Gp((s) pk'P= .
VdcreL

(b) individual duty cycle control loops
Fig. 4.11: Control block diagram of Type Il system.

After having Gig(s) from (4.6) and Giydgemean(s) from (4.20), we can design the
current-loop compensator Gpgr(s) and voltage-loop compensator Gpi(s). Gpr(s) follows the
same design with Type I system shown in Fig. 4.8. Gpi(s) is a PI controller with the
following form

G, (s)= @ 4.21)
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where k=0.05, and 7=0.05
The output of Gpi(s) of the equivalent duty cycle loop is the peak current I p
originated from the active power of the front-end of Type II system. So the active power

command can be calculated as
1
P :EVmkaip (4.22)

After obtaining P.m, the following current reference calculation is the same with
Type I system. Equations (4.9) to (4.12) hold.

For the individual voltage loops, Gpi(s) can be the same, and the output is individual
peak current /y pj (=1, ..., n) under the assumption that the cascade units are in parallel
operation with the same active power generation. From Fig. 4.5 and 4.9, under cascade

operation, the active power input and output should be the same if no loss considered.

del” dcl dc2” dc2 dcn

LV 4LV, ++1 szélpk_,ym (4.23)

If the cascade units are in parallel operation with the same active power generation, we

can have
1 V.

Idcll/a'cl + ]dCZI/dCZ t--t Idcnl/dcn = E(ka7P1 + ka7P2 teeet kaiPn) n (424)

From (4.23) and (4.24), it is easy to see

I, . +1 +o41
ka_P — pk_P1 pk_P2 pk_Pn (425)
n
From (4.13) and (4.16), we can derive
Idc‘ d .

~=— (j,ke(l,2,--n)) (4.26)

dck k

From (4.13) and (4.24), we can obtain the relation
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I, 1 )
=B Gk e(1,2,n)) (4.27)
I ka_Pk

dck
Therefore, from (4.26) and (4.27), it is easy to have the following individual duty cycle

relation

Q¥

T )
="l (G ke(,2,--n)) (4.28)
dk kaiPk

From (4.28), do the summation on both sides of the equations

d+d,+--+d, _ kafl +kajz +'“+I[7k7Pn
d. 1

J pk_Pj

je(,2,-n) (4.29)

Apply (4.15), (4.25) to (4.29), finally we can generate the individual duty cycle by using

the I, pj from individual voltage loops and I p and d.q from equivalent duty cycle loop.

I, ..
dy=d, == je(1,2,m) (4.30)

pk_P
For the phase-shifted PWM generation, it is the same for Type I and Type II systems.
Fig. 4.12 shows the flow chart of PWM generation based on current reference signal. For

detailed analysis, refer to chapter 2.
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Fig. 4.12: Phase-shifted PWM generation.
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4.5 Experimental Results

A 1kVA cascade dual-buck inverter grid-tie system has been designed to verify the
effectiveness of the control for both Type I and Type II system. For Type I system,
individual dc voltage sources are used to emulate the front-end units. For Type II system,
individual dc current sources are used for the front-ends. Both 2-unit and 3-unit cascade
dual-buck inverters have been tested under various power factor and command step
conditions. For Type II system, tests of different power generation among different
cascade units are also conducted.

The switching frequency of the devices is set to be 20 kHz. Because the cascade
dual-buck inverter adopts phase-shifted PWM control, the equivalent switching frequency
of the inverter is 40 kHz for 2-unit and 60 kHz for 3-unit cascade inverters, respectively.
With more cascade units, the equivalent switching frequency will be higher, which leads
to less output current ripple and possibility of smaller passive filter component selections.
On the other hand, the system efficiency will suffer if the switching frequency is set too
high because this topology is still hard-switching.

The grid voltage is 120V, 60Hz. The system controller and PWM generation are
conducted by TI floating point DSP TMS320F28335. The MOSFET is selected as
STY80ONMO6ON with on-resistance 35mQ, and the diode is RURG3060 with reverse
recovery time 55ns. The passive components are selected as follows: Lj;=L;,=250uH,

L=1mH, C=2.4pF, L,=0.5mH.
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A. Type | system

Fig. 4.13 shows the 3-unit cascade dual-buck inverter grid-tie control under pure

active power, pure leading and lagging reactive power conditions. The output is either

1kW active power or 1kVar reactive power.

d,, (0.25/div) A
! [ ] ;;V;_,c.(/mo_wgiw N
i { | [N | ! I

[=]
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Time (10ms/div)

(a) 1kW active power

d,} (0.25/div)

gl ig'(10/-y}éi\))’ v, (10§{\l}piv) AN Howijdi"’ [\

iNINTIA NN
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J MV V\J/ “f\/;' \

P-OW, Q-1kVar

,—-""“7‘ e

il =t

_f“é

Time (10ms/div)

(b) 1kVar leading reactive power
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(c) 1kVar lagging reactive power

Fig. 4.13: Pure active and reactive power grid-tie test.

Fig. 4.14 shows the 3-unit cascade dual-buck inverter grid-tie control with equal

active power and reactive power command. The total output is still 1kVA, and active

power is 707W with either leading or lagging reactive power 707 Var.

{ |
0|

P-707W, Q-7

Time (10ms/div)

(a) 707W active power with 707Var leading reactive power
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(b) 707W active power with 707Var lagging reactive power

Fig. 4.14: 1kVA output with equal active and reactive power grid-tie test.

Fig. 4.15 shows the 3-unit cascade dual-buck inverter grid-tie control with active

power command and reactive power command step changes. The

proved the control system has fast dynamics and good stability.

experimental results

d,, (0.25/div)

1o Peon(500Widiv)
| |1 1 1] |

" P-500 to 866W, Q-

500Var

Time (20ms/div)

(a) Reactive power 500Var with active power step from S00W to 866 W
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(b) Active power 866W with reactive power step from 0 to 500Var
Fig. 4.15: 1kVA output with active and reactive power command step grid-tie
test.

Fig. 4.16 (a) shows the output waveforms of selective harmonic PR compensator
under 1kW condition. For comparison, the PR controller without harmonic compensation
was also implemented and the results were shown in Fig. 4.16 (b). It is clear to see that
with the help of selective harmonic PR compensator, the harmonics were minimized and
thus the grid-tie current was sinusoidal. The IEEE 519 standard allows a limit of 5% for
the current total harmonic distortion (THD) with individual limits of 4% for each odd
harmonic from 3rd to 9th and 2% for 11th to 15th. In order to see the effectiveness of the
control method, the measurement of current harmonics was conducted and the bar chart is
illustrated in Fig. 4.16 (c), which indicates the compliance with the IEEE 519 standard.
The measured grid voltage THD was 1.9%. As can be seen in the chart, the PR controller
without harmonic compensation failed to comply with IEEE 519 standard with a THD of
7.5%, while the PR controller with harmonic compensation obtained noticeable

improvement and satisfied the requirement of the standard with a THD of 2.7% and
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individual harmonic percentage within the limit.
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(b) PR compensator without harmonic compensation
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Fig. 4.16: PR controller output with 1kW output and current harmonics measurement.
B. Type Il system

Fig. 4.17 shows the 3-unit cascade dual-buck inverter grid-tie control with different

power generation from different cascade unit. The first unit has less power with small duty

cycle while the other two units have the same power output. From the experimental results,

we can see the ratio between d; and d, equals the ratio between i) and /4>, and the

relationship between the equivalent duty cycle and individual duty cycles satisfies the

previous derivation.

112



92, (025/div)
| E}.‘:‘/X“YT’VQ uco\x o f’{\\ '
TN !

(0, 25/di
o (0:25/div)

A, (025/div) A
24 d,(0.25/div) AN N\

A

-920W, Q-
=21A, L=l ,=2.7A

Time (10ms/div)

Fig. 4.17: Different individual duty cycles with different power generation.
Fig. 4.18 shows the positive half-cycle current of 2-unit cascade dual-buck inverter
grid-tie control with equal active and reactive power output. This is the unique waveform

of cascade dual-buck inverter, and only Si, works at the positive half-cycle of output
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| vdc'

current, which results in enhanced system reliability due to no shoot-through possibilities
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and lagging directions. The results proved the control dynamics and stability.

Fig. 4.18: Positive half-cycle current output under 707W and 707Var.

Fig. 4.19 shows the 2-unit cascade dual-buck inverter grid-tie control under reactive

power command step conditions. The reactive power command was made on both leading
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Fig. 4.19: Reactive power command step from 0 to 500Var.

Time (2

114

)msldi\;)




4.6 Summary

The chapter presented grid-tie control of cascade dual-buck inverter for two types of
renewable energy and distributed generation systems. The control system ensures wide-
range power flow capability, from pure active power to pure reactive power delivery.
Detailed analysis and design of the controllers were conducted for each system. Selective
harmonic PR controller and admittance compensation controller were incorporated into
the control loop to achieve better dynamic and steady-state performances. A 1kVA cascade
dual-buck inverter grid-tie system was built and tested to verify the proposed control for
both Type I and Type II systems. Wide-range power flow experimental results proved the

feasibility and effectiveness of the designed control system.
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Chapter 5

Conclusion and Future Work

5.1 Summary and Major Contributions

This dissertation presents the analysis, design and implementation of the cascade

dual-buck inverters. Major contributions of the dissertation can be summarized as follows:

1. A new type of cascade inverters, cascade dual-buck inverters, is firstly proposed in
the dissertation. Cascade dual-buck inverters are based on single-unit dual-buck
inverters. Compared to traditional cascade inverters, they have enhanced system
reliability thanks to no dead time and shoot-through concerns and they can achieve

lower switching losses with the help of using power MOSFETs.

2. Phase-shift control is applied to cascade dual-buck inverters to solve the zero-
crossing distortion problems. In addition, phase-shift control can greatly reduce the
ripple current or cut down the size of passive components by increasing the

equivalent switching frequency.

3. An asymmetrical half-cycle unipolar (AHCU) PWM technique is proposed for
dual-buck full-bridge inverter for zero-crossing distortion compensation and
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efficiency improvement. The proposed approach is to cut down the switching loss
of power MOSFETs by half. At the same time, this AHCU PWM leads to current

ripple reduction, and thus reducing ripple-related loss in filter components.

Evaluation of different PWM schemes is performed on cascade dual-buck full-
bridge inverters. Several PWM techniques are analyzed and compared, including
bipolar PWM, unipolar PWM and phase-shifted PWM. It has been found out that a
PWM combination technique with the use of two out of the three PWMs leads to
better performance in terms of less output current ripple and harmonics, no zero-

crossing distortion, and higher efficiency.

A grid-tie control system is proposed for cascade dual-buck inverters with both
active and reactive power flow capability in a wide range under two types of
renewable energy and distributed generation sources. Fuel cell power conditioning
system (PCS) is Type I system with active power command generated by balance of
plant (BOP) of each unit; and photovoltaic or wind PCS is Type II system with
active power harvested by each front-end unit through maximum power point
tracking (MPPT). Reactive power command is generated by distributed generation
(DG) control site for both systems. Selective harmonic proportional resonant (PR)
controller and admittance compensation controller are first introduced to cascade

inverter grid-tie control to achieve better steady-state and dynamic performances.
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5.2

Future Work

Design and implement three-phase cascade dual-buck inverters for three-phase
power loads and systems.

Explore the mode transfer between standalone and grid-tie control of cascade dual-
buck inverters.

Add front-stage dc-dc converters to connect with renewable energy sources, such as

PV panels or fuel cells, to perform system level control.
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