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The development of power electronics in the past century and the current state of the art of power electronics
converters are briefly reviewed, before giving an insight into the deficiencies of the conventional current-source
and voltage-source converters and into the superiority of impedance-source converters and, then, proposing a
design methodology for impedance-source converters aimed to replace the traditional tedious, manual and
experience-dependent design methods. Some examples for their deployment in renewable-energy applications

are discussed, and the direction into which power electronic converters will develop in the future is indicated.

1. Introduction

In ancient times, thunder, lightning and electric fish [1] were the
natural phenomena related to electricity. They were treated as myths,
but not as energy until the discovery of electrostatic phenomena by
Thales of Miletus in 640-540 BCE [2,3]. Much later in 1752, B.
Franklin discovered electricity [4], and in 1820 H.C. Orsted revealed
electromagnetism [5]. Since then, a series of great discoveries on the
principles of electricity and magnetism has been achieved by Volta,
Coulomb, GauB, Henry, Faraday and others, leading to many inven-
tions such as batteries (1800), generators (1831), electric motors
(1831), telegraphs (1837) and telephones (1876), to name just a few.
In the early 19th century electricity has been established as a scientific
discipline, and in the late 19th century the greatest progress has been
witnessed in electrical engineering [6].

In 1882, the first power grid, which was a direct-current (DC)
distribution system invented by T. Edison, was set up in New York to
provide 110 V DC power supplying over 1000 bulbs in a short distance.
At that time, the problem was how to transfer energy at a low loss from
power plants to customers over a long distance through transmission
lines [7]. It is now well known that electricity must be transmitted at
high voltages and in the form of alternating current (AC), because DC
voltage could not be increased or decreased by DC systems at that time
[8]. In 1885, L. Gaulard and J.D. Gibbs developed a device named
transformer, which can increase or decrease the electrical voltage of AC
systems. Thereafter, G. Westinghouse applied transformers in AC
distribution systems to transmit electricity efficiently over long dis-
tances, which has promoted the development of electrical engineering

[5].
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Transformers played a vital role in electricity transmission, espe-
cially in energy conversion between different voltages. Transformers
can, however, only increase or decrease AC voltage (AC-AC) at the
same frequency. Moreover, energy loss in transformers, magnetic
radiations, huge volume and high cost of copper limited their wider
use [9]. In practical applications, electric energy was expected to be
converted from one form to another, for instance, between AC and DC,
or just to different voltages or frequencies, or some combinations of
those — demands that cannot be fully met by transformers. Therefore,
novel techniques were required to solve those problems. With the
development of semiconductor switches, power electronics has come
into being [10].

Power electronics refers to electric power, electronics and control
systems. Electric power deals with static and rotating power equipment
for generation, transmission and distribution of electric power; while
electronics is concerned with solid-state semiconductor power devices
and circuits together with control systems for power conversion
specified to meet the desired control objectives. Power electronics is
one of the main technologies to realise energy conversion with high
efficiency. It is known that about 70% of electric energy is converted by
power electronics devices before it reaches the consumer. Nowadays,
power electronics has become a fundamental technology critical for the
development of energy conservation, especially for renewable energy
[11].

The history of power electronics is linked to the breakthrough and
the evolution of power-semiconductor devices. The first power electro-
nics device was the mercury arc rectifier developed in 1900, followed by
other power devices, like metal-tank rectifier, grid-controlled vacuum
tube rectifier, ignitron, phanotron, thyratron and magnetic amplifier,
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developed and deployed gradually for power-control applications until
the 1950s. The second electronics revolution began in 1958 with the
development of the commercial-grade thyristor by the General Electric
company (GE), indicating the beginning of a new era of power
electronics. From 1975 to 1995, more turn-off power-semiconductor
elements have been developed and implemented, which have vastly
improved modern electronics. Included here are improved bipolar
transistors (with fine structures, and also shorter switching times),
metal-oxide-semiconductor field-effect transistors (MOSFETs), gate
turn-off thyristors (GTOs) and insulated-gate bipolar transistors
(IGBTS). Correspondingly, many different types of power-semiconduc-
tor devices and power-conversion techniques have been proposed and
designed. The power electronics revolution has endowed us with the
ability to convert, shape and control electrical power [10].

With the development of semiconductor devices, different kinds of
control strategies have also been developed to realise specified pur-
poses. For instance, high-accuracy and high-frequency control methods
based on single-chip solutions like Digital Signal Processors, Field
Programmable Gate Arrays or Complex Programmable Logic Devices
are applied to meet desired requirements and to gain better control of
loads; more accurate mathematical methods to model power converters
enable gaining better output features, reducing energy losses and
increasing efficiency; and improved control algorithms are utilised to
improve efficiency and robustness, to reduce complexity and to achieve
better output features.

Power electronics converters fall into four categories, i.e. AC-DC,
AC-AC, DC-DC and DC-AC converters, and they have been invented for
and found a wide spectrum of applications in, for instance, transporta-
tion (electric/hybrid electric vehicles, electric locomotives, electric
trucks), utilities (line transformers, generating systems, grid interfaces
for alternative energy resources like solar panels, wind turbines and
fuel cells, energy storage), industry/commerce (motor drive systems,
electric machinery and tools, process control, factory automation),
consumer products (air conditioners/heat pumps, appliances, compu-
ters, lighting, telecommunication equipment, un-interruptible power
supplies, battery chargers) or medicine. Especially in the area of
renewable energy applications, power electronics converters play a
more important rdle, which enable DC micro-grids to realise high-
efficient usage of renewable energy, and stable interfaces between
energy storage systems and renewable energy resources [12,13], as well
electrification of distant villages and rural areas [14]; high-voltage
direct current (HVDC) systems can be also enabled to replace some
long-range transmission AC transmission systems [15]; aircraft power
supplies with special requirements can be realised by specific power
converters [16]; to list just a few. Thus, power electronics has
established itself as a scientific discipline [17].

With the rapid development of modern industry, power electronics
is facing severe problems, namely how to meet the requirements of the
load; how to improve the efficiency and reliability of power-semicon-
ductor devices; how to design converters with smaller volume, less
weight and lower cost; how to reduce the number of power switches
and, thus, the design complexity of converters and how to improve the
robustness of entire systems; and how to minimise negative influences
on other equipment in electric power systems and on the electro-
magnetic environment [18].

Facing these challenges, some advances have been witnessed with
respect to semiconductor switches of power converters, for example,
integrated gate-commutated thyristors (IGCT) were invented to have
lower conduction loss compared to the traditional high-capacity
switches. Accordingly, control strategies were also improved [19].

To design a new power electronics converter, one can, on one hand,
develop a new control strategy; on the other hand, one can design a
novel power converter topology, so as to achieve specific outputs,
simpler control, higher efficiency, less complexity, lower weight,
minimal cost and better robustness. In fact, a control strategy is
specified for a certain topology, and the topology determines the
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control system. Therefore, it is of great significance to coin optimal
power-converter topologies to fulfill the requirements of various
applications.

Owing to a converter's input source being either a voltage source or
a current source, various traditional converters fall into two categories:
voltage-source and current-source converters. It is, however, known
that voltage-source converters suffer from shoot-through problems, the
applicability to capacitive loads only, and limited output-voltage gains;
while current-source converters have open-circuit problems, are ap-
plicable to inductive loads only, and have limited output-current gains
[20].

In order to solve these problems, the Z-source converter was first
proposed by Peng in 2002 [21], coupling an LC impedance-network (a
two-port network with a combination of two basic linear energy-
storage elements, i.e. L and C) with a DC source to form a novel
source, named Z-source, which is a kind of impedance-source (Z stands
for impedance) [22,23,27,24-26]. An impedance-source can be re-
garded as a general source, including the current and the voltage
sources as two extreme cases, i.e. an impedance-source can be regarded
as a current source when its equivalent impedance tends towards
infinity, and as a voltage source when its equivalent impedance is equal
to zero. The concept of the impedance-source provides a solution to the
problems existing in the tractional converters and facilitates high
efficiency of energy conversion [28-31].

Since 2002, many novel impedance-source converters with various
topologies have been coined, such as quasi-Z-source converters, trans-
Z-source converters, embedded-Z-source converters, which have been
widely applied in wind energy [32], solar cells [33,34], motor drives
[35,36], and vehicle systems [37-39]. However, the design of an
impedance-source converter is still an art, lacking systematic design
methodology, which hinders the extensive application of impedance-
source converters in practice.

It is remarked that designing an impedance-source converter
should be subject to the impedance-network matching, which instructs
how an impedance-network can be matched to the sources, leading to a
systematic design methodology, which will be discussed in detail in this
paper.

The main part of this paper is organised as follows.

Past of power electronics converters: Section 1 expounds the
history of the development of power electronics and power converters
and, Section 2 gives preliminaries of traditional voltage- and current-
source converters as well as Z-source converters.

Present of power electronics converters: A profound analysis of
voltage- and current-source inverters is carried out in Section 3, and
that of Z-source inverters in Section 4. The state-of-the-art of im-
pedance-source converters together with typical examples are given in
Section 5.

Future of power electronics converters: The impedance-network
matching is clarified in Section 6, based on which a design methodol-
ogy is proposed in Section 7. Some case studies for different industrial
applications are presented in Section 8. Finally, Section 9 draws a
conclusion and points out the direction that impedance-source con-
verters should follow in the future.

2. Preliminaries
2.1. Voltage sources and current sources

A power converter processes an energy flow between two sources,
i.e. generally between a generator and a load, as illustrated in Fig. 1. An
ideal static converter is assumed to transmit electric energy between
the two sources with 100% efficiency. The conversion efficiency is the
main concern in designing a converter. In practice, power converter
design therefore aims to improve efficiency.

There are two types of sources, namely voltage and current sources,
any of which could be either a generator or a load.
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Fig. 1. A power converter.

A real voltage source can be represented as an ideal voltage source
in series with a resistance ryg, with the ideal voltage source having zero
resistance, to ensure its output voltage to be constant. The voltage
source is normally equivalent to a capacitor C with infinite capacitance,
ie. C = o0, so that . = Z¢ = —ji ~ 0, where Z. denotes the resis-
tance of the capacitor.

Similarly, a real current source can be represented as an ideal
current source in parallel with a resistance r.g, with the ideal current
source having infinite resistance, so that its output current is constant,
which is normally equivalent to an inductor with infinite inductance,
i.e. L = o0, which implies also r;, = Z; = jwL ~ o, where Z; represents
the resistance of the inductor.

Correspondingly, converters can be classified into voltage-source
converters and current-source converters.

2.2. Impedance-network and Z-source

2.2.1. Impedance

The term ‘resistance’ is just concerned with DC circuits, which is
extended to ‘impedance’ in case of applying to both DC and AC circuits.
Therefore, for DC circuits, resistance and impedance are equivalent.
Unlike resistance, which has only magnitude and is represented as a
positive real number (of the dimension Ohm (£)), impedance pos-
sesses both magnitude and phase, and can be represented as a complex
number with the imaginary part denoting reactance and the real part
representing resistance.

Impedance is used to measure the opposition that a circuit presents
to a current when a voltage is applied [40], and is defined as the
frequency-domain ration of the voltage to the current. For a sinusoidal
current or voltage input, the polar form of the complex impedance
relates amplitude and phase of the voltage or current. In particular,

e the magnitude of the complex impedance is the ratio of the voltage
amplitude to the current amplitude, and

® the phase of the complex impedance is the phase shift by which the
current lags or leads the voltage.

2.2.2. Impedance-network and two-port network

Like a resistor network, which is a collection of interconnected
resistors in series or/and parallel, in the context of power electronics an
impedance-network, which involves nonlinear switches, is a network of
impedance components like switches, sources, inductors and capaci-
tors, interconnected in series or/and parallel. An impedance-network
can be passive, if it is just composed of inductors and/or capacitors, or
active, if it is constituted of switches and/or diodes, inductors and/or
capacitors.

It is difficult, if not impossible, to analyse an impedance-network
using (linear) circuit theory due to the nonlinear switching components
contained. It is, however, helpful to simplify the analysis of an
impedance-network by reducing the number of its components, which
is normally done by replacing the actual components with notional
components of the same functions. Among existing analysis methods,
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Fig. 2. Two-port network.

such as nodal and mesh methods [41], the concept of two-port
networks is well suited to analyse impedance-networks [42].

A two-port network, as shown in Fig. 2, is an electrical network or a
device with four terminals, which are arranged into two pairs called
ports, i.e. each pair of terminals is one port. As shown in Fig. 2, the left
port is usually regarded as the input port, while the right one is the
output port. Therefore, a two-port network is represented by four
external variables, i.e. voltage U(s) and current /j(s) at the input port,
and voltage U,(s) and current L(s) at the output port, so that the two-
port network can be treated as a black box modeled by the relationships
between the four variables Uj(s), Ii(s), U,(s) and L(s) [43,44].

The transmission equation of a two-port network is given by [45]:

Ui(s) Uy(s)
= AGs)- ,
[Im] © [—lm] M

where A(s) is the transmission matrix and written as

Aj(s) Ap(s)
A(s) = s
® [Azl(s) Azz(s)] 2)
whose elements are defined as
Ay = A9 |
Us(s) h(s)=0
Ay(s) = 2 ,
—h(s) Un(5)=0
Azl(s) = m s
by h(s)=0
1
Ax(s) = 11(5) .
=5(s) yts)=0 3)
Therefore, (1) can be rewritten as
Ul(s) = A11(5)U2(S) + Alz(s)( - 12(5)),
11(5) = Az](S)Uz(S) + Azz(s)( - 12(5))~ (€))

A two-port network model is a mathematical circuit-analysis technique
allowing to represent a complex circuit by a simple notation. A two-
port network is regarded as a black box with its properties specified by
a matrix of numbers, which allows to easily calculate the network's
response to signals applied to the ports, without solving for all the
internal voltages and currents in the network [46].

Impedance-networks can have multiple ports connecting external
circuits, but generally they have two ports, and can thus be equivalent
to a two-port network. In terms of Thevenin's equivalent impedance
theorem, the input impedance of a two-port network is the equivalent
impedance of the two-port network with an open input port and an
output port connecting a load; while the output impedance (also
named source impedance or internal impedance) is the equivalent
impedance of the two-port network with a short-circuited input port
and an open output port. Further in terms of Ohm's law, the input
impedance of a two-port network Z(s) reads

U(s) _ A ()ZL(s) + Ap(s)
L) Ay(9)Z(9) + Apl(s)’ ()

where Z, (s) is the load impedance of the two-port network's output

Zi(s) =
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port. Similarly, the output impedance of a two-port network Z (s) reads

UZ(S) _ Azz(S)Zs(S) + Ajp(s)
L(s) Ay ($)Zg(s) + Ay (s) (6)

Z(s) =

where Zg(s) is the source impedance of the two-port network's input
port.

2.2.3. Impedance-source converters (Z-source converters)

An impedance-network together with a source constitutes an
impedance-source (also named Z-source), with its equivalent impe-
dance Z € [0, + o). The impedance-source is a general source in the
sense that it includes voltage and current sources as its extreme cases,
that is, it becomes a voltage source for Z = 0, and a current source for
Z — oo. It can then exhibit rich properties for 0 < Z < .

Correspondingly, an impedance-source converter is coined, which
possesses unique advantages over traditional voltage- and current-
source converters, and can well meet more stringent industrial
requirements. It is known that voltage-source converters suffer from
shoot-through problems, the inapplicability to a capacitive load, and
limited gains of output voltages; while current-source converters have
open-circuit problems, are inapplicable to an inductive load, and have
limited gains of output currents. A well designed impedance-source
converter can overcome these problems.

3. Voltage-source and current-source inverters

Converter is a general term for AC-DC rectifiers, DC-DC choppers,
DC-AC inverters and AC-AC converters. AC-DC rectifiers and AC-AC
converters may have the problems of shoot-through, open-circuit and
limited output gains, while DC-DC choppers may suffer from the shoot-
through and open-circuit problems and the inapplicability to a
capacitive or inductive load, and DC-AC inverters may even have all
of the problems mentioned. For simplicity, voltage-source and current-
source inverters are taken as examples to be qualitatively analysed
from the perspective of impedance-networks.

Voltage-source and current-source inverters are depicted in Fig. 3,
where V;4(s) and I4(s) in Fig. 3(a) represent voltage and current of the
voltage source; while V«(s) and I-4(s) in Fig. 3(b) stand for voltage and
current of the current source, respectively. Furthermore, their equiva-
lent circuits are drawn in Fig. 4, where Z,4(s) and Z;(s) are the
equivalent source impedance and equivalent load impedance of the
voltage-source inverter in Fig. 4(a), whose corresponding two-port
network is indicated in the dashed box in Fig. 4(a), and where Z(s) is
the unique component in the two-port network, while Y-¢(s) and ¥ (s)
are the equivalent source admittance and load admittance of the
current-source inverter in Fig. 4(b), whose corresponding two-port
network is shown in the dashed box in Fig. 4(b), where ¥.4(s) is also the
unique component in the two-port network.

oo ] |

+
Vys(s) <>

[ |

(a) Voltage-source inverters
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3.1. Voltage-source inverters

3.1.1. Shoot-through
In terms of (3), the transmission matrix of the voltage-source
inverter in Fig. 4(a) reads

Ayp(s) =1,

Ay12(s) = Zys(s),

Ay (8) =0,

Ayp(s) = 1. (%)

Substituting (7) into (5) results in the input impedance of the voltage-
source inverter as

_ An®Zi6) + Avip(s) _ Z,(5) + Zyg(s)

Zi(s) =
Ayp1(9)ZL(s) + Ayp(9) (8)

while the input current of the voltage source is thus obtained as

Ws(s) _ Vus(s)
Zi(s)  Zu(s) + Zyg(s) 9)

Lyg(s) =

It is obvious that Z; (s) = 0 in case the switches of the voltage-source
inverter on a bridge are turned on simultaneously. Moreover, the
source impedance Zyg(s) is normally very small, ie. Zyg(s) = 0.
Therefore, Zi(s) = Z,(s) + Zyg(s) ~ 0, which implies I 4(s) — oo. Thus,
the voltage source is shorted and a very large current will destroy the
switches. This is the so-called shoot-through problem.

In order to prevent shoot-throughs to occur, the dead-time
compensation technique has often been adopted to prevent switches
from turning on simultaneously [47].

3.1.2. Limited output-voltage gain
In terms of Fig. 4(a), substituting Zg(s) = 0 and (7) into (6) results
in the inverter's output impedance as

Ay (5)Zs(s) + Ayjp(s) Zos(s)
= Zys(s).
Avp1(9)Zg(s) + Ay (s) (10)

Z(s) =

Obviously, the voltage of the load can be expressed as
VL(s) = Ws(s) — IL()Zys(s). 1n

It is straightforward from (11) that Zy, (s) < Vs(s) due to Zyg(s) > 0
and 7 (s) > 0, i.e. the load voltage Vi, (s) is lower than or equal to the
source voltage Vi (s).

In order to fulfill the requirements for high output-voltage gain of
industrial applications such as solar power generation, DC-DC boost
front-stage converters can be cascaded to boost the output voltage,
which has actually changed their output-impedance features [48].

3.1.3. Inapplicability to capacitive loads

It is known that electrical loads can be classified into resistive,
capacitive and inductive ones. A capacitive load is an AC electrical load,
in which the current reaches its peak before the voltage, while an
inductive load is a load that pulls a large amount of current when first

+
A
Ies(s) () Ves(s)

(b) Current-source inverters

Fig. 3. Voltage-source and current-source inverters.
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(b) Current-source inverters

Fig. 4. Equivalent circuits of voltage-source and current-source inverters with two-port networks.

energised, as in motors, transformers and wound control gear, and a
resistive load is a load which consumes electrical energy in a sinusoidal
manner. This means that the current flow is in time with and directly
proportional to the voltage, such as with incandescent lighting and
electrical heaters.

The impedance Zy(s) in a two-port network is equivalent to a
capacitor with very large capacitance, which implies that
Zyg(s) = —ji ~ 0. In terms of (11), one has Vi (s) = Vyg(s). It is
remarked that if the load impedance Z, (s) is capacitive, a capacitive
source offers energy to a capacitive load, while Vi, (s) = Vi4(s) at a
steady state implies that the voltage-source inverter does not function,
and is thus inapplicable to capacitive loads.

It is concluded that, due to the impedance of a two-port network
between the voltage source and the inverter bridges, the voltage-source
inverter has the problems of shoot-through, limited output-voltage
gains and inapplicability to capacitive loads, which restrain its wide
utilisation.

3.2. Current-source inverters
3.2.1. Open circuit

In terms of (3), the transmission matrix of the current-source
inverter in Fig. 4(b) reads

Acii(s) =1,

Acp(s) =0,

Aco () = Yes(9),

Acy(s) = 1, (12)

where Y 4(s) is the source admittance of the current-source inverter,
which is reciprocal to its source impedance. Substituting (12) into (5)
results in the input admittance of the current-source inverter

1
) Aczl(s)m + Acx(s)
o= 75 = 5 = 1.6) + Ys(s).
i AC“(s)m + Acpp(s) (13)

where Y, (s) and Y4(s) are the load and source admittances, respectively,
as shown in Fig. 4(b), while the input voltage of the current source is
thus obtained as

Ig(s)

Ves(s) = ——S5
ests) Y () + Yes(s) 14)

where I4(s) is the current of the current source, as shown in Fig. 4(b).

An inverter normally includes at least one inverter bridge, and such
a bridge is normally composed of one upper switch and one lower
switch. On each bridge, either the upper or the lower switch must be
kept on; otherwise, one has ¥ (s) = 0. Moreover, the source admittance
Yes(s) is  normally very small, ie. Y.(s)~0. Therefore,
Yi(s) = Y.(s) + Yc5(s) = 0, which implies V4(s) — oo. Thus, the current

source is open-circuit and a very large voltage will destroy the switches.

In order to prevent the open-circuit problem, the overlapped-time
technique on upper and lower switches has normally been utilised to
ensure at least one of the upper switches and one of the lower switches
to be on at any time [47].

3.2.2. Limited output-current gain
In terms of (6), one can obtain the output admittance of the
current-source inverter as

1
A ()5—— + Acui(®)

Yy(s) = Z;(v) = o @ = Yes(s),

© cn(s) Yos®) + Acip(s) 15)
while the output current is
Ton(9) = Ies(9) — Ves(9)Yes(s). (16)

For V4(s) > 0 and Y5 > 0, one has Iy < I, i.e. the load current I (s)
is lower than or equal to the source current J4(s).

3.2.3. Inapplicability to inductive loads

The admittance Y-(s) in a two-port network is equivalent to an
inductor with very large inductance, which implies that
Yeg(s) = — jﬁ ~ 0. It is remarked that if the load admittance ¥ (s) is
inductive, an inductive source offers energy to an inductive load, while
Io (s) = Icg(s) at a steady state implies that the current-source inverter
does not work, and is thus inapplicable to inductive loads.

It is concluded that, due to the admittance of the two-port network
between the current source and the inverter bridges, the current-source
inverter has the problems of open-circuit, limited output-current gains
and inapplicability to inductive loads.

4. Z-source inverters

Peng [21] proposed in 2002 to use an impedance-network (named
Z-network), as shown in Fig. 5 and in the rectangles in Fig. 6, coupled
with a DC source to form a novel source, including voltage- and

I L
" > l N l !2 T
G C
Uy %
. h L Lo
< ALA >

Fig. 5. A Z-network.
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Fig. 6. Z-source inverters.
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Fig. 7. Typical Z-source converters.

current-type Z-source inverters, as shown in Fig. 6. Applying this Z-
source technique in other converters results in Z-source DC-DC
converters (Fig. 7(a)), Z-source AC-DC rectifiers (Fig. 7(b)) and Z-
source AC-AC converters (Fig. 7(c)).

Similarly and for simplicity, the voltage-type Z-source inverter is
also taken as an example to explain the reasons why Z-source
converters can overcome the problems of voltage-source and current-
source converters. The diagram of a voltage-type Z-source inverter is
drawn in Fig. 6(a), whose equivalent two-port network is illustrated in
the dashed box in Fig. 8.

Assume L, = L, = L and C, = C, = C, and denote the impedance of
diode D by Z,4(s). In terms of (2), one can obtain the transmission
matrix of the Z-network as

Az11(9) A212(‘Y)]

A =
) [A221(5) Az) |

17)

where, in terms of (3), the elements read

Zzs(s)

Izs(s)

Vzs(s)

Fig. 8. Equivalent circuit of voltage-type Z-source inverters with two-port network.

Az (s) = %’
Azpp(s) = %,
Az (s) = l_zsfgws
Aa(s) = % 18)

Substituting Zy(s) = Z,4(s), Z.(s) = Z4 (s) and (18) into (5) and (6)
results in the input and output impedances of the Z-network as

($°LC + 1)Zy (s) + 2sL
SPLC + 25CZy (s) + 1

Az11()Z71.(5) + Azip(s) _

Z(s) = =
) Azp1($)Z71.(5) + Azpp(s)

($*LC + 1)Z4(s) + 2sL
S2LC + 25CZyg(s) + 1

Az2a(5)Zy5(s) + Azip(s)

Z,(s) = =
() Az1(5)Zz5(s) + Azyy(s)

(19)

where Z,4(s) is the source impedance of the Z-network's input port and
Z, (s) is the load impedance of its output port described by

0, ifDison
7 _J0 s
z5(9) {co, otherwise, (20)
and
0, at a shoot—through state,
Zy(8) = {00, at an open—circuit state,
Z,(s), otherwise, 21)

where Z,(s) is the load impedance of the inverter bridge. Substituting
(20) and (21) into (19) leads to the input and output impedances as

ZZ;L, at a shoot—through state,
s°LC + 1
V4 LLC 1 at an open—circuit state
7(s) = 2w5C p s
($°LC + DZ,(s) + 2sL )
5 , otherwise,
25CZ,(s) + s°LC + 1 (22)
and



G. Zhang et al.

AY|
1
G
— o' " M Y
Ly D

G, >

Iz _]L{L;; Iz

(a) Voltage-fed one with continuous current

Y Y\

’ p T°C Jt@ Jt@ Jl@
O " =

L,
Iz J[:E; Iz

\

(c¢) Current-fed one with continuous current

)
)
l

Renewable and Sustainable Energy Reviews xxx (Xxxx) XXx—xxx

L

N4 -

E,I; ’ 3 4 13
& JQ; Ix

(b) Voltage-fed one with discontinuous current

— Y Y\

1o 1444
v (©
“() — -

e Ly
Iz J[é; Iz

(d) Current-fed one with discontinuous current

N
A}l
'

Fig. 9. Quasi-Z-source inverters [59].

2sL

ﬁ’ if D is on,
K +
Z,.(s) =
20 =1 2041 .
—————, otherwise.
2sC (23)

4.1. Immunity to shoot-through

The input current of the Z-source inverter is expressed as

Vas(s)

L = s
25(5) Z7(s) 24)

where Z, (s) =0 when the switches on a bridge are turned on
simultaneously. It is obvious that Z,(s) # 0 holds in all cases in terms
of (22). Therefore, shoot-through will not happen for the Z-source
inverter. Compared to the voltage-source inverter, the Z-source in-
verter is immune to the shoot-through problem, so that the short-
circuit phenomenon at the source can be avoided, because the Z-
network increases the input impedance.

4.2. High output-voltage gain

Denote the duty cycle of the diode D as d and assume d € [0, 1]. In
terms of (23), one can obtain the average output impedance as

s4 + S2(72(1 +d) ] + !
1 -dL (1 -dLC) [?

2

ZZU(S) = 3 1
ST+ s—

while the output voltage of the Z-source inverter, V,; (s), is expressed as
VL (s) = Vgs(s) — Iz (5)Zz,(s). (26)

It is obvious that Z, (s) is a function of the duty d in terms of (25).
Adjusting Z,,(s) to be negative or positive via d, one can obtain either
Vi (s) > Vyg(s) or Vi (s) < Vyg(s) at will, which implies that Z-source
inverters can overcome the problem of limited voltage gains which
traditional voltage-source inverters have.

4.3. Applicability both to capacitive and inductive loads
Assume that Z,(s) is capacitive. Then, in terms of (23), one has

1

L = o 27
where C| is the capacitance of the load. By adjusting the duty cycle d,
the inductance L and capacitance C of the Z-network, its output
impedance can exhibit the inductive feature, implying that the Z-
source inverter is applicable to a capacitive load. Similarly, assume that
Z,(s) is inductive, then one can also prove that the Z-source inverter is
also applicable to an inductive load.

It is thus concluded that, due to the embedded Z-network, Z-source
inverters have unique advantages over traditional ones, i.e. immunity
to shoot-through, higher output-voltage gains and applicability both to
capacitive and inductive loads, which open up great potential in
renewable energy applications.

5. State of the art of impedance-source converters

Inspired by the typical Z-source converter proposed by Peng,
various impedance-source converters have been proposed for different
applications, such as quasi-Z-source converters, trans-Z-source con-
verters or embedded-Z-source converters. So far, more than 1100
articles on impedance-source converters have been published in
various professional journals by many scholars [22-26], e.g. by Peng
[49], Loh [50-53], Tang [54,55], Jung [56], Varjani [57,36]
and Vinnikov [58]. Some typical Z-source converters are to be reviewed
in this section.

5.1. Quasi-Z-source converters

The quasi-Z-source converter was proposed by Anderson and Peng
in 2008 for applications in motor systems, renewable energy systems
and micro-grid systems. According to the operational modes voltage-
type or current-type and continuous or discontinuous current, quasi-Z-
source converters can be classified into four categories, i.e. voltage-fed
quasi-Z-source inverters with continuous input current, voltage-fed
quasi-Z-source inverters with discontinuous input current, current-fed
quasi-Z-source inverters with continuous input current and current-fed
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Fig. 10. Equivalent circuit of the converter in Fig. 9 [60].

quasi-Z-source inverters with discontinuous input current, which are
shown in Fig. 9 [59]. It was found by Cao and Peng [60] that all
impedance-networks in Fig. 9 can be derived from the one in Fig. 5. For
instance, the voltage-fed quasi-Z-source inverter with continuous input
current in Fig. 9(a) is equivalent to that in Fig. 10, whose switches Sy
and S, are equivalent to the diode D and the inverting bridge in
Fig. 9(a), respectively.

It is remarked that the impedance-network in Fig. 10 is a typical
quasi-Z-network, based on which various quasi-Z-networks can be
derived. For example, Cao and Peng have proposed a family of quasi-Z-
source DC-DC converters [60], and Vinnikov et al. have also proposed
some novel quasi-Z-source DC-DC converters for renewable energy
systems [61].

5.2. Trans-Z-source converters

Compared with traditional voltage-source converters, whose voltage
gains are normally in the scale of 5~6, typical Z-source and quasi-Z-
source converters can reach much higher voltage gains in the scale of
20, which are, however, still not big enough for some special applica-
tions. For example, voltage gains of converters utilised in solar energy
systems need to reach the scales of decades or even hundreds.

In 2010, Qian and Peng et al. have integrated the transformers or
coupled inductors into Z-networks (shown in Fig. 5) and quasi-Z-
networks (shown in Fig. 10) to construct trans-Z-networks (shown in
the dashed box in Fig. 11) [62] and to coin various trans-Z-source
converters.

In terms of different operational modes of input current and
coupled inductors, trans-Z-source converters can be classified into six
categories, viz. voltage-fed trans-quasi-Z-source inverters, current-fed
trans-quasi-Z-source inverters, voltage-fed trans-quasi-Z-source inver-
ters with coupled inductors, current-fed trans-quasi-Z-source inverters
with two coupled inductors, voltage-fed trans-Z-source inverters and
current-fed trans-Z-source inverters, as shown in Fig. 11. Therein,
trans-Z-source converters not only maintain the main features of
traditional Z-source converters, but also exhibit some unique advan-
tages, namely increased voltage gains and reduced voltage stress for the
voltage-fed trans-Z-source inverters due to the transformers or coupled
inductors, and an expanded operation quadrant for the current-fed
trans-Z-source inverters. However, transformers and coupled inductors
increase volume and cost.

5.3. Embedded-Z-source converters

In order to obtain smaller volume and higher robustness, in
2010 Loh et al. proposed embedded-Z-source converters [63].
Instead of using an external LC filter, they proposed an alternative
family of embedded-Z-source inverters, which adopts the concept of
embedding the input DC sources into the LC impedance-network, using
its existing inductive elements for current filtering in voltage-type
embedded-Z-source inverters, and its capacitive elements for voltage
filtering in current-type embedded-Z-source inverters. The typical
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topologies can be classified into a two-level type and a three-level type,
as shown in Fig. 12.

It is remarked that the embedded-Z-source inverters do not only
maintain the features of typical Z-source inverters, but also generate
smaller ripples of input voltage and current.

5.4. Other impedance-source converters

In addition to the above-mentioned impedance-source converters,
some others have also been proposed, like Y-source converters (Fig. 13)
[64], I'"Z-source converters (Fig. 14) [65-68], LCCT-Z-source con-
verters (Fig. 15) [69,70] and Z-H-source converters (Fig. 16) [71], to
list just a few.

Y-source converters as shown in Fig. 13 are designed on the basis of
trans-Z-source converters which, however, realise a higher voltage gain
by using a smaller duty ratio.

The I'-Z-source converters shown in Fig. 14 are essentially derived
from trans-Z-source converters. They use fewer components and a
coupled transformer to provide a high voltage gain. Two I-shaped
inductors (Fig. 14(a)) are coupled in trans-Z-source converters to form
I'-Z-source converters. Moreover, a voltage source embedded in the I'-
shaped network in Fig. 14(a) yields an embedded-Z-source converter.

With LCCT standing for inductor-capacitor-capacitor-transformer,
the LCCT-Z-source converters shown in Fig. 15 are extensions of trans-
Z-source inverters with unique features, such as the converter in
Fig. 15(b), whose two built-in DC blocking capacitors, cascaded with
transformer windings, can prevent the transformer from saturation,
while the one in Fig. 15(a), whose built-in DC capacitor (or electrolytic
capacitor), cascaded with transformer windings, possesses the features
of both quasi-Z-source and trans-Z-source converters.

Fig. 16 depicts a Z-H-source converter, which contains fewer
components, but has the same functionality as traditional Z-source
converters.

It is remarked that, so far, the design of an impedance-source
converter is still an art, and cannot fulfill industrial requirements. The
rapidly developing renewable-energy industry has posed higher and
more stringent requirements on power electronics, especially high-
quality converters. Therefore, a systematic design methodology is
desired. Owing to the important réle of impedance-networks, coupled
with traditional converters to construct impedance-source converters,
it is significant to understand impedance-network matching, which lays
a foundation for a systematic design methodology.

6. Impedance-network matching
6.1. Impedance matching

The concept of impedance matching deals originally with linear
circuits, and is not directly applicable to power converters, where
essentially nonlinear switched circuits prevail. Nevertheless, in each
operational mode, a power converter works as a linear circuit, which
results in the time-varying characteristics of impedance-network
matching. Therefore, the concept of impedance matching can be
extended to impedance-network matching in three aspects: input-
impedance matching, output-impedance matching and load-phase
matching.

6.2. Impedance-network matching

6.2.1. Input-impedance matching
Substituting s = jw into the input impedance of the two-port
network in (5) results in

Az o) + Alz(/m] . qm[ A ()2, Go) + ApGeo)
Ay (j0)Zy (j) + Ay () Ay (j0)Zy (j) + Ayy(jw) )
(28)

Z(jw) = Re
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Fig. 12. Typical embedded-Z-source converters [63].

The shoot-through state implies that Z, (jo) = 0, so the input impe-
dance in shoot-through state is derived as

Alz(iw)) +jIm( Alz(iw))
Ay (jw) Ay (jw) '

whereas the input current of the voltage source at shoot-through states
is expressed as

Z(jw) = Re[
(29)

o) _ D) |
Z(jr) Re( Au(/a’)) + 'Im( Alz(ia’))
An, (joo) Ap (jw)

L(jw) =

(30

Since inductive components hinder their current to change, it is then
obvious that the converter can restrain the short-circuit current if its
input impedance in (29) is inductive.
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App(jo)
Ay (jw)

i 3202 > 0

6.2.2. Output-Impedance matching

Substituting s =jw into the output voltage equation V(s)
=Vy(s) — I.(s)Z,(s) results in V (jo) = Vs(jw) — I jw)Z,(jw). It is re-
marked that in order for the output voltage to be higher than the source
voltage, the output impedance Z (jw) should be negative; otherwise, the
output impedance Z (jw) should be positive.

Substituting s = jo into (6) leads to the output impedance of the

two-port network as
] + jIm[ ]

(31)

Ap(jo)Zg(jo) + A (jo)
Ay (jo)Zg(jw) + A (o)

Ay (jo)Zg(jo) + A (jo)
Ay (jo)Zg(jw) + Ay (jo)

Z(jo) = Re[

(32)
while the corresponding output voltage is
. . Z (jo)
V(o) = Vg(jo)————
R A ES AT (33)

It is obvious that IV (jw)l > IVg(jow)l, if the voltage gain M satisfies the
condition M > 1, namely,
M= IV (o)l
V()
Z, (jo)
Z, (jo) + Z(jw)
_1ZGo)
T 1Z (o) + Z,(jo)
_ JIRe(Z, (o) + [Im(Z, (o))
\/ [Re(Z, (jo)) + Re(Z,(jo)]* + [Im(Z, (jw)) + Im(Z,(jo))]*

>1,

34
from which one has
[Re(Z, (jo)* + Im(Z, (jo))* > [Re(Z, (jw)) + Re(Z,(jw))]*

+ [Im(Z, (jw)) + Im(Z,(j))T’, (35)

D y F JQ& Jlés J{fg
O -
s =
1k _Ilé‘ =

T®

(a) Source placed in series with diode

Renewable and Sustainable Energy Reviews xxx (Xxxx) XXx—xxx

which can be further simplified as

2[Re(Z, (jw))Re(Z,(jo)) + Im(Z, (jo)Im(Z,(jo))] + [Re(Z,(o)]
+ [Im(Z(jo))T* = 2[Re(Z, (jw)Re(Z,(jw))

+ Im(Z, (jo)Im(Z,(jo))] + 1Z,(jw)* < 0. (36)
If one has
Re(ZL (jo))Re(Zy(jo)) + IM(Z (jo)Im(Zy(j)) < — M <0, (37)
then (34) holds. That is, if Re(Z (jw)Re(Z,(jw)<0 or

Im(Z, (jo)Im(Z,(jw)) < 0, and their sum is smaller than 0, then (37)
holds. Moreover, (37) suggests that the real parts of the load
impedance and the output impedance should have opposite signs, or
the imaginary parts of the load impedance and the output impedance
should have opposite signs. This means that the output impedance
should have negative impedance features; otherwise, the output
impedance exhibits positive impedance features.

6.2.3. Load-phase matching

In order to improve an inverter's load ability, so that it becomes
applicable to both inductive and capacitive loads, the inverter's output
impedance phase should be capacitive or inductive so as to match the
load impedance to reduce the inverter's impedance phase angle.
Therein, the total impedance phase is the sum of the output-impedance
phase and load-impedance phase. Moreover, the smaller the total
impedance phase is, the larger is the inverter's power factor. Therefore,
the optimal condition is its total impedance phase to be 0°.

The impedance-phase angle of the converter is given by

(Im(Zo(jw) + ZL(jw))]
¢ = arctan| ——————|.
Re(Z,(jw) + Z, (jo)) (38)
In terms of (32),

. . Ay (jo)Zg(jo) + Ap (jo) .
Im(Z +Z =1 +Z =0
&)+ 260D m( Ao Zjo) + Aoy I ) 39)

implies that its impedance-phase angle is 0°. Moreover, (39) can be
further simplified to

Ay (jo)Zg(jo) + A, (jw)
Ay (jo)Zg(jw) + A (o)

Im(Z, (jw)) = — Im(Z,(jw)) = — Im(
(40)

6.3. Matching practice

It is now known that input-impedance matching is to increase the
input impedance for the short-circuit case, so that the input impedance
becomes inductive and also restrains the input current. Output-
impedance matching is to tune the output impedance to be of positive
or negative nature, so as to increase or decrease the output voltage by

2
L

Pr

 { wl

N
(2

L)

~ Ci

AY|

(b) Source placed in series with inverter bridge

Fig. 14. I-Z-source converters [65].
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(b) Two blocking capacitors type

Fig. 15. LCCT-Z-source converters [69].

Fig. 16. Z-H-source converters [71].

connecting an impedance-network or adjusting the impedance-net-
works' parameters. Finally, load-phase matching is to match the output
impedance with the load impedance to ensure the impedance-phase
angle to be 0°, so that the energy-transmission efficiency is optimised.
Hence, in designing an impedance-source converter, input-impedance
matching, output-impedance matching and load-phase matching
should be considered together.

From Sections 6.2.1-6.2.3, criteria for impedance-network match-
ing can be concluded as

Im(m) >0,
Ay (jw)
Re(Z, (jw))Re(Z,(jw)) + Im(Z; (jw))Im(Z,(jw)) < —

Ay (j0)Zs(jw) + Alz(jw)]
Ay (j0)Zg(jw) + Ay (o) |

1Z, (jw)l?
2

5

Im(Z, (jow)) = - Im(
41

Thus, to design an impedance-source converter is to determine the
topologies and parameters of the impedance-network, the source
impedance and the load impedance, so that (41) is satisfied, which is
to be concretised in the next section.

7. Design methodology
7.1. Topology design

Determining the performance of converters, the topology of im-
pedance-networks deals with impedance-network connectivity and
component locations.

7.1.1. Impedance-network connectivity

Impedance-network connectivity refers to the terminals' connectiv-
ity of two impedance-networks. There are four terminals in each
impedance-network, which results in different connectivity types of
two-port networks, i.e. cascade, parallel, series-parallel, parallel-series
and series-series connectivities, as well as the corresponding opera-
tional rules shown in Table 1.

Therein, A, Y, H, G and Z are the matrices of transmission
parameter, admittance parameters, hybrid parameters, inverse hybrid
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parameters and impedance parameters, respectively. Moreover, the
connectivity of two-port networks as shown in Table 1 can be the
connectivity between two impedance-networks, between an impe-
dance-network and the source, or between an impedance-network
and a load.

7.1.2. Location of an impedance-network
The location of an impedance-network can be varied.

1. As shown in Fig. 17(a), the impedance-network can be placed
between the source and a part of the converter, e.g. illustrated in
Figs. 6, 7(a), 9, 11, 13, 14(a) and 15.

. As shown in Fig. 17(b), the impedance-network can be placed inside
the converter, e.g. the Z-source AC-AC converter in Fig. 7(c).

. As shown in Fig. 17(c), the impedance-network can be placed
between the converter and the load, e.g. the Z-source AC-DC
converter in Fig. 7(b) and the Z-H-source converter in Fig. 16.

7.2. Selection of an impedance-network

Basic two-port impedance-networks and their transmission para-
meters matrices are listed in Table 2, where Z, = Z,Z,Z:Z,.

Denote the source impedance in the input port of the two-port
network as Z,g and the load impedance in its output port as Z,; , then
the corresponding input and output impedances can be expressed in
terms of (5) and (6) as listed in Table 3. Moreover, the impedance-
phase angle of the two-port impedance-network is given as

}

Substituting the output impedance Z, in Table 3 into (42) results in the
corresponding impedance-phase angles, which helps to select proper
impedance-networks. It is remarked that

Im(Z, + Z,;)

@ = arctan|
(Re(Z0 + Zy)

(42)

(Zy + 223+ ZoZy+ VZop + 22024+ L7374+ 21+ Z4
(LZoZ3+ ZoZ3Z4+ Zo+ 230201 + ZiZn + 2374+ Zy + 17
0 7 CxA DT+ 7+ Vst D274t U2+ D+ 74

© X0 T (22073 + 297374+ Ty + Z3)Tns + L3+ ZoZa+ 2y + 17
3.Z2v=27Zy+ ZZs+ Z,Z;.

1. Zy =

7.3. Input-impedance

In different operational modes a power converter works as different
linear circuits, which leads to the time-varying characteristics of
impedance matching. Three cases of power converters, i.e. short-
circuit, open-circuit and normal operation, correspond to three in-
put-impedance cases of a two-port network. In the short-circuit case,
the output port of the two-port network is short-circuited, and its
input-impedance is Z;, = Z|,, _,. Similarly, the open-circuit case refers
to the situation of the two-port network's output port being open-
circuit with its input-impedance reading Z;, = Z|,, _.,. Further, the
input impedance of the two-port network in the normal case refers to
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Table 1
Connectivities of two-port networks and operational rules.

Type Connectivit Operations
Yy Yy
Cascade 4‘ A '—‘ A, |'— A=A A,
L\ ) -
. ‘. Y' v e
Parallel Y=Y;:+Yy
Y2
- Hy
Series-parallel H=H; +H>
H;
| G,
Parallel-series G=G1+Go
G;
Z
Series-series Z=71+7Z
Z,
[t H [ jl
; N i s T e
:‘ : Part Part E | Part
! [impedance|! of of ' Impedance] | of
+ i | Network |i | original I:] = + original | || Network |if original I:I 7
Vs ) ; ' | converter L b . converter E /| converter o
5 i i : B -
(a) Between source and converter (b) Inside the converter
T 1
! |
' —
Part : |
of ' |Impedance | |
it original | Network II:I 7
s\ converter| | | -
: L

(¢) Between converter and load

Fig. 17. Location of an impedance-network in converters.
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Basic two-port impedance-networks and their transmission parameters matrices.

Networks type Figure Transmission matrix A
—
—J _ _
. Z 1 Z
Basic cascaded ' !
L 0 1 m
. (1 0]
Basic paralleled Z L
L 71 ]
rm
—J
Zy+Z1Z3+Z2Zs+1 Z\ L Ziy+ 7 Z3 Ziy+ 71 + 2y
. -7 17
X-shaped Z1Zo 73+ Do Zalat+ Zo+ Zs ZuA 21235 Z3Z4+1
—4Lx —4Lx
Z1+2Z3
m-shaped % 2
p Z\+Z25+73  Z1+Zs
Z2Z3 Zo
™
| S
A Z 1 Z
2 1
I'-shaped [ 1 Zi+2
Z Za
[
—J
Z, A Z1+7Z> 7
Inverse-I'-shaped %2 1
Z>
I +Zy L1723+ 7173+ 7273
. Z Z
T-shaped 2 2447,
Zs Zo

Table 3

Input- and output-impedances of two-port networks.

Table 4
Input-impedances of two-port networks in different cases.

Networks types Z Z, Networks types Short-circuit case Z; Open-circuit case Z;,
Basic cascaded VAR Zys + Z; Basic cascaded Zy &
Basic paralleled 212 257 Basic paralleled 0 Zy
ZL+24 fHst4 X-shaped UDZy+ UZ3Z4+ 2+ Zy 223+ DZa+ BH73Z4 + |
X-shaped Zy; Zxo 22y + 7374+ H2pZ374+ | U3+ B4+ D+ 73
s-shaped (Z)+ B)DHD1 + L7y (A + 2)73%s + W %73 sn-shaped %) ) +23)2
A+ 2+ D)L+ U+ D)7 A+ 2+B)Hs+ 4+ 37 Q+2 Q+0+273
T-shaped %1+ %% G+D)%s+2 I-shaped 242 Zy
DHL+h+2D Hs+747 2+2
Inverse-I-shaped G+ D)HL+7 205+ 47 Inverse-I-shaped K Zi+ 2,
DL +242 DS+ 0+20 2
T-shaped 4+ D71+ 2y (Z3+ D)7 + 71 T-shaped LD+ L3+ 23 Zi+Z,
HL+H+73 DHs+DH+2) H+73

Z,. = Z;. For various cases the input-impedances are summarised in

Table 4.

7.3.1. Short-circuit case

According to Table 4 is it straightforward that the input-impedance
of the basic parallel type is 0 in the short-circuit case, implying the
inability to prevent the short-circuit case; while the basic cascaded type
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cannot prevent the short-circuit case either when Z; is very small, i.e.
the voltage-source inverter is also a typical cascaded type, but it cannot
prevent the short-circuit case as Z; is close to 0.

7.3.2. Open-circuit case
From Table 4 it is obvious that the open-circuit input-impedance of
the basic cascaded type is infinite, implying that it lacks the ability to
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prevent the open-circuit case in the load, while the basic parallel type
cannot prevent the open-circuit case either when Z, = o, i.e. the
current-source inverter.

7.3.3. Normal case

For a converter operating in a normal case, its input-impedance of
each two-port network is given in Table 3.

Normally, one can obtain the average input-impedance in one
switching period with the corresponding control strategy as

Z, = dZ, + dyZ, + (1 — d; — d))Z;

10 1c?

(43)

where d;, d»> and 1 — d, — d, are the corresponding duty cycles of input-
impedances in three cases, respectively.

7.4. Output-impedance

Similarly, the output-impedances of the two-port network can be
obtained for the three cases as follows.

Case 1: Z,3 =0

Suppose that the input port of the two-port network is connected
with an ideal voltage source, i.e. Z,, = Z |, _,. Substituting Z,5 = 0 into
the equations for the output-impedance in Table 3 results in the
corresponding output-impedances in Table 5.

In terms of Table 5 is the output-impedance of the basic cascade
type in this case Z;, and Z; determines the features of the output-
impedance, which lead to low output voltage, e.g. of the voltage-source
inverter in Fig. 3(b), where Z, = Z. It is obvious that the output voltage
is lower than the input voltage due to the output-impedance, and it can
load the inductive loads, only.

Case 2: Z,g >

Suppose that the input port of the two-port network is open-circuit,
ie. Zy, = Zlz, o Substituting Z,5 = co into the equations for the
output-impedance in Table 3 leads to the corresponding output-
impedances, given in Table 5.

Case 3: Normal case

Denote the output-impedance in the normal case as Z . in Table 3.
It is remarked that the average output-impedance in one switching
period is given by

Zo = d3ZOS + d4Zoo +d- d3 - d4)Zoc’ (44)

where ds, d4 and 1 — d; — d, are the corresponding duty cycles of input-
impedances in three cases, respectively.

Similarly, the impedance phase of a converter can be obtained
according to Table 5 and (42). Then, input-impedance matching,
output-impedance matching and load-phase matching are comprehen-
sively analysed to realise optimised matching.

7.5. Analysis of the operational status

Power switches in a power converter lead to different kinds of
operational modes, which should be analysed in detail to understand

Table 5
Output-impedances of two-port networks in different cases.

Networks type Zys=0 Zys =
Basic cascaded Zy —00
Basic paralleled 0 Zy
X-shaped U424+ 47374+ 1 + 74 A2 + 2324+ D774 + |
U753+ 2yZ4+ L2oZ374+ | UoZa+ HZ3Za+ D+ 73
n-shaped 4+7 G+ 2573
n+23 Q+H+23
I-shaped a Zi1+ 2y
)
Inverse-I-shaped 47 Zs
n+2
T-shaped 20+ 123+ 573 Z3+ Zy
H+7
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the overall performance of the converter. The analysis includes the
energy-transfer process and deductions of voltage and current relation-
ships through the law of conservation of energy, Kirchhoff's current
and voltage laws and other basic circuit laws.

7.6. Parameters design

According to Section 7.5 and the impedance-matching conditions in
(41), the parameters of the converter are determined via the transmis-
sion parameters' matrix.

7.7. Simulations and experiments

According to the parameters obtained in Section 7.6, simulations
and experiments need to be conducted to verify the designed con-
verters with circuit simulation software, e.g. MatLab/Simulink, PSIM
or PSPICE.

8. Case study
8.1. A Z-source half-bridge converter

Electroplating is a kind of electrochemical process with the purpose
to let metal ions cover the surface of negative electrodes evenly and
smoothly. Owing to the non-uniformity of this solution, the DC voltage
direction and the current density should be adjusted from time to time,
which requires complicated designs for different products and pro-
cesses [72,73]. With the rapid growth of the demand for electroplating
products with very different voltages and duty cycles, there are
increasingly stringent requirements on the electrochemical power
supplies to provide a broad range of outputs, asymmetrical positive
and negative voltages, step waves, recurrent pulses, square waves,
triangular waves and saw-tooth waves [74].

In order to realise the aforementioned functions, the output
voltages of electrochemical power supplies are required to be variable,
including variable positive or negative output voltages and variable
time ratios between positive and negative voltages. For instance, in
order to realise smooth electroplating products, the current densities
and directions should be varied according to the requirements of
electroplating technology [72,73]. Traditionally, one had to compose
several cascaded sub-circuits and to use complex control methods to
generate an overlapped waveform of multi-output voltages [74,75],
with the disadvantages that it is hard to control and regulate the output
voltages and that the use of cascaded sub-circuits not only increases
cost and size, but also leads to more complex, bulky structures and to
system instabilities. Moreover, the corresponding converters had to be
cascaded based on experience gained for different electroplating
products. Therefore, traditional designs are made on a case-by-case
basis and are dependent on expert experience, which cannot meet the
requirements of industrial applications.

8.1.1. System design

An impedance-network of the X-shaped two-port type as men-
tioned in Table 2 is chosen. Then, embedding the Z-network between
the capacitors and the inverter bridge in the traditional half-bridge
inverter results in the Z-source half-bridge converter as shown in
Fig. 18.

Therein, an LC Z-network, consisting of capacitors C;, Co, and
inductors Lq, Lo, is integrated into a traditional half-bridge converter,
consisting of capacitors Cy;, Cgo, switches Si, S and diode D, which is
used to prevent the current from flowing back to the source. Moreover,
the inductors are employed in the Z-network to prevent strong currents
in the circuit when the switches are in the shoot-through state [76].

8.1.2. Experimental verification
To verify the feasibility and validity of the proposed converter, a
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Fig. 19. Prototype of the proposed converter.

prototype of the Z-network converter was built as shown in Fig. 19, and
the parameters were chosen as G, = C;, = 470 pF, C, = C, = 470 pF,
Ly=L,=100pH, R = 100 Q and T = 20 ps.

The waveforms of the converter's operation at d; = 0.5 and d> = 0.7
for the input voltage 40 V are shown in Fig. 20. Therein, the upper
waveform refers to Vg, (Gate-Drain voltage) of the switch S;, the
middle one to Vg, (Source-Drain voltage) of the switch S,, which is not,
but can be synchronised to the driving waveform of S,; the lower
waveform shows the output voltage of the load R, whose negative and
positive output voltages are symmetric, and which are all about 50 V.
This verifies the analytical and simulation results.

Fig. 21 depicts the experimental waveforms of the converter's
operation for d; = 0.7 and d, = 0.5. Therein, the negative and positive
output voltages are asymmetric, the positive one is about 20 V, which is
nearly equal to V,/2, and the width is d,T. The negative one is 40V,
which is much larger than V,/2. The experimental results are also
consistent with the simulation results.

8.2. A dual-output Z-source half-bridge converter

To reduce the number of power switches in hybrid electric vehicles
(HEV) [77], a dual-output converter with nine switches is proposed in
[57]. Therein, two inverters share three common switches, resulting in

Tek $753 I e R 2R K]
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Fig. 20. Experimental waveforms in the shoot-through case (d; = 0.5, d> = 0.7).
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b i i i i
Ji00us J@® 800y 50.9354kHzf0329.01 )

the elimination of three switches. But the limited-voltage and shoot-
through problems still remain. In order to solve them, the DC-DC boost
converter is replaced by a Z-network in [57], in which five switches are
eliminated. However, there are still nine switches left in it.

To reduce the number of switches further, a dual-output Z-source
half-bridge converter with only three switches is proposed for hybrid
electric vehicle systems [78] along with the impedance-network
matching and design methodology in this section.

8.2.1. System design

As mentioned above, electric vehicles require power supplies with
dual-output DC-AC converters, because there are two energy systems.
Moreover, specific features such as few switches, being immune to the
shoot-through problem, and high output-voltage gains are eagerly
required. Therefore, the impedance-matching is used to analyse the
disadvantages of traditional converters and to improve them. Then, the
half-bridge DC-AC converter topology is chosen, because it contains
only two switches.

Since it can reduce the output impedance, parallel connectivity is
employed in realising output-impedance matching. Moreover, to
provide two output voltages, two half-bridge DC-AC converters are
placed in parallel. In order to use as few switches as possible and
inspired by the nine-switches converter, one capacitor and one switch
are shared by two converters, which results in the novel converter as
shown in Fig. 22. Further, to provide immunity to the shoot-through
problem and high output-voltage gains, an X-shaped two-port impe-
dance-network is embedded into the traditional half-bridge converter
in terms of Table 3, which finally results in the novel converter as
shown in Fig. 23.

The proposed converter is depicted in Fig. 23, in which two outputs
share the same capacitor Cy, and the same switch S,. Thus, the
proposed converter exhibits the same features as the Z-source half-
bridge converter in Fig. 18. Therein, capacitors Cyp Cyy and switches S,
S, offer a loop for the load Gen, while capacitors Cyy» Cy, and switches

|
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Fig. 22. A dual-output half-bridge converter with three switches.
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Fig. 25. Experimental waveforms in the shoot-through case.

S,, S3 form another loop for the load Mot, and these two loops share
the same Z-network, consisting of capacitors C;, C, and inductors L,
L. Due to the Z-network, the proposed converter solves the shoot-
through and limited-voltage problems well. The unique feature of the
proposed converter is that there are only three switches, which reduce
its cost and increase the efficiency of electric vehicles.

8.2.2. Experimental verification

The prototype shown in Fig. 24 is composed of Cyp» Cayy Cyps L1, Lo,
Cy, Co, diode D (of type MBRF20200), switches Si, S», S3 (of type
IRFP250A), and the resistive loads Z;, Z,, with the driving circuits
located on the left side of each switch. The three circuits are driven by
three generated synchronous driving signals coming from the RT-lab
equipment (of type OP5600), and driving ICs TLP2.

Fig. 25 presents the experimental waveforms obtained for the
converter operating with Ad = -

57 and d. = 0.75. Therein, the driven
voltages of three switches 1, v, 13, the diode voltage vp, the current of
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Ly, iy,, and the two output voltages v, , v, are depicted. In detail, the
negative and positive output voltages of Z; are asymmetric. The
positive one is about 15 V, and the negative one is nearly equal to
V4/2, and the width is d.T; while the negative one is —45 V, which is
much larger than V;/2. Moreover, the negative and positive output
voltages of Z, are symmetric in amplitude, namely +30 V, and their
widths can be modulated. The experimental results are also consistent

with the simulation results.
9. Conclusion

This paper has briefly expounded the development history of power
electronics (converters) and reviewed various converters used in the
past and currently. Then, a qualitative analysis has been conducted to
explain the problems of conventional converters, like shoot-through,
open-circuit, and limited output-voltage/current gain, which greatly
hinder wide applications of power electronics in industry. This analysis
reveals, in turn, that the newly proposed impedance-source converters
can overcome these problems, demonstrating great potential for
industrial applications, especially in renewable energy systems.

A further analysis derives a set of criteria for designing impedance-
source converters, which leads to a design methodology dealing with
input- and output-impedance matching, and with load-phase match-
ing. This overcomes the shortcomings of the traditional tedious,
manual and experience-dependent design methods and eases the
design of new converters. With this design methodology, a Z-source
half-bridge converter for electroplating applications and a dual-output
Z-source half-bridge converter for hybrid electric vehicles have been
designed.

It is expected that a variety of impedance-source converters will to
be designed in the near future addressing the needs of specific
industrial applications.
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