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Abstract—Various magnetically coupled impedance source
(MCIS) networks have been proposed in the literature for increas-
ing voltage gain and modulation index simultaneously while re-
ducing the number of passive components used in the converter.
However, applications of such networks have been limited by their
discontinuous currents drawn from the sources and/or high stresses
experienced by their components. This paper thus proposes three
new MCIS networks named, respectively, as quasi-Y-source, quasi-
I'-Z-source, and quasi-T-source or quasi-trans-Z-source networks.
These new networks inherit all advantages of the existing MCIS
networks. In addition, they demonstrate advantages like continu-
ous input currents, reduced source stresses, and lower component
ratings that are not achievable by other existing networks. Fur-
ther, dc-current-blocking capacitors used in the networks help to
avoid saturation of magnetic core. Derivations of all two-winding
MCIS networks, including existing and new networks, from the
generalized three-winding MCIS networks are then systematically
illustrated, before comparing them. Operational principles, math-
ematical derivations, simulation, and experimental results of all
studied networks have been presented in the paper.

Index Terms—AC—-AC power conversion, ac—dc power conver-
sion, dc—ac power conversion, dc—dc power conversion, magnet-
ically coupled impedance source (MCIS) network, Z-source net-
work.

1. INTRODUCTION

INCE the publication of the first impedance (Z-) source net-
S work [1], various converter topologies implemented with
it have gradually been reported. They overcome limitations and
problems faced by the traditional voltage-source inverter (VSI),
current-source inverter (CSI), as well as other classical buck—
boost and unidirectional and bidirectional converters. They are,
therefore, suitable for a wide range of power conversions, in-
cluding dc—dc, dc—ac, ac—dc, and ac—ac conversions [2]. The
major advantage of these impedance-source topologies is their
flexible voltage- or current-source characteristics determined
by the applications and needs under consideration. Their out-
put voltages can also vary from O to theoretically co. They are
therefore prospective topologies that can generally be repre-
sented by Fig. 1. Proper implementation of Fig. 1 will, however,
require choosing the appropriate switch configuration, which,
upon complemented by proper modulation and control, will re-
duce the number of power stages along the power conversion
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Fig. 1. General circuit configuration for illustrating impedance-source net-
work used with different switching cells [2].

chain. Reliability and performance of the power electronic sys-
tem can hence be improved.

Many of the reported topologies, however, require the ad-
dition of active and passive components to their respective
impedance-source networks for improving voltage gain and re-
ducing stresses experienced by their network components [2].
They include switched-component techniques (switched induc-
tor and switched capacitor) [3]-[5], cascading techniques (diode
assisted and capacitor assisted) [6], and magnetically coupled
techniques [7]. Among the three techniques, magnetically cou-
pled techniques may be more attractive because they use lesser
components and only a small shoot-through duty ratio for pro-
ducing the desired high voltage gain. Shoot-through ratio here
refers to the duty ratio of the switch in Fig. 1 for inserting a short
circuit between nodes A" and B'. A smaller shoot-through ratio
will therefore lengthen the interval for transferring energy to the
load. It also permits a smaller dc-link voltage between A’ and B/
for producing the desired voltage across the load. Lower voltage
stresses are thus experienced by the components, making mag-
netically coupled impedance source (MCIS) networks popular
when compared with the switched-component and cascading
techniques. Most MCIS networks are also observed to use only
two windings including the I'-Z-source [8], flipped-I'-Z-source
[9], T-source [10], trans-Z-source [11], TZ-source [12], LCCT-
Z-source and quasi-LCCT-Z-source [13], and high-frequency-
transformer-isolated Z-source [14] networks. This possibility
has, however, been extended through the recent introduction of
the three-winding “Y-source” network [15].

Among the winding-coupled networks, only the LCCT-Z-
source and quasi-LCCT-Z-source networks draw continuous in-
put currents from their sources. Discontinuous input currents
drawn by the other networks can, at times, be problematic,
especially when tied to renewable sources like photovoltaic
(PV), fuel cells, and others [16]-[18]. Various techniques have
therefore been reported for smoothing currents drawn from the
sources like in the improved I'-Z-source [19] and improved
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Fig. 2.
network, and (d) flipped I"-source network from (a) Y-source network.

T-source or improved trans-Z-source [20] networks imple-
mented with an additional input inductor and a capacitor. How-
ever, effects of these modifications on component stresses are
often overlooked. Another approach for smoothing the input cur-
rent has been explained in [13] for the T-source network with
only an additional input capacitor. The modified network can
indeed draw a continuous input current, but only when certain
capacitance ratio is accurately set between the two capacitors
used in the network. Any inaccuracy and parasitic resistances in
the circuit will deteriorate the intended current smoothing. The
modified network will also draw large inrush current at startup
and will experience input oscillations caused by its parasitic
inductances and capacitances [13].

To resolve the aforementioned concerns, three new MCIS
networks are proposed in the paper, named, respectively, as the
quasi-Y-source, quasi-I'-Z-source, and quasi-T-source or quasi-
trans-Z-source networks. These new networks inherit all advan-
tages of the existing MCIS networks, in addition to drawing
continuous input currents and reducing stresses shouldered by
the components. Moreover, dc-blocking capacitors found in
these new networks help to avoid biased magnetic core satu-
ration, and hence, nonlinearity is unintentionally introduced to
the converter. Operational principles of the networks are now
studied, with the aim being to identify a generic derivative tech-
nique. The same technique can then be applied to develop vari-
ous improved and quasi-MCIS networks and converters, whose
features have not been previously identified. This derivation
and others have been presented in Section II, before compar-
ing the networks derived comprehensively in Section III. A
single-switch dc—dc converter is then described in Section IV
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(d

Derivation of conventional two-winding MCIS networks with discontinuous input currents: (b) I'-Z-source network, (c) T-source or trans-Z-source

for evaluating each of the proposed MCIS networks. Simulation
and experimental results are eventually provided in Section V
for verifying the conclusion spelled in Section VI.

II. NETWORK DERIVATIONS

The Y-source network with a three-winding coupled inductor
(N1, No, N3) is shown in Fig. 2(a). Like all two-winding MCIS
networks, it produces a high gain, while using only a small
shoot-through duty ratio [21]. The three-winding arrangement,
however, provides flexibility in choosing the winding turns ra-
tios, which a two-winding MCIS network cannot match. The
Y-source network is therefore considered as the parent MCIS
network, from which other two-winding MCIS networks are
derived by simply eliminating and/or rearranging the windings.
Relevant derivations are provided in Sections II-A to II-C for
both cases of continuous and discontinuous input currents, be-
fore their design requirements and comparison are discussed in
the next section.

A. Two-Winding MCIS Networks From Y-Source Network
With Discontinuous Input Current

Two-winding MCIS networks with discontinuous input cur-
rents such as the I'-Z-source, T-source or trans-Z-source, and
flipped I"-source (or fI'-Z-source in short) networks can be de-
rived from the three-winding Y-source network by eliminating
one winding and then reorientating the remaining two wind-
ings like shown in Fig. 2. For example, the T-source or trans-
Z-source network can be derived from the Y-source network
by eliminating winding N,. However, it should be noted that
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(d

Derivation of conventional Type-I two-winding improved-MCIS networks with continuous input currents: (b) improved I'-Z-source network, (c) improved

T-source or trans-Z-source network, and (d) quasi-LCCT-Z-source network from (a) improved Y-source network.

polarities of the remaining windings are not necessarily the
same as the parent Y-source network. For example, in the fI'-
Z-source network, polarity of winding No must be reversed.
Despite this, design considerations and analyses of all MCIS
networks with discontinuous input currents have already been
discussed in the literature. They will hence not be repeated. In-
stead, a comparison of these MCIS networks with other derived
networks drawing continuous input currents will be presented
in Section III.

B. Two-Winding Improved MCIS Networks from Improved
Y-Source Network with Continuous Input Current

1) Improved MCIS Networks with Continuous Input Currents:
Type-1: A simple modification for smoothing the input current
is presented in [19] and [20]. It involves adding an additional
input capacitor and inductor, which [19] and [20] have tried with
the T-source or trans-Z-source network. The same technique
can be applied to the Y-source network like shown in Fig. 3(a),
where the added input inductor and capacitor are notated as
L1, and Cy, respectively. Winding arrangement of this new
network is the same as that of the original Y-source network. Its
gain is, however, increased with the same shoot-through ratio,
as demonstrated later in Section III. The undesired tradeoff is
higher voltage stresses across the components, as proven later.
Hence, this new network may not be helpful, but can still be
used for deriving different two-winding MCIS networks with
continuous input currents, like presented in Section II-A.

The derived networks are shown in Fig. 3, and are re-
spectively named as the improved I'-Z-source, improved T-
source or trans-Z-source, and quasi-LCCT-Z-source networks.

Design considerations and analyses of these two-winding MCIS
networks are also available in the literature, and hence, not re-
peated. These networks will instead be compared with other
MCIS networks in Section III. From the comparison, it can be
seen that all improved MCIS networks suffer from the same
problem of higher component stresses when compared with
those original networks drawing discontinuous input currents
described in Section II-A. This is expected since they are de-
rived from the same parent improved Y-source network.

1I) Improved MCIS Networks with Continuous Input
Currents: Type-1I: Another simple modification for smoothing
the input current is presented in [13]. It uses an additional in-
put capacitor with the T-source or trans-Z-source network. The
same technique can similarly be applied to the Y-source network
like shown in Fig. 4(a). The modified network may draw a con-
tinuous input current, but only when certain capacitance ratio
between C) and () is accurately set, and parasitic resistances
minimized as much as possible. The modified network also
faces the risk of large inrush current at startup, and input oscilla-
tions caused by input parasitic inductances and capacitances C
and C5.

Despite those and similar to the Type-I MCIS networks, dif-
ferent Type-II two-winding MCIS networks with continuous
input currents can be derived from the new Type-II improved
Y-source network. They are respectively named as the Type-II
improved I'-Z-source, improved T-source or trans-Z-source, and
quasi-LCCT-Z-source networks, as shown in Fig. 4. However,
due to limitations and drawbacks of the Type-II improved MCIS
networks as explained earlier these topologies are not likely to
have practical values and are hence not discussed further.
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Derivation of conventional Type-II two-winding improved-MCIS networks with continuous input currents: (b) improved I'-Z-source network, (c)

improved T-source or trans-Z-source network, and (d) quasi-LCCT-Z-source network from (a) improved Y-source network.

C. Two-Winding Quasi-MCIS Networks From New
Quasi-Y-Source Network With Continuous Input Current

1) Quasi-Y-Source Network: A new quasi-Y-source network
with continuous input current is proposed in this section as the
parent network, from which various two-winding quasi-MCIS
networks are derived for overcoming issues experienced by ear-
lier described MCIS networks. The proposed network retains
the three-winding coupled inductor (N7, N2, N3), capacitor C
and their positions in the original Y-source network as shown
in Fig. 2(a). The only differences here are thus an additional
dc-blocking capacitor Cy and an input inductor Ly, used with
the quasi-Y-source network in Fig. 5(a), but not the original Y-
source network in Fig. 2(a). Position of diode D in Fig. 5(a) is
also different. It is now connected between the negative terminal
of Cy and dc-link node A’, as shown in Fig. 5(a).

Nonetheless, the quasi-Y-source network still operates with
two operating states like all earlier mentioned MCIS networks.
The first state is triggered by shorting dc-link nodes A’ and
B’ (usually by turning on a switch), which simultaneously will
cause D to reverse-bias like shown in Fig. 6(a). Circuit expres-
sions during this shoot-through state can thus be written as (1)
and (2), where Ny, Ny, and N3 are the winding turns of the
coupled inductor

NQ Ng Nl

Ve, + v — v =020 = ——V 1
01+N11JL vaL v, NN (o (1)
Also
N-
‘/In*IULIn +VC,2 — VL 772’011 7VCI :0
Ny
Ny + N
= ULy, = VvIn + VC2 - VC1 - ¥UL. (2)

Ny

By next removing the short circuit between A’ and B’ (usually
by turning off a switch), diode D conducts naturally, leading to
the non-shoot-through state shown in Fig. 6(b). Circuit expres-
sions for this state are given from (3) to (5)

N3 Ny
Ve, — ——v, =0= =— 1V 3
Cy — VL N, vL (7 A 3)

Ny + N-
ULy, = Vin + VCz - VCl - (1]\72> vL “)

1
and
Ni + N-

VvIn — VL, — Vo = 0= vo = VC1 - VCZ + (1]\712> vr, .
)

Ensuring volt-sec balance between (1) and (3) then results in
(6) for computing voltage ratio between C; and Cy, where dgr
represents the on-time or duty ratio of the switch for introducing
the shoot-through state

N1 Nl >
Ve, |dsr + | =———=Ve, | (1 —d =0
(N's N, € ) ot <N1 +N; ( s7)
Vo, _ N+ N3 dsr
Ve, No—N3l—dgp’

Applying volt—sec balancing to (2) and (4) further results in
(7N

N + N-
{vm + Ve, - Vo, — (lNl2> vL}dST

N; + N-
—&-{Vln—i—VC2 - Ve, — (1]\]12) UL}(l—dST)ZO

= V01 = VCQ - ‘/In~ (7)

(6)
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(d)

Derivation of two-winding quasi-MCIS networks with continuous input currents: (b) quasi-I"-Z-source network, (c) quasi-T-source or quasi-trans-Z-source

network, and conventional (d) LCCT-Z-source network from (a) quasi-Y-source network.

vo=0

B VmT/l\ G

Fig. 6.

Equivalent circuits of quasi-Y-source network during (a) shoot-through and (b) non-shoot-through states (leakage inductances (L, , Ly, , and Ly,)

and magnetizing inductance (L, ) shown are not considered for the mathematical derivation).

From (6) and (7), individual capacitor voltages can then be
expressed as

v [((N1 + N3)/(No — N3)ldst Via
c

FTIN  N)(Ne - Nydsr.

and

(1 - dST) ‘/In
Ve, = )
ST T + No)/ (N2 — N3)Jdsr.

Now, using (3), (5), (8), and (9), peak value 9 of the output
voltage vp during the non-shoot-through state can be written as
(10), from which the network voltage gain Gy = 6 /Wi, canbe
derived in terms of the winding factor § = (Ny + Nz)/(No —
N3)

1
U fr
T TNy + No) /(N> — Na)dsr
1
n — n:B n 1
Vi = 157V = BY (10)

where B = (1/(1 — ddgr)) is the boost factor of the quasi-
Y-source impedance network. The range of dgr can then be
expressed as

1
5

In addition, since Vi, I1, = Vp Ip for alossless converter, the
dc input-to-output current gain can be expressed as

by
Gr=-2 =1-4dgsr.
IIn

0 S dST < dST,max -

(1)

(12)

Moreover, it is noted from (10) that winding factor of the pro-
posed quasi-Y-source network (§ = (N7 + Na) /(N2 — N3)) is
different from that of the original Y-source impedance network
(K = (N1 4+ N3)/(N3 — N3)) shown in Fig. 2(a). Despite that,
gains of both networks are the same if their winding factors are
set the same (K = §). Some possible § values are given in Ta-
ble I, together with different winding combinations that can be
used for realizing them. Also given in Table L is the different gain
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TABLE I
GAIN OF QUASI-Y-SOURCE IMPEDANCE NETWORK REALIZED WITH DIFFERENT

WINDING FACTOR (&) AND TURNS RATIO (N7 : Ny : N3)
§= ¥ dsTomes Gain G, Ny :Ny: N
2 1/2 (1 —2dsp)7! (1:3:1), (2:4:1), (3:5:1)
3 1/3 (1 =3dgr )™t (1:2:1), (3:3:1), (2:4:2)
4 1/4 (1 —4dgy )" (2:2:1), (1:3:2), (5:3:1)
5 1/5 (1 =5dsp)™"  (3:2:1), (2:3:2), (1:4:3)
6 1/6 (1—6dgr )™t (4:2:1), (3:3:2), (2:4:3)
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Fig. 7. Theoretical voltage gain G, of the quasi-Y-source network obtained
with different duty ratio dg7 and winding factor J.

expressions for different 4, which when plotted, result in Fig. 7.
Fig. 7 shows that gain of the quasi-Y-source network can be
set equal or higher than that of the traditional Z-source network
[1] by ensuring 6 > 2. This results in 1 < Ny and Ny > Nj
as winding requirements for the proposed quasi-Y-source net-
work, which, certainly, are different from 1 < N3 and N3 > N,
imposed on the original Y-source network.

Regardless of that, both Y-source networks, and in fact al-
most all high-boost networks, result in very steep gain curves
as 0 continues to increase. These steeper gain curves are gen-
erally tougher to realize because of their narrower permitted
dgr ranges, which will definitely require either a higher res-
olution or lower noise sensitivity for accurate implementation.
Parameter ¢ should therefore not be too high in practice, even
though it has no upper theoretical limit. Other advantages of the
proposed quasi-Y-source network are its continuous input cur-
rent and prevention of biased core saturation by its dc-blocking
capacitors C and C5. These features render the network appro-
priate for renewable power generation systems, especially after
its components are sized properly.

The sizing can conceptually begin with C;, determined
mainly by the permitted voltage ripple during shoot-through
(interval t,, ). Assuming the permitted ripple is AVp, < 2% x
Ve, , the following equation can be written for finding C:

t
O, — _on
! I%VCI

P 5y
n fE%Véﬁ; (1 - dST) (1 — 5dST) '

(IIn - IO)

13)

:>Cl
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s
. R Gj&a ‘/’""/U/(Ld;,
itn | Qs S, .
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Fig.8.  Voltage and current of Ly, in the quasi-Y-source network at the bound-
ary between CCM and DCM.

Upon computing, C; and 6 can then be substituted to (14)
for determining C5. Derivation of (14) is based on finding cur-
rent expressions for the two capacitors in the shoot-through and
non-shoot-through states, and then performing volt—sec balanc-
ing based on them. It should, however, be noted that C; and
Cy computed using (13) and (14) only give their capacitance
values. Their voltage ratings must additionally be decided by
considering (6), (8), and (9) derived earlier

Cy =(6—-1)Cs. (14)

Proceeding next to the input inductance Ly, its value must
be chosen such that the studied impedance network is always
in the continuous conduction mode (CCM), in which all the
earlier equations have been derived. Entering the discontinuous
conduction mode (DCM) will invalidate most of the derived
equations, and make them load dependent. It is therefore impor-
tant to avoid DCM, which will occur when diode D in Fig. 6(b)
stops conduction when in the non-shoot-through state. This can
happen at light load, low switching frequency and/or small in-
put inductance Ly, , and is the same discontinuous mode expe-
rienced by the first Z-source network studied in [23] and [24].
To avoid DCM, the most viable method is thus to increase Ly,
above a certain minimum value, since a higher switching fre-
quency will result in higher losses, while a heavier load cannot
always be guaranteed.

This minimum inductance corresponds to the boundary be-
tween CCM and DCM shown in Fig. 8. Using (1), (2), (8), and
(9), voltage across Ly, during the shoot-through interval notated
as dg7T in Fig. 8 can then be determined as

Ve,
dst’

VLI,, - VYIn + (15)

Similarly, during the non-shoot-through interval notated as
(1 —dgr)Ts, voltage across Ly, can be written as (16) after
considering (3), (4), (8), and (9)

Ve,
1—dsr’

The average inductor current at the boundary can also be
determined as

Vi, =V + (16)

T o 1 VLI,,ton o 1 VLI,,dSTTs
LB = 5 =3 .

2 LIn 2 LIn

a7
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Substituting (15) to (17) then results in

B 2LIn fs

Further substituting (18) into (12) results in the boundary
output current expressed as

Vo

Iis (1 —dgsr)ddsr. (18)

Iop = ——(1—4d 1—4ddgr)ddsr. 19

0B YA ( s7)( s7)0dsT (19)

The largest load resistance Ry p that will avoid DCM is thus
2L nJs

Rpp = In. (20)

(1 — dST)(l — 5d5T)5d5T '
From (19) and (20), Fig. 9(a) and (b) can then be plotted for
showing how the normalized load current I /(Vo /2Ly f5)
and normalized load resistance Ry p /2Ly, fs vary with dgr
and ¢. Particularly, in Fig. 9(a), the peak of each curve can be
determined by setting the derivative of (19) to zero, as shown

dlop Vo
ddsr 2Ly, fs

(36%d%y — 2dsr (6% +8) +0=0. (21

The maximum or peak Ip p therefore occurs when

6+ —VZ-d+1 _

d =
T 30
0.1504, for 6 =3
0.1162, for 6 =4
0.0945, for6 =5

which when substituted to (19), gives rise to the following
maximum boundary output current:

Vo
0.2103—————,  for§ =3
2fs LII},mill ’ o
OB,max — ’ 2](.5LIn,1nin7 - 2
Vo
0.2256 —————,  ford=75
2f5 LIn.,min ’ .

\ '\
0.09450.1162 0.1504 1/5 1/4 1/3
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Normalized (a) load current Ip g /(Vo /2 fs L1y ) and (b) load resistance Ry, 5 /(2 fs L1y ) as functions of dgp and 4.

Rearranging (22) then leads to (23) for computing the mini-
mum input inductance needed for avoiding DCM

01055 fors—3
fs
Ry
LIn > LIn,min = 0.110 f 5 for 6 =4 (23)
0.112]?7 for 6 =5

II) Quasi-1"-Z-Source and Quasi-T-Source or Quasi-Trans-Z-
Source Networks: Similar derivation like in Sections II-A and
II-B can be applied to the quasi-Y-source network for deriv-
ing the quasi-I'-Z-source network in Fig. 5(b), quasi-T-source
or quasi-trans-Z-source network in Fig. 5(c), and conventional
LCCT-Z-source network in Fig. 5(d). These are two-winding
MCIS networks with continuous input currents. Mathematical
derivations for their parameters and voltage gains are similar to
those of their parent quasi-Y-source network and are hence not
shown for brevity. Instead, their related expressions are listed in
Table II for comparison with the other MCIS networks. In addi-
tion, it should be pointed out that for the quasi-T-source or quasi-
trans-Z-source network, its design requirements are the same as
those of the conventional T-source or trans-Z-source network.
This is, however, not true for the quasi-I'-Z-source network,
whose new winding design requirements must satisfy 2 < Ny
and Ny > Nj,orl < y,rz < 2,wherey,rz = N2/Ns.Incon-
trast, winding requirements of the conventional I'-Z-source and
improved I'-Z-source networks are 2 < N3 and N3 > N,, or
1 <Arz <2, where vz = N3/Ns.

To summarize, the main advantages of the newly derived
quasi-MCIS networks are their continuous input currents and
reduced voltage stresses, compared with their existing coun-
terparts presented in Sections II-A and II-B. Expectations
of lower voltage stresses are confirmed in Figs. 10-12 for
the quasi-Y-source, quasi-I'-Z-source, and quasi-T-source or
quasi-trans-Z-source networks, respectively. These are in addi-
tion to the dc-blocking capacitors C; and C; found in the quasi-
MCIS networks for preventing saturation of magnetic core. The
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TABLE II
COMPARISON OF PROPOSED QUASI-MCIS NETWORKS WITH CONVENTIONAL NETWORKS

Topologies G, =00 /Vin 0<dsr <dsr max Ve, Ve, Vb itn
Y-source [see Fig. 2(a)] [15] 1 7Kd57-]71 0<dgr < KL (1—dsr )G, Vin NA (K —1)G, Vi, Discontinuous
Improved Y-source [see 1—-(1+K)dsr ]71 0<dgr < ﬁ (1—=dsr)G, Vi Kdgsr G, Vi (1+ K)G, Vi,  Continuous
Fig. 3(a)]
Quasi-Y-source [see Fig. 5(a)] 0<dsr < % (1—dsr )G, Vin (0 —=1)dsr Gy Vi (6 —1)G, Vi Continuous
T'-Z-source [see Fig. 2(b)] [8] 0<dgr < Ng N (1 —dsr )G, Vin NA Discontinuous
Improved I'-Z-source [see (1=dsr )Gy Vi ¥ ;\73\2 dst G Vin (1+ Continuous
Fig. 3(b)] [19] :
Quasi-I'-Z-source [see 0<dsr < NQN? 3 (1=dsr )G, Vin \;%\}déT Gy Vi Continuous
Fig. 5(b)] '
T-source or trans-Z-source 0<dgr < \lligh (1—dsr)G,Vin NA 1—16'1 Vin Discontinuous
[see Fig. 2(c)] [10], [11] )
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Comparison of voltage stresses across (a) capacitors C'; and C, and (b) diode D in the Y-source, improved Y-source, and quasi-Y-source networks

under the same voltage gain G, and winding factors K’ = (N3 + N1)/(N3 — Na)ord = (N; + N»2)/(Na — N3).

quasi-method of improving MCIS networks is therefore effec-
tive, while less compromising. Similar method can also be ap-
plied to the TZ-Source and HF transformer isolated Z-source
converters to obtain continuous input currents. However, the
number of components especially coupled inductors increases,
which to a sizable extent, makes those converters more costly
and bulky. They are hence not discussed further.

III. COMPARISON OF DIFFERENT MCIS NETWORKS

Table II concisely lists governing equations of all MCIS net-
works for comparison. The equations are for computing dc-link

voltage, input-to-output voltage gain, capacitor voltages, and
reverse-blocking voltage of diode D. Also listed are the per-
mitted range of shoot-through duty ratio and input current type
(discontinuous or continuous) to better project favorable fea-
tures of each new quasi-MCIS network.

Noticeably, it is seen from the table and Figs. 10-12 that
voltage stresses experienced by components in the quasi-MCIS
networks are either the same or lower than those of the original
Y-source network. The most prominent reduction is across diode
D of the quasi-T-source network, which from Fig. 12, is noted
to be lower than the original T-source and improved T-source
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the same voltage gain GG, and winding factor Ny : N3.

Comparison of voltage stresses across (a) capacitors C'; and C'y, and b) diode D in the T-source, improved T-source and quasi-T-source networks under

TABLE III
SALIENT FEATURES OF MCIS NETWORKS

Modified MCIS Network Topologies with Continuous Input Current

Original MCIS Networks

MCIS Networks with Existing Current

Proposed Quasi-MCIS Networks

Smoothing Techniques

Fig. 2

« High voltage gain

« Less components requirement
« Discontinuous input current

Fig. 3
« High voltage gain
« Less component requirement
« Continuous input current
« Higher voltage stress on components

Fig. 4
* High voltage gain
* Less component requirement
« Continuous input current
* High inrush current

* Very sensitive to ESR of capacitor and parameter
variations

» Unwanted resonance due to parasitic

Fig. 5
* High voltage gain
* Less component requirement
« Continuous input current
* No inrush current
* Stress on components is same or less
than the original MCIS networks

networks. In contrast, voltage stresses experienced by compo-
nents in the Type-I improved MCIS network are higher es-
pecially across diode D, which should hence be avoided where
possible. The proposed quasi-MCIS networks are therefore gen-
erally more attractive than the other MCIS networks shown
from Figs. 2 to 4. This is further strengthened by Table III,
which summarizes salient features of each class of MCIS
networks.

IV. IMPLEMENTATION OF DC-DC CONVERTER USING
QUASI-MCIS NETWORK

A single-switch dc—dc converter can be implemented with
the quasi-Y-source, quasi-I-source, or quasi-T-source, or
quasi-trans-Z-source network for verifying their individual per-
formances. Fig. 13 shows the general circuit configuration
of the implemented dc—dc converter, where a switch Q, an
additional diode D,, and a buffer capacitor Cp have been
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Fig. 13. Implementation of single-switch dc—dc boost converter with MCIS
network.

added to the chosen impedance network. The output is then
tied to a load resistor R with preferably ripple-free dc volt-
age across it. By next turning on and off switch Q, shoot-
through and non-shoot-through states are created across nodes
A" and B’ of the MCIS network. Voltage across the drain—
source of Q will then be chopping between zero and a boosted
peak value 0o, which is also the load voltage kept constant
by Cp. Voltage gain of the converter is thus G, = Vo /V1,, =
0 /Vin = [1 — ddsr] ", G, = [1 — (Na /(N2 — N3))dsr] ",
and G, = [1 — (N, /Ng)dST]_l for the quasi-Y-source, quasi-
I"-source, and quasi-T-source or quasi-trans-Z-source networks,
respectively, as noted from Table II.

Other waveforms expected from the dc—dc converter in
Fig. 13 are shown in Fig. 14 for a given applied gate voltage v,
to Q and input voltage Vi, (respectively, first and second traces
in Fig. 14). Beginning from % to ¢; during which Q is conduct-
ing, the drain—source voltage vp of Q drops to zero, while its
current ¢4, rises to a finite value. During the same time, diode D
becomes reverse biased, allowing finite currents to flow through
capacitors C and C5 in the impedance network. The input cur-
rent, given by the sum of diode current and capacitor current
through Cy, is thus also finite, and kept continuous by the input
inductor L. Diode D only resumes conduction when Q turns
off from ¢; to t3. During this time, diode current ¢ps charges
the buffer capacitor Cp from ¢ to to, while supplying the load
simultaneously. Charging of Cp ends only when output volt-
age V reaches 0, and remains constant at that value until 3.
When Q turns on again at t5, the waveforms repeat with the load
voltage and current maintained uninterrupted, while drawing a
continuous current from the source. The presented converter is
thus “friendly” to the source and load, in general.

To subsequently demonstrate its efficacy, a 300-W dc—dc con-
verter prototype has been built in the laboratory using compo-
nents and parameters listed in Table IV. A picture showing the
implemented converter can be found in Fig. 15, together with
the three wound coupled inductors shown in Fig. 15(a) to (c)
for the quasi-Y-source, quasi-I'-source, and quasi-T-source or
quasi-trans-Z-source networks. Each inductor was wound with
litz wire on a Molypermalloy Powder (MPP) toroid core with
45:30:15 turns for the quasi-Y-source network, 75:50 turns for
the quasi-I"-source network, and 20:60 turns for the quasi-T-
source or quasi-trans-Z-source network. Each inductor was, in
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Fig. 14.  Waveforms produced by single-switch dc—dc converter with quasi-
MCIS network (vgs, v, and iq, — gate—source voltage, drain—source voltage
and current of switch Q, Vi, and 4;, — input voltage and current, vp and
ip — voltage and current of diode D, V¢, and V¢, — capacitor voltages,
vp, and ip, — voltage and current of diode D3, and Vo — output voltage
across load).

turn, mounted on the printed circuit board for measurement
with different duty ratios. The obtained results are de-
scribed in the next section, together with those obtained from
simulation.

V. SIMULATION AND EXPERIMENTAL RESULTS

Simulations have been carried out in MATLAB-Simulink
using the PLECS toolboxes, before verifying them in experi-
ments using the single-switch dc—dc converter prototype shown
in Fig. 15. Details of the simulation and experimental results
found in Figs. 16-20 are now described sequentially.

A. Quasi-Y-Source Network

Using parameters listed in Table IV, the range of duty ratio
computed for the quasi- Y-source dc—dc converter with 45:30:15
turnsis 0 < dgp < % The chosen dg7 value of 0.15 in Table IV
is thus an acceptable value with an accompanied voltage gain
of 4 according to (10). This gain is the same as that of the
original Y-source converter when the same dgp and winding
factor of 4 are used. With an input voltage of 50 V, the theoretical
output voltage will then be Vo = 200V, as also read from the
third simulation and experimental traces shown in Fig. 17(a)
and (b), respectively. Further, the converter draws a continuous
current from the source, as seen from the second traces shown in
Fig. 17(a) and (b). This is definitely different from the pulsating
input current drawn by the original Y-source network, shown by
the second traces plotted in Fig. 16(a) and (b). Interfacing the
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TABLE IV

PARAMETERS OF QUASI-MCIS NETWORKS USED WITH SINGLE-SWITCH DC-DC CONVERTER FOR SIMULATIONS AND EXPERIMENTS

Fig. 15.

Parameter/Description Value
Power rating (P) 300 W
Input voltage (V1) 50V

Output voltage (Vo ) 200 V

DC-blocking capacitors

Cy = 150 puF, 400 V Kemet
Input Inductor (L, )

Buffer capacitor (Co )
Switching frequency ( f )
Shoot-through duty ratio (dg 7 )

Turns ratio of coupled inductor

Switch SW
Diode D4
Diode D5

Quasi-Y-source network
Quasi-I"-source network
Quasi-T-source or quasi-trans-Z-source network
Quasi-Y-source network (N : Ny : Ny)
Quasi-T"-source network (N : N3)
Quasi-T-source or quasi-trans-Z-source network (N : Nj)

C1 = 470 uF, 400 V Kemet

3.5mH
470 uF, 400 V Kemet
24.41 kHz
0.15
0.25
0.25
45:30:15 on CO55710A2 core
75:50 on CO55863A2 core
60:20 on C055710A2 core
C2M0080120D
C3D25170H
C3D20060D

inductor

quasi-T source or quasi-trans-Z-source networks to realize a power converter.

61

60

59

10

5]

300
200

1.5
1.0

Fig. 16.
fs = 12.6 kHz.

Input voltage (V)

45:30:15 coupled

75:50 coupled
inductor

20:60 coupled
inductor

1O -
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Tlustration of 300-W quasi-MCIS network-based dc—dc converter showing different coupled inductors (a) quasi-Y-source, (b) quasi-I'-source, and (c)

Waveforms obtained from (a) simulation and (b) experiment for the Y-source boost dc—dc converter with dg7 = 0.1875, winding factor K = 4, and
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Fig. 17. Waveforms obtained from (a), (c), and (e) simulations and (b), (d), and (f) experiments for the quasi-Y-source dc—dc converter with dgp = 0.15,
winding factor 6 = 5, and f; = 24.4kHz.
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Waveforms showing converter responses when input source turns on

quasi-Y-source dc—dc converter to the source will therefore not
cause unexpected complications.

Other waveforms showing component voltages and currents
are given in Fig. 17(c) to (f). In particular, the fourth traces
in Fig. 17(e) and (f) show the current through winding N;
centered along the horizontal zero-axis. This is expected because
of the dc-blocking capacitor C'y connected in series with NV;. In
addition, it should be noted from the second traces of Fig. 17(c)
and (d) that the start of a non-shoot-through interval (v, = 0
or switch Q — off in Fig. 13) is always accompanied by a small
rise in voltage v, notated as Avgy,. This voltage is contributed
by the small leakage inductances of N, and N3 [25], which are
discharging their stored energies to capacitor Cp and load Rj,
in Fig. 13 over a relatively short time. Diode Dy must therefore
be conducting, as seen from its zero voltage in the fourth traces
of Fig. 17(c) and (d) when Awvy, # 0. The discharging of Ny
and N3 (or charging of Cp) ends only when current through
D, falls to zero, at which Awvy, also falls to zero and a reverse
voltage begins to appear across Ds.

Next, Fig. 18 is analyzed, where waveforms showing the turn-
ing off and then on (4.2 s later) of the quasi-Y-source converter
are given. The waveforms clearly show that there is not any
inrush current or oscillation, especially when the converter is
turned on. Interfacing of source and load to the converter will
therefore not cause unexpected complications, as mentioned
earlier in Table III.

B. Quasi-I'-Source Network

A coupled inductor with 75:50 turns wound on a CO55863A2
MPP core is used for forming the quasi-I"-source network. Per-
mitted duty ratio for switch Q in Fig. 13 is then in the range
of 0 < dgp < 1/3 according to those expressions summarized
in Table II. The chosen duty ratio is thus dgr = 0.25, which
is within the range, and will give the same gain of 4 as the
quasi-Y-source network. In other words, the output voltage will
be Vo =200V, if the input voltage is kept at 50 V. This can
clearly be seen from the third simulated and experimental traces
shown in Fig. 19(a) and (b), respectively. The converter also
draws a continuous current from the source, as seen from the
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second traces shown in Fig. 19(a) and (b). This is certainly dif-
ferent from the pulsating discontinuous input current drawn by
the original I'-source [8] and flipped-I'-source [9] networks.

Other simulated and experimental waveforms shown in
Fig. 19(c) to (f) are also noted to be in agreement with the the-
oretical values calculated using expressions listed in Table II.
Performances expected from the network are thus smoothly
verified. It should, however, be noted from the fourth traces of
Fig. 19(e) and (f) that the slope of current 71 through winding
N, is different in both figures. This may be due to their dif-
ferent air-gap structures, which for the simulation, can only be
performed with a concentrated air-gap and leakage flux [26].
In contrast, the experimental air-gap and leakage flux are dis-
tributed because of the powdered MPP core used for improved
coupling. This difference will, however, not affect advantages
expected from the quasi-I'-source converter.

C. Quasi-T-Source or Quasi-Trans-Z-Source Network

The coupled inductor used for realizing quasi-T-source or
quasi-trans-Z-source network has 60:20 turns wound on the
same type of C055710A2 MPP core. The permitted range of duty
ratio for switch Q in Fig. 13 is thus calculated as 0 < dgp < 1/3
using the appropriate expression found in Table II. The value
eventually chosen within the range is dgr = 0.25, which will
give the same voltage gain of 4 as the other two quasi-MCIS
networks. Output voltage of the converter is thus boosted to
Vo =200V, if its input voltage is kept at 50 V. This can clearly
be seen from the third simulated and experimental traces shown
in Fig. 20(a) and (b). Simultaneously, the converter draws a
continuous current from the source, as seen from the second
traces shown in Fig. 20(a) and (b). It is therefore more adapting
to sources unlike the discontinuous input current drawn by the
original T-source or trans-Z-Source network.

Moreover, voltage stresses across capacitors C; and Cy and
input diode D in the quasi-T-source or quasi-trans-Z-source net-
work are much reduced when compared with the T-source or
trans-Z-source network producing the same voltage gain [10],
[11]. Other simulated and measured waveforms are presented
from Fig. 20(c) to (f), which are similarly in agreement with their
theoretical values calculated using expressions listed in Table II.
The presented results have therefore verified performances
expected from the quasi-T-source or quasi-trans-Z-source
network.

D. Efficiency

Efficiency of the dc—dc converter with each quasi-MCIS net-
work connected is measured by varying the shoot-through or
switch duty ratio from 0.05 to 0.25 for the quasi-I'-source
and quasi-T-source networks, and 0.05 to 0.15 for the quasi-Y-
source network. The consolidated results are plotted in Fig. 21,
where it is clear that efficiency will generally drop as the shoot-
through duty ratio increases. The same trend is experienced
with other existing MCIS networks and other nonmagneti-
cally coupled boosting techniques because of the flow of larger
shoot-through current when the duty ratio increases. Reduc-
ing this shoot-through current is, however, not feasible, which



7432 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 11, NOVEMBER 2016

51 Inputivoltage (Vy,)
50
49 Tk Prevu T
0 Input current (I) Ch1: Input voltage (V) (50V/d1v)
R e S o T > ! 4
Ch2: Input current (fj,) (SA/dl\)
0 — e — ‘_.l—-l-‘_.w e el |

Output voltage (V) =
200 Ch3: Output voltage (Vg) (100V/div) ; :

100 '

0 .
s Load current (1) Chd: Load current (1,) (1A/div)
1.0+
0.5 »
0.0 i ¢ i

1.49965 1.49975 1.49985 1.49995 @ eV @ @ oy @ oo e [Enen @ ey
(a) (b)
Gate-source signal of Q (V)

1.0
0.5 nlkrrwu I T ! I
0.0 | Chl: Gate-source voltage of SW (¥5) (25V/div)

Drain-source voltage of Q (vy |_ !
zoc‘ﬁ‘—‘—:“—‘—"“ﬁ‘ﬁ‘ﬁ .:'—_'"—' - e e — —
100 | Ch2: Drain-source voltage of Q (v35) (250V/div)

0 ' |
| S —— e 1) . — | — —— ——

Voltage across D (vp) 1 [
400 - | - - - - b BE e o Ry N s £ S B s
200 | Ch3: Voltage across D (vp) (500V/div)

i N h i nhhnnn

Voltage across D, (vp,) Ch4: Voltagje across D, (vp,) (250V/d1v

bz
200 L i o e - - ™ —— — — — —_— — — —_
100 ¥ o e N e b e B e e F—
P e e PR e P 3 f 1
149965 149975 149985  1.49995 Rz 8 e FE [l @7 %7
c
(©) )
100 Voltage across capacitor C; (V)
50 TolPreva [ I ¥ 1
0, i & : u
-50 | Chl: Voltage across capacitor C, (V) (100V/div)
Voltage across capacitor C; (Vq) - !
100 » 1 4
50 — : . _ |
| Ch2: Voltage across capacitor C; (V1) (100V/div)
Current through input inductor Li, (i1, :
104 : . | "Ch3: Current through input inductor Ly, (i1;,) (3A/div)
5 Y eV e N N 2 Vo o ; T
" Current through N, (i) '5 oo g g , |
2o urrent through N, (in1) : . /\ / /\ / / /' / / / /!
0 nNnNnNnnnanaonnn.n | Ch4: Current through N, (iy;) (lONdw)
-10 ; ; | |
1.4996 1.4997 1.4998 1.4999 (@ oV & [ N TE N BT (T e
© ®

Fig. 19. Waveforms obtained from (a), (c), and (e) simulations and (b), (d), and (f) experiments for the quasi-I"-source dc—dc converter with dgpr = 0.25,
Ny : N3 = 75:50, and fs = 24.4kHz.
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Fig. 20.

with dg7 = 0.25, N1 : N3 = 60 : 20, and f, = 24.4kHz.

means its contributed losses can only be reduced by using
switches with lower Rpg(on), and better graded conductor for
realizing the inductor and bus bars, especially for higher power
conversion. It should, in addition, be emphasized that the 300-W
dc—dc prototype has been conceived only as a proof of concept.
The proposed quasi-MCIS networks can similarly be used for
dc—ac, ac—dc and ac—ac conversions so long as the appropriate

Waveforms obtained from (a), (c), and (e) simulations and (b), (d), and (f) experiments for the quasi-T-source or quasi-trans-Z-source dc—dc converter

switch configurations [2] and modulation techniques [22] are
used.

VI. CONCLUSION

This paper unveils three new MCIS networks, named,
respectively, as the quasi-Y-source, quasi-I'-Z-source and
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Fig. 21. Measured efficiencies and voltage gains of quasi-MCIS networks

when tested with the single-switch dc—dc converter shown in Fig. 13.

quasi-T-source or quasi-trans-Z-source networks. Derivation of
these quasi-MCIS and other conventional networks from their
respective parent three-winding Y-source networks has been
illustrated, before comparing them comprehensively. The
comparison shows that the proposed MCIS networks inherit
all advantages of the conventional MCIS networks including
a very high boost capability and flexibility in design because
of the presence of multiple circuit parameters for gain tuning.
Other advantages of the quasi-MCIS networks include their con-
tinuous input currents, reduced source stresses, and lower com-
ponent ratings when compared with their conventional coun-
terparts. In addition, dc-blocking capacitors found in the new
networks prevent biased saturation of the magnetic core caused
by dc current. These advantages and feasibility of the proposed
quasi-MCIS networks have been validated by both simulation
and experimental results obtained with an example single-switch
dc—dc converter.
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