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Smooth DC-Link Y-Source Inverters: Suppression of
Shoot-Through Current and Avoiding DC Magnetism

Ali Nikbahar

Abstract—The Y-source impedance network is truly referred
to as the origin of the magnetically coupled impedance source
inverters. The key characteristics, including high boost capability
and design flexibility, are associated with the coupled inductor
turn ratio. However, the magnetic element brings some practical
challenges, such as voltage spikes, high shoot-through (ST) cur-
rent, and bulky coupled inductors. This article proposes two new
Y-source inverters with clamped dc-link voltage. Due to the high
boost ability, they are suitable for single-stage high gain inversions.
Additionally, the significant reduction in the amplitude of the ST
current leads to a reduction of the total power loss and capacity
of the reactive component. Another attractive characteristic is that
the Y-shaped coupled inductor’s stored energy is no longer affected
by the power rating of the converter, as a result of the zero dc
magnetizing current. All these contribute to the high efficiency and
power density of the proposed converters. The design guidelines of
the components are presented and a thorough comparison with the
state of the art is carried out. The achievements are then confirmed
through extensive tests on a 500 W laboratory setup.

Index Terms—Magnetically coupled impedance source (MCIS)
network, magnetizing current, shoot-through (ST) current, voltage
spike, Y-source inverter.

1. INTRODUCTION

-SOURCE inverter [1] has been introduced to solve the

problems of the traditional voltage source inverter. In this
converter, the semiconductors are no longer vulnerable to the un-
wanted simultaneous conduction of the switches in the same leg
(ST state). The x-shaped network consisting of the two pairs of
the inductors and capacitors is placed between the input voltage
source and the H-bridge and hence not only the shoot-through
(ST) mode is allowed but also the dc-link voltage can be boosted
to the desired value by advantageous employment of this mode.
Therefore, the buck—boost inversion is done in a highly reliable
single-stage operation with no need for dead-time insertion. Due
to these advantages, many structures and modulation strate-
gies have been proposed to improve the characteristics of the
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Z-source inverter [2], [3]. Among them, some works such as [4]—
[8] are devoted to enhancing the boost ratio. Because, where a
high voltage gain is required, the Z-source inverter operates with
along ST time which translates to a low modulation index of the
inverter circuit. Therefore, the output waveforms deteriorate and
the H-bridge semiconductors experience high voltage stresses
in the wake of the high dc-link voltage requirement. The mag-
netically coupled impedance source (MCIS) inverters [4] have
been introduced to somehow solve this issue, while the Y-source
inverter (YSI) [9] is generally known as their origin. They offer
one additional control parameter derived from the turn ratio of
the coupled inductor and can increase the dc voltage by the boost
factor, expressed as (1), where Vpy and V;, are the dc-link and
input voltages, respectively. Also, D denotes the ST duty cycle
and ¢ is a function of the turn ratio. This way, by adjusting the
0 factor, the required dc-link voltage can be obtained with a
lower ST time duration. Furthermore, along with D, the § factor
determines the voltage and current stresses of the components.
Thus, it can be utilized as an extra degree of design freedom
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However, besides these advantages, the coupled inductor
utilization imposes some drawbacks to the circuit. First, the
unachievable unity coupling factor in practice causes voltage
spikes across the dc-link of the inverter semiconductors when it
switches from ST to non shoot-through (NST) state. Therefore,
many methods have been offered to actively or passively tackle
this problem [10]-[26]. Some of them just aim to propose a
solution for this problem while the others offer some other
benefits too. To reduce the leakage inductance and the equivalent
series resistance (ESR) of the coupled inductor of the Y-shaped
coupled inductor, the A-source impedance network is recently
proposed in [18]. However, a major drawback is that the turn
number of the second winding of the coupled inductor, No, is
determined by the A-shaped coupled inductor voltage loop.
It means that Ny cannot be considered as a flexible design
parameter contributing to the gain formula. Furthermore, the
need for an additional absorbing circuit to clamp the dc-link
voltage spikes is still inevitable. However, when the snubber
circuit such as resistor-capacitor-diode [27] is utilized the re-
quired snubber capacitor is less than the Y-source network. As
another approach, to avoid the voltage spike across the dc-link
of YSI, and at the same time, improve its voltage gain, and
input current, the Y-shaped coupled inductor is combined with
a voltage double cell and a low-pass LC filter is added to the
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Fig. 1.
DA-YSI [24]. (f) O-YSI [25]. (g) LCD-qYSI [26].

input too [19]. It is depicted in Fig. 1(a). When the converter
switches from ST to NST state, due to the conduction of diodes
D, and D, the dc-link voltage is clamped by the capacitors C;
and C3. However, because of the simultaneous conduction of
all diodes at the beginning of NST mode, a huge voltage drop
(0—2)Vp appears across the leakage inductor. Therefore, a high
current circulates in the circuit. A similar approach is proposed
in [20] and [21] with one less diode and capacitor and a lower
voltage gain, as illustrated in Fig. 1(b). Nevertheless, in this
approach, the dc-link voltage is still higher when the snubber
diode conducts. In other words, the peak of the voltage spike is
limited by the clamp circuit, but it is not fully mitigated and still
deteriorates the voltage stresses of semiconductors.

The low-spike high-efficiency YSI (LH-YSI) [22] is one of
the successful converters, which is derived by replacing one
of the discrete inductors of the quasi Z-source inverter (qZSI)
[28] with the Y-source impedance network as illustrated in
Fig. 1(c). The leakage inductor energy is recovered through the
capacitor C3 and diode D5. Besides, in addition to the continuity
of the input current, the high blocking voltage of the diode
D1, which is a common problem among all MCIS inverters,
reduces from (6—1)BVj, to (0—2)BV;, in comparison to YSI.
As a step forward, the high step-up YSI (HS-YSI) [23] and the
diode-assisted YSI (DA-YSI) [24] are proposed as the cascade
connection of the YSI with an input current smoothing circuit
and qZSI, respectively [28]. Their circuit configurations are
shown in Fig. 1(d) and (e), respectively. Along with the aforesaid
achievements, they improve the voltage gain characteristics of
the YSI. However, the volume of the coupled inductor is the other
main concern of these converters, as the minimum value of the
dc magnetizing current equals the input current and it is a serious
problem at high voltage gain applications (high input current).
As a recent work, the optimized YSI (O-YSI) is proposed
to tackle this problem [25]. It is derived by repositioning D,
and Cy of the HS-YSI and reconfiguring its coupled inductors
windings as illustrated in Fig. 1(f). The series connection of
Cy and Cy with N; and N» windings of the Y-shaped coupled
inductor along with the common node of its windings results in
a zero average magnetizing current. Therefore, it offers a higher
power density than the other smooth dc-link voltage inverters.
The same Y-shaped coupled inductor configuration with zero
magnetizing currents is also employed by Forouzesh et al. in

Circuit diagram of the clamped dc-link voltage YSIs. (a) Voltage-double YSI [19]. (b) Clamped qYSI [20], [21]. (¢) LH-YSI [22]. (d) HS-YSI [23]. (e)

[26] while it is offered to using of the inductor-capacitor-diode
(LCD) snubber instead of the cascade technique utilization. This
circuit is illustrated in Fig. 1(g). As can be seen, ideally, the
LCD snubber recovers the stored energy of the leakage inductor
to the circuit without losses. However, the component design
of the LCD snubber is a serious challenge in this method, due
to the dependency of their stresses on the leakage inductance
value. Moreover, both of the latest approaches still suffer from a
large coupled inductor windings current resulting in high power
losses and volume of the windings.

The second common problem of the MCIS inverters (the
spiky circuits and even the clamped ones) originates from their
ST current. When one investigates the ST current of all these
converters, it will be revealed that the input current multiplied
by ¢ flows through the circuit during the ST mode. In other
words, reducing the required ST duty cycle will deteriorate the
ST current waveform proportionately. It results in high power
losses and high semiconductors ratings.

Also, some MCIS inverters have been developed based on
quasi switched boost inverter (@SBI) [29] to simultaneously take
advantage of both the coupled inductor and the switch. The early
solutions [30], [31] integrate one more winding to the input
inductor magnetic core of qSBI. While they inherit almost all
advantages of the MCSI inverter, the switch experiences high
voltage spikes, the input current deteriorates, and the ST current
is still too high. As a step forward and to have a continuous
input current, Kumar et al. in [32] have offered to replace the
input inductor of a-source impedance network [33] with qSBI.
Furthermore, in [34], the cascade connection of qSBI and qZSI
has been proposed, while the discrete inductor is replaced with a
switched coupled inductor cell. Although in this way the switch
of these impedance networks is clamped, the dc-link spikes
can be regarded as the main disadvantage of these converters.
Besides, all of these switched-based converters require a bulky
coupled inductor as the magnetizing current is always larger than
the input current.

To solve the aforementioned issues, this article offers two
novel MCIS inverters, shown in Fig. 2(a) and (b). They can
effectively suppress the dc-link voltage spike. The high effi-
ciency and power density of these converters originate from
the low ST current in terms of the magnitude and its duration.
The coupled inductor volume is significantly reduced due to the
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(b)

Fig. 2. Proposed converters (a) type I and (b) type II.

low windings’ current as well as the zero average magnetizing
current. In addition, the low ST current permits the lower ratings
of semiconductors. In the following, their operation principles
are explained first to show how they can effectively recover
the leakage inductor energy and smooth the dc-link voltage.
The currents and voltages of all components are derived in all
modes of operation to facilitate the proper design of circuit
components. In the next step, the successful competitors are
compared with the proposed inverters from various aspects.
Then, all of their features are verified experimentally via tests
on a 500 W laboratory setup.

II. CIRCUIT ANALYSIS

As shown in Fig. 2(a) and (b), one discrete inductor L;,,, three
capacitors (C1—Cs3), three diodes (D1—-D3), five switches (So—
S4), one Y-shaped coupled inductor with (N1:N2:N3) as its turn
ratio, and the output low pass filter, comprising Ly and C; are
the same elements of both types of the proposed inverters that
are connected in different configurations. In type I, the negative
terminal of the input voltage source is directly connected to the
source of the H-bridge MOSFETS S5 and S4 while itis connected to
the source of Sy in type II. However, both of these converters are
identical in all modes of operations. Therefore, in the following,
just type I is analyzed.

A. Operation Principle

The same as all impedance source networks, the proposed
inverter operation consists of two distinct modes; ST and NST.
Its equivalent circuits are presented in Fig. 3. For the sake of sim-
plicity, the H-bridge and the load can be replaced with a switch
that conducts in ST and blocks in NST in parallel with a current
source. It draws the constant current /, from the impedance
network terminals that equals the average value of the output
current within one switching period, 7. The three windings
coupled inductor is modeled with a magnetizing L,,,, and leakage
L inductors on the first winding side. All inductances and
capacitances are considered sufficiently large that the current
through the inductors and voltage across the capacitors can be
assumed constant during a switching period. However, due to
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the low value of the leakage inductance, its current suddenly
changes. With these considerations, the key waveforms of the
proposed inverter are depicted in Fig. 4. Both ST and NST states
are divided into two intervals as described in the following.

1) ST State:

a) Interval I [ty, t;]: When all switches are ON, the con-
verter enters the ST state and the dc-link voltage vpy drops
to zero. Both Dy and D3 are reverse biased by Cs and block.
Also, Dq conducts during this state until the energy stored in the
leakage inductor decays to zero. The equivalent circuit of this
state is demonstrated in Fig. 3(a). Because of the low value of the
leakage inductance, its current reduction occurs at a rapid rate.
Therefore, the time interval of this state is very short and, except
for the leakage inductor, the energy of all reactive elements can
be supposed constant during this state.

b) Interval II [ty, tz]: The equivalent circuit of this state
is shown in Fig. 3(b). As can be seen, all diodes block while the
switches conduct. All capacitors and the input voltage source
charge L,, and L;, as depicted in Fig. 4. It is safe to suppose
that the time duration of this interval is the ST time duration,
i.e., DT,.

2) NST State:

a) Interval III [ts, tg]: In this state, Sy is turned OFF and
the H-bridge operates at zero or active state while all diodes
are forward biased. As shown in Fig. 3(c), the dc-link voltage
is clamped at the voltage value of C3 via the path provided by
D». The voltages across windings of the coupled inductor are
also clamped by the capacitors. Therefore, as depicted in Fig. 4,
it avoids any abrupt change in the coupled inductor windings
current and a resultant voltage spike across the dc-link voltage
when the inverter enters NST state.

b) Interval IV [ts, Tg]: The current of Dy reaches zero
at t3 while the state of the other semiconductors remains the
same as the previous interval. Thus, the voltages across the
coupled inductor windings are still clamped by C; and Cs.
Besides, as illustrated in Fig. 4, a small voltage drop emerges
at dc-link voltage during this interval that is associated with the
blocking voltage of D,. However, as will be revealed, it does not
considerably affect the overall performance and mathematical
analysis of the proposed inverter circuit.

B. Current Analysis

As previously mentioned, the dwell time of the first interval is
negligible and the energy of L;,,, L,,, and the capacitors remains
unchanged during this short time. Thus, starting with Fig. 3(b),
when all active switches conduct and the diodes are reverse-
biased, the capacitors currents can be expressed as follows:

ith = iN2 @)
ity = ~In 3)
ity = —Iin — iNa- “)

Also, based on Ampere’s law, the current of the coupled
inductor windings should meet the following:

Niin1 + Naino + Nsing = 0. 5)
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Considering (2)—(5), the current through C; and Cs can be
obtained from the input current [, and the turn ratio of the
coupled inductor as follows:

it = -KI, (6)

idy = —(K 4+ 1)Ly )
where

o Mt N @)

T N, Ny

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 10, OCTOBER 2022

b, .
+ViLin - _VCi ik, I iz D;
<

Ing
1

in

O

Equivalent circuits of the proposed inverter type I (a) ST state [7g, #1], (b) ST state [#1, t2], (c) NST state [t2, 3], and (d) NST state [t3, T].

‘When the converter switches from ST to NST state, all diodes
start conducting and Sy is turned OFF. As shown in Fig. 4, the
currents of the capacitors change linearly in this interval and
their equations can be easily approximated from just the two
points. Due to the clamped coupled inductor windings, their
currents change continuously. Therefore, one can conclude that
the windings currents at the begging of the NST mode i, (t2™)
equal the one at the end of the ST state iy, (t2 ), wherex =1, 2,
3. With this consideration, the first point of the linear equation
of the capacitor current during the third time interval can be
expressed as follows:

ic1(tet) = —KI; 9)
ica(te®) = —Ii (10)
ics(t2) = (K + )] — L. (11)

At the moment that the current of Dy reaches zero, i.e., t3,
the converter enters the second mode of the NST state. As
depicted in Fig. 4, the capacitors’ currents are constant during
this time interval. By applying KCL in the equivalent circuit
[see Fig. 3(d)] and considering (5), the capacitors currents can
be obtained as follows, these are the final values of the previous
interval, too:

iy = In— 1L, (12)
. Iin - Io

ich = = (13)
ils = 0. (14)

According to the current balance law of the capacitor, its
average value in the steady-state is equal to zero, then

to t3 Ts
[ Cieateh [ Ciades [ it
t1 to ts

DT, (a+D)T, Ts
:/’ %ﬁ+/’ iwﬁ+/ ieadt = 0
0 DT, (a+D)T,

5)
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where x = 1, 2, 3 represents the number of the capacitor.
Furthermore, o = (f3 — t2)/T is the proportionality factor. As
previously discussed, the time interval of the first mode of ST
state is almost negligible. Thus, one can assume that DT ~
(t2 — 11).

Assuming (9) to (14) as the two points of the linear equation of
the capacitors currents during the first mode of NST state, their
linear waveforms can be easily calculated. Thus, by substituting
capacitors currents within the three-time intervals in the time
integral equation of (15), one can conclude

_ 2D(1-D)
D+ K/(K+1) (16)
1-2K+1)D

Io — W}‘m. (17)

Therefore, the current through all elements can be determined.

C. Voltage Analysis

In this section, the voltages of the inductors are calculated
during each time interval. Then, by applying the volt-second
balance to them, the voltage across the capacitors and the boost
factor of the proposed converter are calculated. First, by writing
KVL in the equivalent circuit of ST mode [see Fig. 3(b)], the
voltage equations can be expressed as follows:

Ny
ST
= Vi Ve 18
VLm Nz—Ns( o1+ Ves) (18)
ULm - V;n‘i‘KVCl +VC2+<K+1)VC3 (19)

After that, the converter enters NST mode, when all diodes
conduct, S is OFF, and the H-bridge works in zero or active state.
By writing KVL in Fig. 3(c), the voltage across the inductors
during this mode can be written as follows, where v, " denotes
the voltage across the leakage inductor:

117 N

Vi = m(vm —Ver) (20)
vt = Vi — Vs Q1)
vk = K(Ves — Ver) = Veo. (22)

At t3, the current of D5 reaches zero and the converter enters
the second mode of the NST state. The voltage expressions
during this mode are written as (23) to (25). As can be seen,
in comparison to the equations of the previous interval, just the
blocking voltage of Dy appears in this mode. Besides, due to
the clamped circuit consisting of Cs, and the series connection
of Lj, and L,,, the leakage inductor’s voltage can be obtained
as (25)

v Ny

A%
Vi = — m (VC3 — Ve + UD2) (23)
v = Vin— Vos — vy (24)
—L
v K

= Ve
VLK = LK+(1+N3/N1)L’UL @2

=K (Vos — Vo1 + vhy) — Veo. (25)
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Since Lxg << L,,, it can be assumed that ULK =~ 0. Thus,
from (25)

vhy = —(Ves — Ver) + Veo /K. (26)
Comparing (26) and (22) reveals that vy g /11 = —Kvpy'V.

Hence, to obtain the blocking voltage of D, during the second
mode of the NST state, the voltage across the leakage inductor
during the first mode of NST should be calculated. To do so, it
can be easily estimated according to the current—voltage relation
of the leakage inductor as

. ) 1 [
in1(ts) = in1(te) + L7/ v g dt. 27)
ta

K

Due to the series connection of Cy and L, i1 = i¢o. Thus,
from (3), (13), and (27), the voltage across Do during the last
mode of the NST state can be obtained as follows:

v _ K+ 1[E/(K+1)D+1 *LgD
b2 2 1-D T,

L. (28)

Again, due to a very small L, the value of V2V can be safely
assumed negligible (a few volts). Thus, for the sake of simplicity,
it is ignored during [f3, Ts] in the following analysis. Hence,
the voltages across the capacitors and the boost factor of the
proposed converter can be obtained by applying the volt-second
balance law to the input and magnetizing inductors that results
in the following:

_ (1-2D)
Ver = 172(K+1)Dvi“
Vez = 15acenp Vin (29)
Ves = 15mrnp Vi
; J (30)
 1-2(K+1)D’

Assuming the simple boost modulation [29], the maximum
achievable modulation index, M, is 1—D. Consequently, the
voltage gain, G, of the proposed inverter is

Vypex 1-D _1-D
Vo 1-2(K+1)D 1-6D

where V"®* represents the maximum ac voltage across the load.

G=MB=

€1y

III. ELEMENTS DESIGN AND COMPARISON

Generally, the second harmonic power (2w) is introduced by
all single-phase inverters. In the impedance source inverters,
it causes to 2w ripple on the inductor current, and capaci-
tor voltage of the network, and hence the dc-link voltage of
the inverter. Many approaches have been offered to reduce or
avoid penetrating the 2w ripple into the impedance networks
[35]-[37]. In this section, it is assumed that this undesired power
is effectively suppressed by one of these methods. Therefore,
the design of the components is performed by assuming just the
switching frequency ripple.

A. Elements Design

The inductance value is determined from the voltage across
the inductor during the charge or discharge mode and its dwell
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TABLE I
COMPARISON AMONG PROPOSED INVERTERS AND THE OTHER SUCCESSFUL COMPETITORS

Conveter LH-YSI [22] HS-YSI [23] DA-YSI [24] 0-YSI [25] LCD-qYSI [26] Proposed (type I & IT)
B 1/(1-(1+K)D) 1/(1-(2+K)D) 1/(1-(2+K)D+KD?) 1/(1-(2+K)D) 1/(1-(1+K)D) 1/(1-2(1+K)D)
Ver ! Vin (1-D)B (1-2D)B (1-2D)B (1-2D)B (1-D)B (1-2D)B
Ver! Vin (6- 1)DB (6-2)DB NA (0—2)DB (0—1)DB (6—2)DB
Ves | Vin (1-(©-1)D)B (1-D)B (1-D)B (1-D)B Vst B
Ves ! Vin NA DB DB DB NA NA
In ! Tin 1+N: /Ny 1+N:/ Ny (1+Ns/Ni)(1- D) 0 0 0
Io [ Iin NA 1 1 1 VestP DT; /Lo NA
Vor! Vi (6-2)B (6-2)B (6-2)B 0-2)B - 1B (0-2)B
Vo2 ! Vi B B B B (1 = D)B+ Vst P B
V3 | Vin NA NA (6-2)DB NA Vey — Vst B
Ioi /I @G-1)/(1-D)@-2) (@-1)/(1-D)(©@-2) 1 6-1)/(1-D) (3 -2) 1/(1-D) ((1+D)(0.56 —1)+D)/(1-D)(0.50 — 1)
In2/ In (6-1)/(1-D) (0-1)/(1-D) 1/(1-D) (0-1)/(1-D) 6-1)/1=-D)+ Lo/ In ((1+D) 0.56 ~1) / (1 - D)
Ip3 [ Iin NA NA 1 NA 1o/ Iin 0.56
Vso ! Vin NA NA NA NA NA B
Iso | Tin NA NA NA NA NA 050
Ist | Tin J J J 5 P 050
Note: V3P = 0.5DB + 0.5/ [(DB) 2 + 4LyLoIn12/ (DTVin)?].
time. Based on the circuit analysis, both L,,, and L;,, are charged - - .
) - T —
during the ST mode. Thus, from (18) and (19), one can obtain S Comentiona ZS1 (1]
the fOHOWiIlgI «  Continuity of the input current YSI [9]
 Design freedom more than D, and M qvsi 4]

[ _ N, _20-D)D . v,

m ™ Ny—Nj3 172(K+1)D 2A%,, (32)
Lo = 2(K+1)(1-D)D % VinTs

m = 1-2(K+1)D 2 A%,

where Ai,, and Ai;, are the difference between the maximum
and minimum values of the magnetizing and input inductors
current during one switching period, respectively.

To have an acceptable voltage ripple across the capacitors,
their value should be calculated based on their charge or dis-
charge current and its time duration. Referring to Fig. 4, Cs is
just discharged during the ST mode while the other capacitors
charging operation is performed in both ST and NST modes.
However, based on the current analysis section, the linear current
via C; and Cs can be easily estimated during the first mode of
the NST state and their charge time can be readily estimated
from their zero-crossing point. Accordingly, the capacitance
values are calculated and expressed as follows in which P, is the
nominal power of the converter, and AV, AVo, and AV s
are the capacitors voltage ripple:

O, — CELDK—(K+1)DID | P,T,
1= [(K+1)D¥K] 2V, AV
_ (2K+41)[K—(K+1)D P,T,
Cy = [(KL)D(H{]K) ] 2 Vi AV (33)
C3 = (K +1)D x yrale— V’;ZT;C,J.

To select the proper semiconductors, the maximum value of
the current through and the voltage across them are calculated
and the results are summarized in Table I.

B. Comparison

In this section, the proposed converters are compared with
their counterparts from various points of view. Their voltage and
current are presented in Table I. Referring to Figs. 1 and 2, the
minimum number of components, including the magnetic core,
windings, and capacitors belongs to the proposed converters.
However, they have the maximum number of active switches
and are mediocre in terms of diode count. It is not enough
to only compare the number of elements and a more detailed
comparison will be presented in the following. Before that, it

* Low ST duty cycle requirement LH-YSI [22], HS-YSI [23], DA-YSI [24]

 Common ground between input and output 0-YSI [25, LCD-qYS1 [26]

o Single-stage buck-boost ability @ Proposed

o Highly reliable operation

« Low ST Current magnitude

(a)
—k— —de— Proposed
—8— —— LCD-qYSI[26)
e —— O¥SI [25)
—a— —— DAYSI [24]
—— —— HSYSI 23] 6
—— —— LH-YSI [22]

Normalized ST Current , Isy/ I,

o factor

(b)

Fig. 5. (a) Evolution of the ZSI based on MCIS inverters and (b) investigation
of the ST current and minimum dc magnetizing current of the coupled inductor
versus 0 factor.

is worthy to figure out from where the main attributes of the
proposed converter originate, especially when compared to the
other smooth dc-link competitors. To do this, let us generally
take a look at the evolution of the MCIS inverters while their
main advantages are listed in Fig. 5(a). In each step forward, the
MCIS inverters have added some features to the precedented
ones while keeping those main advantages. However, all of
them deteriorate the ST current. But the added advantages of
the proposed converters consist of the low ST current magnitude
too. Comparing the ST currents, it is evident that 0.561;;, passes
through the proposed converters in ST mode while it is 0/,
for the competitors. It means that § can be chosen twice larger
for the same voltage gain, resulting in a considerably lower ST
time duration, lower voltage stress of the H-bridge, and lower
amplitude of the switching harmonics, assuming that the ST
current is the same. The other major disadvantage of some
competitors is the nonzero magnetizing current. It imposes a
serious constraint on selecting §. To investigate this issue, /,,
and ST current are plotted versus ¢ for the understudy topologies
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in Fig. 5(b). As can be seen, the increase of J decreases the
dc-magnetizing current while at the same time the ST current
increases. It means that in trying to reduce I,, by increasing
0, the ST current magnitude increase is a severe limit. As an
advantage, the zero average value of the magnetizing current
of the proposed converters avoids such an undesirable extra
constraint. Even though the increase in § lowers the ST time
required, it directly affects other MCIS converters’ parameters,
especially the voltage and current stresses of the components.
As can be seen, the bigger the ¢ factor, the higher the ST current
and the voltage stress of semiconductors (here D) of all MCIS
inverters. For this reason, it should be chosen carefully to ensure
that the aforementioned parameters will be acceptable.

Based on the application that determines the power rating
and the required voltage gain, the volume of the inductors or
the ST current is more important. Thus, as an example, 6 = 4 is
considered for all understudy cases to have a numerical design
and comparison from different aspects.

1) Active Elements: The main parameters that determine the
power losses and price of the active devices are the voltage
and current stresses. As presented in Table I, D; experiences
the maximum voltage stress among the semiconductors for all
MCIS inverters. Although, the proposed inverters decrease this
parameter in comparison to the original impedance network
YSI, and LCD-qYSI from (6 —1)BVj,, to (0—2)BViy,. The voltage
stresses of all active devices are shown in Fig. 6(a). It is evident
that the maximum voltage stresses among all clamped dc-link
voltage inverters belong to LCD-qYSI. The proposed converters
have fair values. The other key factor is the maximum current
stress that is the ST current. As can be seen, the competitors
suffer from the high value of §/;,, while the proposed ones offer
half of this value. The current stresses of the active devices are
depicted in Fig. 6(b), which shows the proposed converters ex-
perience the minimum ones. However, to have a fair comparison,
it is necessary to compare the understudy topologies from the
switching power devices (SDP) point of view. Because it is a
measure of the total semiconductor device requirement [38].
This parameter is defined as (34) where V; max, and I; max are
the maximum voltage and current stress of the ith semiconductor
of the converter, respectively. It is calculated for the proposed
converters as (35) as well as the competitors based on the voltage
and current stresses summarized in Table I and the results are
plotted in Fig. 6(c). As can be seen, the proposed converters
offer the minimum SDP among the understudy cases, hence, it

Norm. Semiconductors Current Stress

LCD-YSI  O-YSI

* Toal "Iy Ips "l =gy
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directly means the minimum semiconductor device requirement

n

1
SDP = Vi, max i max 34
Py 2 Vimasls GY
SDPpr, = B4 3 (0556~ 1)1+ D) + D] + 26
Pro — Pom 1-D . .

(35)

2) Reactive Elements:

a) Capacitors: The volume of the capacitor is directly
related to its maximum stored energy [39]. Therefore, this
parameter is calculated for the proposed converters based on
(29) and (33), while for the competitors is obtained according
to the parameters presented in Table I. The results are plotted
in Fig. 7 while the same voltage ripple is considered for all
capacitors. As can be seen, the proposed converters are smaller
in comparison to the LH-YSI, HS-YSI, O-YSI, and LCD-qYSI
while are bulkier than the DA-YSI in terms of the volume of the
capacitors.

b) Inductors: Referring to Table I, all the discrete induc-
tors have the same average current as [, and all understudy
circuits have two inductors in their structure, except for the
proposed converters and LH-YSI, which have one fewer. Thus,
their advantage over the others is obvious in terms of discrete
inductors. However, the coupled inductors are different when
their magnetizing current and windings currents are taken into
account. Therefore, a numerical design is performed in the
following to do an accurate comparison.
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TABLE IT
NUMERICAL DESIGN OF THE COUPLED INDUCTORS FOR DIFFERENT CONVERTERS
Com Lon(Ti™)? ﬁ%fng ’f::l':‘lt Volume and weight T K, MLT
. 2 . 3
(mB.A) current (A) | of core Par. mm ar %) (mm)
LH-YSI 5.93:11.17: Core | 49700 | 288.26 A
1227 73.1930 936 77072 Win. 1 28162 | 202.47 77:17: 64 | 30.61 | 91.005
HS-SYI 6.05:7.41: Core | 49700 | 288.26 i
23] 63.2524 6.50 77072 Win. 1 21950 | 157.81 51:17:85 2426 | 88.304
DA-YSI 4.35: 4.60: Core | 49700 | 288.26 1.
124 65.4133 479 77072 Win. | 22989 | 164.56 51:51:121 | 25.46 | 88.793
O-YSI 3.43:8.12: Core | 15600 | 90.84 on.
1257 2.1523 11.48 77090 Win. | 22098 | 158.87 84:84:28 | 4991 | 70.36
LCD- 2.71: 8.61: Core | 15600 | 90.84 oz,
Jxsifs) | 21523 1195 1089 e s 1o | 57:95:57 | 66.13 | 77.64
3.34:3.87: Core | 10600 | 61.48 .
Prop. 2.1523 715 77083 Win | 16983 1201 84:140:28 55.9 65.83
Maximum stored energy is the basic factor for the proper se- 8 Tdeal
lection of the magnetic core to avoid core saturation. This param- e o
eteris calculated for the coupled inductor of the understudy cases B -,
and the results are presented in Table II. The first core with the - s
higher L, (I,,,™**)? is the proper core. The other design factor is f;,; 4 ;
the fill factor K. Itis defined as the fraction of the magnetic core 3 p
window area that is filled by the wire and should not be more than 2
65% [40]. The required area of the windings should be calculated
according to the rms value of the winding current and the current 00005 o1 015 02 025
Duty Cycle, D

density, i.e., A,, = I;;ns/J. The current density is often considered
between 3 and 8 A/mm?. Here, it is selected 4 as a tradeoff
between the length of the wire and the efficiency. Also, to reduce
the skin effect, the Litz wires are used for the required A,,. Con-
sequently, the area of the winding can be obtained and the cores
are selected while the core saturation and fill factor are assumed
at the same time and the results are given in Table II. Based on the
obtained fill factors, the mean length per turn (MLT) of the wind-
ings are derived from the cores datasheet. Although, the coupled
inductor with almost ac flux are designed in the different manner
in comparison to the ones with a high dc flux [41], the volume
of magnetic core and windings mainly determines these coupled
inductors’ volume such as the others. Eventually, the weight and
volume of the cores and winding are calculated. As can be seen,
although the proposed converters, O-YSI, and LCD-qYSI have
the same values in terms of maximum stored energy, the higher
current of the O-YSI, and LCD-qYSI windings causes a higher
A, and hence a higher core window requirement. Therefore,
they are 1.37 and 1.7 times bulkier and 1.36 and 1.72 times
heavier than the proposed converters in terms of the Y-shaped
coupled inductor properties. Besides, the other competitors are
already far beyond the proposed converters in this respect due to
their nonzero dc magnetizing current and hence high maximum
stored energy, as LH-YSI, HS-YSI, and DA-YSI are 2.82, 2.6,
and 2.64 times bulkier and 2.67, 2.47, and 2.43 times heavier in
comparison to the coupled inductors of the proposed inverters.
3) Nonideal Voltage Gain Characteristics: By considering
the theoretical voltage gain equations of the proposed convert-
ers and the other MCIS inverters, they can change the output
voltage from zero to infinity. However, similar to other boost
converters their voltage gain is restricted in practice by the
parasitic elements, mainly the ESR of the inductors and the

Fig. 8. Comparison of ideal and practical voltage gain versus duty cycle.

capacitors, forward voltages of diodes, and the ON-state resis-
tance of the diodes and MOSFETS. To investigate this issue, the
ideal lossless and nonideal voltage gain characteristics of the
proposed converters and the competitors are calculated based on
the method described in [42] and the results are summarized in
Fig. 8. They are obtained based on the experimental conditions
and the designed parameters in the previous subsection. The
modulation index is supposed as M = 1—D. As shown in this
figure, the proposed converters offer a slightly higher practical
voltage gain. It is noteworthy that although the same ¢ factor
is considered for all of the inverters, the competitors require a
longer ST to compensate for the voltage drop originating from
the parasitic components, especially at higher voltage gains.
Therefore, the maximum achievable modulation index of the
competitors is also reduced resulting in a higher dc-link voltage
requirement and higher amplitude of the harmonics around the
multiplications of the switching frequency.

IV. SMALL-SIGNAL ANALYSIS

The small-signal model is used to approximate the behav-
ior of power electronic converters with linear equations and
provide a means for dynamic and control studies. The circuit
averaging technique consists of averaging the current and the
voltage of nonlinear elements within one switching period. To
do so, diodes and switches are modeled as dependent voltage or
current sources [43]. The average of the diodes voltages and the
switch current can be obtained from Table I. By extracting the
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(a) AC small-signal model. (b) Bode plot of proposed impedance source network.
TABLE III
CIRCUIT PARAMETERS AND TEST CONDITIONS
Parameter Value
Output power, P, 500 W
Output voltage, V5, 220 Vrms / 50 Hz
Input voltage, Vi 100 VDC
Carrier frequency, fc 20 kHz
Turn ratio & 6 84:140: 28 & 4

Inductors Lin & Lm
Magnetic Cores for Lin & Lm
Rein
Rni: Rno: Rz
Capacitors, C1 = C2 = C3

Switches for clamped (spiky) circuit, So~S4

Diodes, D1 & D2, D3

small-signal part of these average values, one can write

G- 2D. (-2 :
v = Vin d=« Vin + d (36
D1=T5h (1_sD)? 1 Bid (36)
~ D - Vi o 5
Up2,p3 = 7 spd+ (1_sD) Uin = Ui + B2d ~ (37)
iso,.sw = 0.56 {Iind+ Dgin} = Qgiin + PB3d (38)

where the values with a ~ are perturbations around the operation
point. The diodes and the switches are then replaced by the
controlled sources shown in (36)—(38), as depicted in Fig. 9(a).
Moreover, the parasitic elements are considered in this average
model circuit. From this model, any required transfer function
can be attained readily. Therefore, by applying some KVLs and
KCLs to this circuit while the input voltage is assumed constant,
the transfer function of the control to the voltage of C1, Gc1_4(s)

4000 uH & 538 uH
0077735A7 & 0077615A7
260 mQ
147: 196: 22 mQ

680 pF /400 V & 32 mQ
IRFP460 (FGH40T120SMD)
C4D10120D & APT30D60B

is obtained as (39) shown at the bottom of this page. The Bode
plot of (39) is illustrated in Fig. 9(b). To confirm the validity
of the derived transfer function, the linear small-signal model
of the proposed network is implemented in MATLAB/Simulink
software. In this figure, both the simulated and calculated Bode
plots are shown together which show a close match

V. PRACTICAL EVALUATION

To confirm the superior performance of the proposed con-
verter, a 500 W laboratory setup is provided. The test rig is shown
in Fig. 10, while the parameters and test conditions are presented
in Table III. The unipolar pulsewidth modulation (PWM) and
the ST signals are generated by the STM32F407. Also, the
coupled inductor is intentionally wound loosely to better reveal
the voltage spike mitigation capability of the proposed converter,
and the leakage inductances are measured as 0.62, 13.8, 1.25 uH

—1ebs® — 8.116e09s* — 1.037e14s® — 8.001e17s% — 5.495¢19s + 8.45122

Gopr-als) = “2* =

d 58 4+ 1649055 4+ 2.034e085% + 6.247¢10s3 + 3.107el14s2 4+ 2.299¢16s + 1.444¢19°

(39)
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Fig. 10. Photograph of the experimental setup.
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for the first, second, and third windings, respectively. It should be
noted that although it is possible to mitigate the 2w ripple power
from the dc side of the converter utilizing extra active and/or
passive techniques like what is already presented in [37], here to
just concentrate on the novel circuit topology, large capacitances
(680 uF/400 V) are employed for Ci, Co, Cs to filter out
the low-frequency voltage ripple. Furthermore, considering the
effects of parasitic components, the required ST duty cycle is
higher than the theoretical value to obtain the desired voltage
gain. Therefore, D and M are set to 0.191 and 0.809 here in
order to obtain 220 Vrms from 100 Vdc.

First, to show the voltage spike reduction feature of the
proposed converter, the part of the circuit that clamps dc-link is
disabled. Indeed, Dj is short-circuited and the gate pulse of Sy is
set to zero. The experimental conditions, presented in Table III,
are also considered while insulated-gate bipolar transistors
(IGBTs) (FGH40T120SMD) are employed here to avoid the
failure of the semiconductors against the voltage spikes. Fur-
thermore, by assuming the boost factor of this converter (B = 1/
[1— (K+1) D]), the spiky circuit requires K = 3 to have the same
¢ factor (0 =4). To do so, the turn ratio of the coupled inductor is
then modified as 140:84:28. The experimental results including
the dc-link voltage and the current of the coupled inductor
windings are shown in Fig. 11. When the transition from ST to
NST state happens, all currents of the coupled inductor windings
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Fig. 12. Measured waveforms of the proposed inverter. (a) Voltages stress of

the impedance network active devices. (b) ST signal, dc-link voltage, voltage and
current of Dy. (¢) ST signal, and input and magnetizing currents. (d) Current of
coupled inductor windings. (e) Input and capacitors’ voltages. (f) Output voltage
and current, dc-link voltage (Vpy) and inverter voltage (Vp).

abruptly change. Consequently, the voltage spikes appear across
the dc-link as its peak value reaches around 1000 V while its
stabilized value is 396 V.

The experimental waveforms of the MCIS inverter with the
clamped dc-link are presented in Fig. 12. First, to show the
operating modes of the proposed converter, the voltages across
the semiconductors are shown in Fig. 12(a). As can be seen,
all diodes are reverse-biased in the ST state. On the contrary,
in the NST state, Sy is turned OFF, and the voltages across
the diodes are almost zero. Note that, unlike the DA-YSI, the
voltages across Dy and D3 are clamped by the capacitors and
the ringing is not noticeable in their waveforms. However, the
same as the YSI and the smooth dc-link competitors, there is
the resonance circuit consisting of the coupled inductor leakage
inductance and the capacitance of D;. Therefore, the ringing
appears on the blocked voltage by this semiconductor. Besides,
during NST mode, the voltage of D5 is almost zero which means
its blocking voltage is negligible in the second mode of the NST
state. To investigate its effect on the dc-link voltage, the ST
pulse, the dc-link voltage, and the voltage and current of Do are
measured and the results are presented in Fig. 12(b). When the
current of D reaches zero, there is no considerable voltage drop
at dc-link in comparison to the first mode of the NST state. In
other words, the calculated drop of 12 V [from (28)] can be safely
ignored in comparison to the dc-link voltage of 393 V. Also, the
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Fig. 13.  (a) Control block diagram of the proposed MCIS inverter in grid
connected application, and (b) experimental results for output power step change
from 300 to 500 W.

time interval of this mode a7 is measured as 10.4 pus that is
consistent with its calculated value of 11.18 us from (16). Then,
the high-frequency magnetizing current ripple of the coupled
inductor L,,,, and the input inductor L;,,, are shown in Fig. 12(c).
Both of them are charged during ST state and then deliver their
energies to the load and capacitors in the NST state. Also, as
already expected, the average current of the coupled inductor
is almost zero. Next, to show the clamping capability of the
proposed inverter, the windings currents of the coupled inductor
are shown in Fig. 12(d). When the inverter enters the NST state,
all of them change linearly. Therefore, no noticeable voltage
spikes occur across the semiconductors of the H-bridge. Also,
the voltages across the capacitors are depicted in Fig. 12(e). To
boost the voltage from 100 V to 220 Vrms, the capacitors Cj,
Co, and C3 experience 240, 140, and 394 V, respectively. Then,
the output waveforms of the proposed inverter are shown in
Fig. 12(f). The output voltage and current, the dc-link voltage,
and the terminal voltage of the H-bridge are presented in this
figure. As can be seen, the dc-link voltage is almost smooth and
no voltage spike can be detected in these waveforms. Also, the
high quality of the sinusoidal waveform is confirmed with a total
harmonics distortion (THD) read as 2.4%.

Next, the block diagram of a simple closed-loop control of
the proposed inverter is illustrated in Fig. 13(a) to investigate
its dynamic and steady-state behaviors for the grid-connected
application. A proportional-integral controller is designed based
on the derived transfer function of (39) and frequency-domain
design approach explained in [44], which results in Kp =
1.48x107° and K; = 648.6x107>. The closed-loop system
is stable and the rise and settling times in response to a
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step-change in the reference of active power are almost 90.3 and
161 ms, respectively. The controller effectively regulates the
dc-link voltage through the voltage feedback of the capacitor
C;. Also, D, the ST duty cycle at the equilibrium operating
point, can be calculated from (31). Furthermore, V¢ 1o can
be obtained as (1—-2D)V,™*/n(1—D) while considering simple
boost modulation and (29). In addition, 7 is assumed here as
the converter efficiency coefficient [45]. A phase-locked loop is
also used to detect the phase of the grid voltage and generate the
reference current of the inverter based on the desired active and
reactive powers i.e., Prof and Qyef. Then, a proportional-resonant
controller with a harmonic compensation network is used for
the current loop [46]. Finally, the PWM signals are generated
based on the simple boost modulation. Fig. 13(b) depicts the
experimental results in response to a step change in the reference
active power from 300 to 500 W while the test conditions are
listed in Table III. Evidently, the simple control scheme of
Fig. 13(a) can provide a fast and smooth transient with a highly
sinusoidal grid current as its THD is read 2.9% by a Fluke 435
power quality analyzer.

Furthermore, a comparative analysis of the efficiency of the
understudy circuits is performed. The ST duty cycle is manually
adjusted to keep the output voltage constant at 220 Vrms while
P, changes from 200 to 500 W. To carry out a fair comparison,
the passive components are designed according to the same
current and voltage ripple for the inductors and the capacitors,
respectively. Also, the same semiconductors, reported in Ta-
ble III, are supposed here for all of them. Based on the above
assumptions and the method presented in [15], the efficiencies
are obtained and the curves are plotted in Fig. 14(a). As already
expected, due to the significant reduction of the ST current, the
proposed converter offers higher efficiency in comparison to the
competitors reaching 92% while the competitors cannot even
reach 90%. The distribution of losses among different compo-
nents is depicted in Fig. 14(b). Based on the theoretical analysis,
the competitors suffer from a high ST current, which is twice the
proposed one. Therefore, the decrease of reactive components
power losses was already expected. Although, the resistance val-
ues of the windings of the proposed inverter are supposed higher
than the competitors due to the lower current stress and the same
current density consideration. In addition, the total power loss of
the active switches of the proposed inverter is obtained as 20.3 W,
while itis 45.1, 44.4, 43.5, 44.4, and 42.3 W for the LCD-qYSI
[26], O-YSI[25], DA-YSI [24], HS-YSI[23], and LH-YSI [22],
respectively. Also, the power loss of driver and isolated power
supply power consumption is considered in the auxiliary power
losses. Evidently, the total power losses of the switches of the
proposed converter are decreased almost 100% in comparison
to the competitors leading to efficiency improvement and lower
cooling system requirements. In addition, the power loss in the
magnetic cores is the lowest for the proposed one. However,
in comparison with the nominal power of the converters, the
calculated values of core losses for all magnetic cores are small
and have a negligible effect on the converter efficiency.

Finally, the converters are compared in terms of power density
in Fig. 15. The volume of the inductors, the maximum stored
energy of the capacitors, and the power losses of the active
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Fig. 15.  Comparison of the understudy cases form volume point of view.

devices as a measure of their cooling system volume are listed
in this figure. All of these volume indicators are normalized by
the minimum value in each case to facilitate the comparison. As
can be seen, the volume of the coupled inductors of the proposed
converter is the lowest among all. It is because of the zero-mean
magnetizing current and lower windings area requirement in the
wake of low ST current. It is almost 200% less than the LH-YSI.
Also, the proposed inverter is ranked second when the volume
of the capacitors of the inverters is investigated. It is just 28%
higher than the DA-Y SI that has the minimum capacitor volume.
Furthermore, the proposed converter is superior in comparison
to the competitors in terms of the cooling system. Totally, the
competitors LH-YSI, HS-YSI, DA-YSI, O-YSI, and LCD-qYSI
are roughly 80%, 76%, 60%, 48%, and 46% bulkier than the
proposed topology.

VI. CONCLUSION

This article proposed two MCIS inverters that offer a clamped
dc-link voltage with no voltage spikes across the H-bridge
semiconductors. Significant ST current reduction and zero dc
magnetizing current of the coupled inductors are other main
achievements. Therefore, the volume of the coupled inductors
is almost independent of the power rating and voltage gain.
Generally, in comparison to the other successful competitors
with a smooth dc-link voltage, the proposed circuits offer a
higher power density and efficiency. Also, the proposed clamp-
ing technique can be utilized to effectively suppress the voltage
spikes of the other MCSI inverters with the lower ST current. The
validation of the aforesaid properties was done through extensive
experimental tests on a S00 W laboratory setup.
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(a) Efficiency comparison and (b) loss distribution at 500 W output power.
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