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Abstract—In this paper, three impedance networks, 
based on three-winding switched-coupled-inductors 
(SCLs) are proposed that are improved compared to the 
successful modified series and tapped SCL quasi-Z-source 
networks (mS/TSCL-qZSN). The proposed networks have 
three coupled windings in their topologies with their two 
turn-ratios to be chosen arbitrarily, instead of only one turn-
ratio compared to the mS/TSCL-qZSNs. Consequently, a 
high degree of design flexibility is achieved that is 
accompanied with low peaks of both magnetizing and input 
currents, which let smaller magnetic elements including 
both total required coupled-inductances and the input 
inductance. Also, with the new configuration of the 
proposed circuits, the components' stresses such as the 
total capacitors' voltages, the total switching device power 
ratings, i.e. SDPs, are remarkably reduced compared to the 
origins. The performance principles and design criteria are 
explained in the paper. Then, the investigative experimental 
results on a DC-DC laboratory prototype are presented. 

 
Index Terms— Flexible gain, switched-coupled-

inductors, turn ratio, Z-source networks. 
 

I. INTRODUCTION 

Many power conversion applications ranging from the grid 
integration of the renewable energy sources and the electric 
vehicles (EVs) to the driving high voltage light emitting diodes 
(LEDs) are involved with the challenge of providing a flexible 
voltage gain capability for the power electronic converters [1]–
[6]. Recently, the impedance (Z-) source networks (ZSNs) have 
attracted many attentions in the literature to highly increase the 
output voltage of different converters. The voltage gain 
equation of most of the well-known ZSNs can be generalized 
as (1).  
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where K1 and K2 are gain constants and D is the shoot-through 
duty cycle. For example, the constants K1 = 1 and K2 = 2 are for 
the traditional quasi-ZSN of [7]. 

There are many approaches for the voltage boosting 
capability such as the diode/capacitor assisting, the switched-
inductors/capacitors, the voltage lift and etc. [8]–[10]. All these 
techniques mainly suffer from large components size 
requirement, high semiconductors rating and then high cost and 
power loss. Lately, the coupled-inductors integration with the 
ZSNs has been successfully developed. Thereby, its advantages 
mainly known as the smaller components size along with higher 
voltage gains against the traditional techniques are more 
evident today. As a step forward than the traditional ZSNs, 
some of the successful coupled-inductors-based ZSNs are 
known as the magnetically coupled impedance source (MCIS) 
networks of [11]–[16] and the recently proposed ZSNs called 
as the switched-coupled-inductor (SCL) networks of [17]–[20]. 
The voltage gain of all networks of [11]–[17] exponentially 
increases with the higher-than-unity winding turn ratios. 
Consequently, the parasitic elements, i.e. the equivalent series 
resistances and the leakage inductances of the windings, 
become a challenging issue for the design of the inductive 
elements, especially for high voltage gains. Moreover, 
assuming a same magnetizing inductance, these coupled-
inductors with high turn ratios may lead to high total 
inductances, which can potentially increase the converter size, 
weight and cost. Then, the topologies of the series and the 
tapped SCL (SSCL and TSCL) of [18] and [19] have been 
successfully introduced with the same or even higher voltage 
gains and smaller passive components size compared to the 
SCL quasi-ZSN of [17] by employing the coupled-inductors 
with less-than-unity turn ratios. As an improvement to [18], the 
modified SSCL and TSCL (mSSCL and mTSCL) of [19] offer 
many remarkable features such as a significant size reduction 
of the magnetic core of the coupled-inductors, a lower total 
semiconductors stress and a common ground between the input 
source and the output load. Despite, their voltage gains are 
relatively lower and the capacitors voltage stresses are higher 
than their counterparts in [18]. Besides, the gain constant K1 and 
K2 of (1) for the SCL-based ZSNs of [17]–[19] are dependent 
as K2 = K1 + 1, which restricts the feasible voltage gains.  

This paper is aimed to improve the properties of the previous 
SCL-based ZSNs by using their potentials to introduce a new 
class of generalized three-winding SCL-ZSNs with flexible 
voltage gains. The proposed ZSNs offer higher degree of 
freedom for the voltage gain with two arbitrarily chosen turn 
ratios for their three-winding coupled-inductors, which help 
flexibly provide any required voltage gain by independently 
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designing the gain constants K1 and K2 of (1). Consequently, a 
lower peak of the magnetizing and input currents is achieved, 
which allows to keep both required coupled and input 
inductances as low as possible due to the lower voltage stress 
of their corresponding inductors and the lower/eliminated DC 
component of the magnetizing currents. The lower total 
capacitors’ voltage stresses and the lower rating of the 
semiconductors are the other advantages of the proposed ZSNs 
over the traditional SCL-based ones. All aforementioned 
features let reduce the volume, weight, cost and power losses 
and at the same time simplify the implementation of the 
proposed networks. Moreover, the proposed networks still 
benefit from the well-known features of their traditional 
counterpart such as the half cycle sinusoidal resonance in the 
windings current waveforms with its advantages on almost 
eliminating the voltage spikes across the semiconductors. The 
performance analysis and the parameters design are presented 
in detail and verified through extensive tests on a prototype of 
a DC-DC converter. The proposed ZSNs are implemented as a 
simple DC-DC converter only for the sake of simplicity. 
Evidently, they are not only applicable for DC-DC conversion 
but also are useful for other conversion types including the AC-
DC, the DC-AC and the AC-AC as an individual power 
conversion stage, the same as previous ZSNs. 

II. PROPOSED SCL IMPEDANCE NETWORKS 

The circuits' configuration of the proposed ZSNs are depicted 
in Fig. 1. As seen from this figure, each SCL network employs 
a set of three-winding coupled-inductors to achieve a high 
voltage gain and/or high degree of freedom for the voltage gain 
design compared to their competitors. The proposed ZSNs are 
called as PSCL-qZSN, ZSCL-qZSN, and YSCL-ZSN, as 
shown in Figs. 1(a) to (c), respectively. The PSCL and the 
ZSCL networks of Figs. 1(a) and (b) are developed within the 
traditional quasi-ZSN of [7] while the YSCL, shown in Fig. 
1(c), is derived from the integration of the input current 
smoothing technique of the well-known A-source of [13] with 
the successful TSCL-cell of [18] and [19]. 

A. Performance Analysis 

Figs. 2(a) to (f) show the steady state equivalent circuits of 
the proposed ZSNs operating in two states of the shoot-through 
(ST) and the non-shoot-through (non-ST), from which the 
performances are analyzed in the following. 

1) PSCL-qZSN 

a) ST State: 

The diode D1 and the switch SWo conduct during this state 
while the diode Din is reverse biased, as seen from Fig. 2(a). The 
capacitor C1 simultaneously charges the capacitor C3 and the 
magnetizing inductance through the windings. In addition, the 
current of the input inductor Lin linearly rises and it is then 
charged by the input voltage and the capacitor C2. According to 
Fig. 2(a), one can write 
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b) Non-ST State: 

On contrary to the ST state, the gating pulse of the switch 
SWo turns it OFF and at the same time the diode D1 is reverse 
biased, as shown in Fig. 2(b). The input diode Din conducts and 
carries the current towards the output load, which is commonly 
modeled by a current source. As seen from Fig. 2(b), the 
capacitor C3 is in series with the coupled-inductors discharging 
its energy into the load. With the equivalent circuit during this 
state, the voltage equations are calculated from some KVLs as 

3 2L in pn N in CV V V V V     (4) 

1 3

1

1(1 )

pn C C

N

V V V
V

n

 



 (5) 

2 3
1

1 2

.
1

C C
N

V V
V

n n




 
 (6) 

By employing the volt-second balance for the voltages across 
the winding N1 of (3), (5) and (6), one can obtain 
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Then, 
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The result of the volt-second balance on the voltages across 
the input inductor Lin of (2) and (4) is the voltage gain (G) as in 

  
(a) (b) (c) 

Fig. 1. Proposed three-winding (a) P, (b) Z, and (c) Y switched-coupled-inductors (SCL) -based impedance networks. 
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(9). 
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2) ZSCL-qZSN 

a) ST State: 

The same as all proposed ZSNs, the input diode Din blocks 
the current while the switch SWo of the ZSCL-qZSN conducts 
during this state. From Fig. 2(c), the voltages are obtained as  
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b) Non-ST State: 

The voltages of this state are calculated as  
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 With considering the volt-second balance, one can readily 
obtain the voltage gain of the ZSCL-qZSN as 
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 (15) 

As seen from both Figs. 2(c) and (d), all three capacitors of 

the ZSCL-qZSN are in series with the coupled-inductors. This 
means that the DC component of the magnetizing current is 
completely eliminated for the ZSCL, which significantly let 
reduce the size of the magnetic core of its coupled-inductors. 
3) YSCL-ZSN 

Following a same procedure as that for both previous ZSNs, 
the voltage gain and the capacitors voltages of the proposed 
YSCL-ZSN of Fig. 1(c) is calculated by using Figs. 2(e) and (f) 
as 
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It is obvious from the circuits of the ST states shown in Fig. 
2, the leakage inductance of the winding N3 of all proposed 
ZSNs is in series with the input inductance. This means that it 
helps slightly reduce the input current ripple while does not 
contribute in changing the frequency of the sinusoidal half cycle 
resonance appeared within the windings currents. Thus, on 
contrary to the traditional SCL-based ZSNs, the winding N3 of 
all proposed ZSNs can be even loosely coupled with the other 
windings, which not only reduce the input current ripple but 
also simplifies the implementation of the coupled-inductors. 
Besides, the frequency of the sinusoidal half cycle resonance 
(fres) in windings' currents during the ST state is determined 
only by the total referred leakage inductance (Llkg) of the 
windings N1 and N2 and the capacitances of C1 and C3. This 
frequency must be selected as in (18) to ensure the half cycle 
resonance completes before the end of the ST state. 

 
(a) 

 
(c) 

 
(e) 

 
(b) 

 
(d) 

 
(f) 

Fig. 2. Operational states of the PSCL-qZSN during (a) ST and (b) non-ST, the ZSCL-qZSN during (c) ST and (d) non-ST, and the YSCL-ZSN 
during (e) ST and (f) non-ST. 
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where K12 is the coupling coefficient between windings N1 and 

N2, and fsw is the switching frequency. The effect of different 
coupling coefficients on the voltage and current waveforms are 
shown in Fig. 3. Evidently, the more K12 increases, the faster 
the sinusoidal resonance completes. 

The voltage gains of (9), (15) and (16) are rewritten and 
given in Table I by introducing two cell factors (CFs), i.e. CF1 
and CF2, instead of only one as in [19]. According to (1) and 
the notation of Table I, the voltage gain equations of the 
proposed ZSNs can be interpreted as 
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From (19), one can simply conclude that by proper selecting 
the cell factors of the proposed ZSNs, any desired K1 and K2 ≥ 
1 can be independently designed, which is a unique design 
feature offered by the proposed ZSNs. The voltage gain 
equations of [17]–[19] and [21]–[23] along with their 
corresponding turn ratios (cell factors) are also given in Table 
I. As seen from this table, there are many desirable gain 
equations that are not applicable by the traditional competitors. 
The negative sign of the turn ratios calculated in Table I implies 
the inverted connection of its corresponding winding dotted 
node compared to that shown in Fig. 1 for each proposed 
network. For the sake of a clear presentation of the flexibility 
of the voltage gains offered by the proposed ZSNs, the gain 

TABLE I 
CELL FACTORS AND TURN RATIOS FOR THE PROPOSED AND CONVENTIONAL THREE-WINDING SCL-Z-SOURCE NETWORKS 
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Fig. 3. Effect of different coupling coefficients (K12) on current 
waveforms of winding N1, diode D1 and switch SWo, and voltage 
waveform across leakage inductance, for a given duty cycle. 
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equations (G1 to G8) given in Table I are plotted in Fig. 4(a). 
Also, the gain constants K1 and K2 are plotted in Figs. 4(b) and 
(c) for the under study networks, respectively. Obviously, any 
increase or decrease of K1 and/or K2 of (19) by changing the 
turn ratios allows to provide various voltage gains by 
employing the proposed ZSNs, as seen from Fig. 4. Moreover, 
Figs. 4(b) and (c) show that the gain constant K2 of the proposed 
ZSNs can be independently designed while it is dependent to 
K1 for the competitors. For example, according to Table I and 
Fig. 4, for a given K2, the more K1 of (19) increases, the more 
the voltage gain rises without changing the high limit of the 
shoot-through duty cycle, which is fixed at D = 1/K2. This 
means that by avoiding the adverse effects of the parasitic 
elements on the voltage gain become dominant, especially at 
high duty cycles, the voltage gain can be significantly 
increased. It should be noted that for the traditional SCL-based 
ZSNs of [17]–[19] and [23], one can simply conclude from 
Table I that K2 = K1 + 1, as also seen from Fig. 4(b). Thus, their 
gain constant K2 cannot be independently designed while it is 
allowed for the proposed ZSNs. 

III. NETWORKS PARAMETERS DESIGN AND COMPARISON 

Mainly, the ZSNs are constructed from the passive 
components including the inductive and the capacitive 
elements. Moreover, the semiconductors’ ratings along with the 
sizes and the ratings of the passive components simultaneously 
contribute to the volume, the cost and the power losses of the 
ZSNs. Thus, the components’ parameters of the proposed ZSNs 
must be designed and evaluated as follows. 

A. Magnetic Core Size 

According to [24], assuming a same magnetizing inductance, 
the peak magnetizing current determines the maximum stored 
energy of the magnetic core of the coupled-inductors, which 
directly translates to the size of the core. 

For the peak magnetizing current, one can write 

1

2 2
peak Nm
m m m

m sw

V DI
I I I

L f
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where Im, ΔIm, and VN1 are DC component of the magnetizing 
current, current ripple, and the voltage across the winding N1 
during the ST state, respectively. As seen from (20), the DC 
component of the magnetizing current needs to be calculated 
for the proposed ZSNs. With considering the non-ST state of 
the PSCL-qZSN shown in Fig. 2(b) and by applying the current-
second balance on the capacitors’ currents, one can write 
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where Iin and Ipn are the average input and the non-ST currents, 
respectively. 

According to [25], the magnetizing current referred to the 
winding N1 can be calculated as 

1 1 1 2 2 3 3m N N NN I N I N I N I    (22) 

where IN1, IN2 and IN3 are the windings’ currents during either 
ST or non-ST state. 

Thus, by substituting (21) into (22) and following the same 
procedure for the YSCL-ZSN, a same magnetizing current in 
terms of the input current is obtained for both the PSCL-qZSN 
and the YSCL-ZSN as 

1

1

1
PSCL YSCL
m m inI I I .

K
 


 

(23) 

As obvious from (23), the more the gain constant K1 
increases than 2, the more the magnetizing current decreases 
than the input current. In other words, any increase of the 
voltage gain by increasing K1 more than 2 leads to a lower 
magnetizing current. For the ZSCL-qZSN, the DC component 
of its magnetizing current is equal to zero since all three 
windings are in series with the capacitors during both operation 
states (refer to Fig. 2). 

After substituting (23) into (20) and calculating the current 
ripple of Lm, the peak magnetizing current of (20) is plotted in 
Fig. 5(a) versus the gain constants for the proposed ZSNs with 
assuming G = 12.5 and the conditions given in Table III. The 
same approach is followed for other SCL-based ZSNs and the 
VD-qYSN of [23]. As seen from Fig. 5(a), there are many gain 
constants (K1 and K2) that can be independently selected to 
provide G = 12.5 by employing the proposed ZSNs with the 
need for a significantly lower peak magnetizing current and 
thus smaller magnetic core size compared to others. 

It must be noticed that the gain constants of the traditional 
SCL-based ZSNs of [17]–[19] and the VD-qYSN of [23] are 
associated together (K2 = K1 + 1) such that all their parameters’ 
equations including (20) is plotted as a single line in both Figs. 
5 and 6. This implies that unlike the proposed ZSNs, there is 
not the possibility to independently select each gain constant of 
the traditional SCL-based ZSNs and the VD-qYSN of [23] so 
as to reduce their components’ size. 

B. Total Coupled-Inductance (Ltot) 

By considering the equivalent circuit of the ST state for each 
proposed ZSN, one can simply design the magnetizing 
inductance Lm required for α% of its Im as the maximum 
tolerable current ripple or ΔIm.  

Pr . 2 1 1 1
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1 2
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m m
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Similar to [19], the total required coupled-inductances are 
then calculated for the under study ZSNs as, 

 
 

2 2
1 2

2
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2

Pr op . Pr op .
tot m

SCL SSCL mSSCL
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L n n L

L L L n L .

   


   

 (26) 

By substituting (24) into (26) and following the same 
approach for the other ZSNs, the normalized total coupled-
inductances are plotted in Fig. 5(b). It is evident from this figure 
that by properly selecting K1 and K2, one can successfully 
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reduce the total required coupled-inductances by employing the 
proposed ZSNs. 

C. Input Inductance (Lin) 

In addition to the coupled-inductors, the input inductances 
are the other magnetic element of those ZSNs with continuous 
input current. Therefore, it must be optimally designed and 
evaluated with considering β% of the input current as its ripple. 
Similar to the approach followed for the magnetizing 
inductance, the input inductance is calculated for the 
PSCL/YSCL-qZSNs as 

/ 2 2 1 1

1 2 2

( 1)( ( 1) )
.PSCL Y SCL B

in in

K G K K G K
L L

K K GK

   
    (27) 

For the ZSCL-qZSN as 

2 1 1

1 2

( 1)ZSCL B
in in

G K K G K
L L
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2
B in
in

sw o

V
L .

% f P



 (29) 

The results of (27) and (28) are plotted in Fig. 5(c) along with 
those of other ZSNs. From Fig. 5(c), one can conclude that 
reducing the input inductances of the proposed ZSNs by 
selecting proper gain constants is also achievable. 

 
(a) 

 
(b) 

 
(c) 

Fig. 4. Comparison of (a) voltage gain curves, (b) gain constants of various networks, and (c) gain constant K2 of the proposed ZSNs with 
assuming less-than-unity turn ratios. 

 
(a) 

 
(b) (c) 

Fig. 5. Comparison of (a) peak Magnetizing currents, (b) normalized total coupled-inductances, and (c) normalized input inductances versus 
gain constants K1 and K2 for G = 12.5. 

  
(a) (b) 

Fig. 6. Comparison of (a) normalized total capacitors voltages, and (b) normalized total average SDP for G = 12.5. 
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D. Capacitance 

The capacitances of C1, C2 and C3 of the proposed ZSNs are 
also designed with assuming γ% of their voltage as their 
maximum tolerable voltage ripple. 
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As the size measure of the capacitors, the normalized sum of 
their voltages when operating in various ZSNs is calculated in 
terms of gain constants and then plotted in Fig. 6(a) assuming 
G = 12.5. It is concluded from this figure that the proposed 
ZSNs allow to utilize the capacitors with lower voltage ratings 
and thus smaller sizes by carefully selecting the gain constants, 
especially for both PSCL and ZSCL-qZSNs. Since, the voltage 
across the capacitor C2 of the YSCL-ZSN is significantly lower 
than the others, its total capacitors’ voltage significantly drops 
below those of its counterparts.  

E. Total Average Switching Device Power (SDPavg) 

The total average switching device power, abbreviated as 
SDPavg, is introduced in [26] as a power rating evaluation 
parameter of the semiconductors employed in a converter, 

1

N
peak avg

avg i i
i

SDP V I


   (35) 

where N is the total number of semiconductors, peak
iV is the peak 

voltage across i th semiconductor, and avg
iI  is its average current 

during a switching period. Equation of (35) is calculated for all 
under study ZSNs and then plotted in Fig. 6(b). This figure 
confirms that by properly selecting the gain constants, the 
desired voltage gain can be obtained by the proposed ZSNs with 
employing the semiconductors with lower ratings compared to 
the competitors. 

Finally, the number of the components, the total size of the 
required magnetic cores, the SDPavg, the total voltage stress of 
the capacitors and the total product of the turn numbers and the 
squared windings’ rms currents of the under study ZSNs are 
calculated and listed in Table II. It must be noted that the total 
product of the turn numbers and the squared windings’ rms 
currents is already defined as a measure of copper loss in [27]. 

As a general conclusion from the comparative analysis 
performed in this section, one can say that with a lower number 
of components, their size and rating can be selected 
considerably lower than the traditional competitors by 
accurately utilizing the capability of highly flexible voltage 
gain design of the proposed ZSNs.  

IV. EXPERIMENTAL VERIFICATION 

In this section, the results of experiments on the setup shown 
in Fig. 7 with circuit schematic of Fig. 8, the same DC-DC 
converter built for the traditional SCL-based ZSNs in [18] and 
[19], are presented considering the parameters and the 
conditions of Table III to validate the operation principles of the 
proposed ZSNs. The windings of the coupled-inductors are 
fabricated with the same approach as followed in [17]–[19] to 
reduce the leakage inductances of the windings N1 and N2. On 

TABLE II 
NUMERICAL COMPARISON OF PROPOSED CIRCUITS AMONG SIMILAR Z-SOURCE NETWORKS 

Topology 
No. of 

Switches 
No. of 
Diodes 

No. of 
Inductors 

No. of 
Caps. 

No. & Total 
Size* of 

Magnetic 
Cores 

@ 100W, G = 12.5, K1 = 5 & K2 = 4 for proposed ZSNs 

Normalized 
tot

avgSDP  

3
2

1
 i Ni _rms
i

N I  
Normalized 

Ctot inV / V  

PSCL-qZSN NA 2 
1 (Lin) 

3 (L1,L2,L3) 
3 

2 
(Medium) 

29 
700.14 
turn.A2 

20.25 

ZSCL-qZSN NA 2 
1 (Lin) 

3 (L1,L2,L3) 
3 

2 
 (Small) 

29 
1209.9 
turn.A2 

20.25 

YSCL-ZSN NA 2 
1 (Lin) 

3 (L1,L2,L3) 
3 

2 
(Medium) 

30.5 
700.14 
turn.A2 

11.75 

mSSCL-qZSN [19] NA 3 
1 (Lin) 

3 (L1,L2,L3) 
3 

2 
(Medium) 

34 
(for K2 = 6) 

2081.76 
turn.A2 

21.5 
(for K2 = 6) 

SSCL-qSBN [18] 1 4 3 (L1,L2,L3) 2 
1 

(Very Large) 
33.6 

(for K2 = 6) 
937.6 

turn.A2 
21.83 

(for K2 = 6) 

SCL-qZSN [17] NA 3 
1 (Lin) 

3 (L1,L2,L3) 
3 

2 
(Large) 

37.48 
(for K2 = 6) 

1105.1 
turn.A2 

21.5 
(for K2 = 6) 

HS-YSN [21] NA 2 
2 (Lin,Lo) 

3 (L1,L2,L3) 
4 

3 
(Extremely Large) 

74 
(for K2 = 6) 

8515.65 
Turn.A2 

28.83 
(for K2 = 6) 

VD-qYSN [23] NA 3 
1 (Lin) 

3 (L1,L2,L3) 
3 

2 
(Large) 

46.5 
(for K2 = 6) 

28544.62 
Turn.A2 

21.5 
(for K2 = 6) 

* Evaluated by required core area-product parameter Ap, discussed in [28], @ 100W, G = 12.5, K1 = 5 & K2 = 4 for proposed ZSNs. 
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contrary, the winding N3 of the coupled-inductors is 
deliberately wound so as to be loosely coupled with the other 
windings to show the effect of its leakage inductance on 
reducing the input current ripple. The turn ratios (n1 and n2) of 
the coupled-inductors are selected such that the gain constants 
K1 = 5 and K2 = 4 are obtained to construct the gain equation of 
G3 as given in Table I. These gain constants are selected for the 
experiments since they let employ the components with 
significantly improved parameters, which is already approved 
from the results of Figs. 5 and 6. The duty cycle is fixed at 0.15 
for all proposed ZSNs to provide a high voltage gain of G3 = 
12.5, from which the input voltage of 16Vdc is boosted to 
200Vdc. Consequently, the voltages across the capacitors of the 
proposed ZSNs are theoretically calculated and then 
summarized in Table IV. Their measured values are shown in 
Figs. 9 to 11(a) for the proposed ZSNs and compared with the 
calculated ones in Table IV. Also, the blocking voltages of the 
diodes and the voltages across the output switches are depicted 
in Figs. 9 to 11(b). Evidently, the operation of the diodes and 
the output switches are truly confirmed by the experimental 
results of Figs. 9 to 11(b), where the diode D1 conducts once the 
switch SWo turns ON. The measured blocking voltages and the 
current stresses of the semiconductors are also compared with 

their theoretically calculated values in Table IV. Finally, the 
input, the magnetizing and the windings currents are measured 
as shown in Figs. 9 to 11(c) with the values experimentally read 
and reported in Table IV. According to the measurements given 
in this table, the DC components of Im are lower than the input 
current for both PSCL-qZSN and YSCL-ZSN while it is zero 
for the ZSCL-qZSN. The ripples of Im read from the 
experiments are also in good agreement with the results 
calculated from (20). Besides, comparing the calculated and the 
measured values approves that the leakage inductance of the 
winding N3 of the proposed ZSNs acts as an individual small 
inductor at the input side of the proposed networks and helps 
slightly reduce the input current ripple.  

As obvious from Figs. 9 to 11(c), the same as the traditional 
SCL-based ZSNs, the windings currents’ waveforms of the 
proposed ZSNs contain a half cycle sinusoidal resonance during 
the ST state of their operation. As already known from [17]–
[19], by properly selecting the capacitances of C1 and C3 of the 
proposed ZSNs in accordance with the leakage inductances, the 
half cycle resonance completes before the next operation state. 
According to Table III and (18), the resonance frequency is 
designed to be 69.8kHz, which is higher than the required value 
of 66.6kHz derived from (18). This guarantees a complete half 
cycle resonance of the windings currents before the beginning 
of the non-ST state. Consequently, the severe voltage spikes 

 
Fig. 7. Experimental setup. 
 

 
Fig. 8. DC-DC converter prototype implemented in laboratory. 
 

TABLE III 
EXPERIMENTAL PARAMETERS 

Values Description 
16Vdc Input Voltage 

200Vdc Output Voltage 
20kHz, 0.15 Frequency & Duty Cycle 

130µF, 50µF, 48µF, 20µF Capacitances: C1, C2, C3, Co 
300µH 

T201-52 Iron Powder 
Input Inductance, Lin 
Input Inductor Magnetic Core 

250µH 
(12:3:6 0.25,0.5) 

(12:3:3 0.25,0.25) 
0.997 

EE70/33/32 Ferrite 

Magnetizing Inductance, Lm 
PSCL & YSCL (N1:N2:N3n1,n2) 
ZSCL                (N1:N2:N3n1,n2) 
Coupling Coefficient, K12 
Coupled-Inductors Magnetic Core 

VS-60EPU04 Diodes, D1, Din & Do 
IPW60R017C7 Output Switch, SWo 

 

TABLE IV 
COMPARISON OF MEASURED AND CALCULATED PARAMETERS VALUES 

Parameters 
@ G = 12.5 

PSCL-qZSN ZSCL-qZSN YSCL-ZSN 

Vo 
Meas. 190Vdc 189Vdc 188Vdc 

Calc. 200Vdc 200Vdc 200Vdc 

VC1 
Meas. 33Vdc 32Vdc 29Vdc 

Calc. 34Vdc 34Vdc 34Vdc 

VC2 
Meas. 141Vdc 138Vdc 14Vdc 
Calc. 154Vdc 154Vdc 18Vdc 

VC3 
Meas. 126Vdc 122Vdc 135Vdc 
Calc. 136Vdc 136Vdc 136Vdc 

max
DinV  

Meas. 117Vdc 116Vdc 118Vdc 
Calc. 120Vdc 120Vdc 120Vdc 

1
max

DV  
Meas. 158Vdc 155Vdc 156Vdc 
Calc. 160Vdc 160Vdc 160Vdc 

max
SWoV  

Meas. 190Vdc 189Vdc 188Vdc 
Calc. 200Vdc 200Vdc 200Vdc 

rms
DinI  

Meas. 7.2A 7.9A 7.4A 
Calc. 6.77A 6.77A 6.77A 

1
rms
DI  

Meas. 17.7A 18.2A 19.3A 
Calc. 16.3A 16.3A 18.6A 

rms
SWoI  

Meas. 16A 17.2A 16.8A 
Calc. 14.84A 14.84A 14.84A 

Iin 
Meas. 7A 7.1A 7.1A 

Calc. 6.25A 6.25A 6.25A 

ΔIin 
Meas. 2.11A 3.2A 2.1A 
Calc. 2.55A 3.4A 2.55A 

Im 
Meas. 1.48A 0 1.46A 

Calc. 1.56A 0 1.56A 

ΔIm 
Meas. 4.3A 4.2A 4.1A 
Calc. 4A 4A 4A 
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across the semiconductors are avoided and at the same time the 
diode D1 of all proposed ZSNs becomes reverse biased with 
zero current at the end of the ST state, which minimizes its 
switching loss. 

As a general approval, the experimental results given in Figs. 
9 to 11 and Table IV are in good agreement with the theoretical 
achievements and thus successfully confirm the very high-gain 
operation and the properties offered by the proposed ZSNs 
discussed in previous sections.  

In order to investigate the transient behavior of the proposed 
ZSNs in presence of the input voltage and the output current 
step-changes, the open-loop transient responses of the input and 
the output voltages and currents are measured and depicted in 
Fig. 12. These waveforms are measured when the proposed 
ZSNs are subjected to an input voltage step-change from 16Vdc 
to 24Vdc and an output current step-change from almost 0.5A to 
0.8A. It is evident from the comparison of the time divisions of 
Figs. 12(a) to (c) that the proposed YSCL-ZSN immediately 
damps both voltage and current transients in response to the 

step-changes while the proposed PSCL-qZSN needs a longer 
time.  

Finally, the results of efficiency comparison for a wide range 
of output power variation are plotted in Fig. 13(a). The 
efficiency curves of Fig. 13(a) are derived from the simulations 
performed by modeling the ZSNs' components employed for 
the tests in the PSIM thermal module. In addition, the results of 
Fig. 13(a) is obtained with this assumption that the under study 
ZSNs are designed under the same conditions and with the same 
components to regulate the output voltage at 200Vdc by the gain 
of G = 12.5 and the theoretical duty cycle of D = 0.15. The 
capacitances and the turn numbers of the windings of all ZSNs, 
given in Table V, are designed such that they support the 
requirements in simulations. It is obvious from Fig. 13(a) that 
the PSCL-qZSN offers the highest efficiencies than the others 
due to its lower voltage and current stresses of its components. 
The ZSCL-qZSN has the lowest efficiencies among the 
proposed ZSNs, which is mainly the result of the higher losses 
of its passive components. The power losses of the inductors 

   
(a) (b) (c) 

Fig. 9. PSCL-qZSN experimental results: (a) input, output, capacitors C1 and C3 voltages, (b) voltages across SWo, diodes D1 and Din and 
capacitor C2, and (c) input, magnetizing, windings N1 and N2 currents. 

   
(a) (b) (c) 

Fig. 10. ZSCL-qZSN experimental results: (a) input, output, capacitors C1 and C3 voltages, (b) voltages across SWo, diodes D1 and Din and 
capacitor C2, and (c) input, magnetizing, windings N1 and N2. 

 
(a) 

 
(b) 

 
(c) 

Fig. 11. YSCL-ZSN experimental results: (a) input, output, capacitors C1 and C3 voltages, (b) voltages across SWo, diodes D1 and Din and 
capacitor C2, and (c) input, magnetizing, windings N1 and N2 currents. 
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and the capacitors, the diodes, and the switches of the under 
study ZSNs are also derived by using the calculation approach 
discussed in [24] and [25], and the results are depicted in Fig. 
13(b) for 100W output power. It should be noted that the 
parasitic elements of the components and the other parameters 
required for calculations are measured from the experimental 
setup or derived from the datasheets of the components. As seen 
from Fig. 13(b), the proposed ZSNs have lower losses related 
to their passive components including the copper losses, the 
core losses and the capacitors’ losses compared to the SSCL-
qSBN and mSSCL-qZSN. Moreover, they offer lower total 
losses of the switching and conduction of the semiconductors. 
Evidently, the main share of power losses shown in Fig. 13(b) 
is the diodes’ losses due to their high current stresses within the 
SCL-based ZSNs. All these efficiency and power loss analysis 
results are already expected from comparison of SDPavg and 

3
2

1
i Ni _ rms

i

N I

 values given in Table II. In order to validate the 

simulations results, the efficiencies of the proposed ZSNs are 
also measured and plotted in Fig. 13(c). The variations of the 
measured values versus output power support the results plotted 
in Fig. 13(a). Also, the measured efficiencies are lower than 
those derived from simulations, which is mainly due to losses 
neglected in simulations such as losses of the printed-circuit-
board (PCB), the proximity and the skin effects of windings and 
the copper wires used for connections. 

V. CONCLUSION 

This paper introduced a new class of generalized three-

winding switched-coupled-inductors impedance networks 
offering a highly flexible design of the voltage gain. By proper 
selection of the turn ratios of the coupled-inductors, a high 
voltage gain is obtained with a significant reduction of the 
passive components sizes and stresses compared to the original 
ZSN competitors. Also, providing a wide choice of voltage gain 
design possibility lets decrease the required ratings of the 
semiconductors employed within the proposed ZSNs. All 
aforementioned features are available at the cost of a high 
current stress of the components, which is the challenging issue 
of the well-known high-gain ZSNs, especially with high output 
powers. The features of the proposed ZSNs allow to utilize 
them for many high voltage gain applications such as 
integration of renewables to the grid and high voltage LED 
drivers. The theoretical achievements and the operation 
principles of the proposed ZSNs are validated by performing a 
set of experimental tests on the same setup built in the 
laboratory for their traditional SCL-based counterparts. The 
experimental results are acceptably close to the claimed 
features of the proposed ZSNs discussed in the paper.  
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