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Effects of Parasitic Resistances on Magnetically
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Abstract—Magnetically coupled impedance-source networks
can achieve a higher voltage gain with smaller shoot-through duty
ratio in comparison with the conventional impedance-source net-
works without coupled inductors. However, the practical voltage
gain is seriously affected by the parasitic resistances in passive
components and power devices, which is necessary to be inves-
tigated. This article derives and analyzes the effects of parasitic
resistances on the voltage gain of magnetically coupled impedance-
source networks under three different scenarios: first, different
resistance ratio between parasitic resistances and output equiv-
alent resistance, second, different shoot-through duty ratio, and
third, different winding ratio. First of all, a generalized equiva-
lent circuit model considering parasitic resistances for the three
typical magnetically coupled impedance-source networks—Trans-
Z-source, Г-source, and Y-source networks are proposed. Based
on it, the effects of parasitic resistances on the voltage gain is
mathematically derived and discussed under the aforementioned
three different scenarios. And the maximum voltage gain under
the consideration of the three resistance ratios simultaneously is
also derived. Finally, representative simulation and experimental
results are provided to verify the proposed generalized equivalent
circuit models, the corresponding mathematical derivations, and
the effects of the parasitic resistances on the magnetically coupled
impedance-source networks.

Index Terms—Magnetically coupled impedance-source netwo-
rks, parasitic resistances, Trans-Z-source, voltage gain, Y-source,
Г-source.

I. INTRODUCTION

IMPEDANCE-SOURCE networks refer to a series of con-
verters suitable for a wide range of power conversion between

source and load, including dc/dc, dc/ac, ac/dc, and ac/ac applica-
tions. The general block representation of an impedance-source
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Fig. 1. General block diagram of an impedance-source converter.

converter is shown in Fig. 1, in which the impedance-source
network is tied to an input source and a converter bridge im-
plemented with switching devices [1]. Among all the appli-
cations, dc/ac conversion with impedance-source networks is
most widely used due to proliferation and rapid development of
the renewable energy and distribution generation system, etc. In
comparison with the conventional voltage source inverters (VSI)
which can only achieve buck operation, the impedance-source
network supported VSI can achieve the buck-boost operation
without additional dc/dc converter stage. As the whole switching
cycle of the impedance-source VSI is also composed of shoot-
through time besides the modulation time and the ineffective
time of the conventional VSI, thus its modulation ratio is less due
to the occupation of shoot-through time during a switching cycle.

Z-source network was first proposed in 2002 for both buck
and boost capabilities in dc/dc converter applications [2], [3].
After that, switched inductor Z-source [4] and Quasi-Z-source
networks [5], were proposed to improve the original Z-source
networks, especially on the aspect of voltage gain. Even though
a general maximum voltage gain control strategy was proposed
to achieve a higher gain of impedance-source networks [6], the
voltage gain still cannot be improved significantly because of
the limitation of maximum shoot-through duty ratio. To address
the insufficient voltage gain problem, magnetically coupled
impedance-source network were proposed in [7]–[16] to achieve
a higher voltage gain with less shoot-through time. Since the
maximum shoot-through time can be determined by the winding
ratio of the coupled inductors, the voltage gain characteristic can
be changed freely by changing the winding ratio of the coupled
inductors [7].

In last decade, different magnetically coupled impedance-
source networks have been proposed, such as Trans-Z-source
in Fig. 2, Г-source in Fig. 3, Y-source in Fig. 4, etc. However,
nearly all of their voltage gain equations are deduced under ideal
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Fig. 2. Trans-Z-source converter.

Fig. 3. Г-source converter.

Fig. 4. Y-source converter.

lossless conditions without considering the network parasitic re-
sistances and leakage inductances. Recently, the effects of leak-
age inductances on the Y-source network have been gradually
paid attention by researchers [17]–[19], which clearly illustrate
the leakage inductances strongly affect the output characteris-
tic, and cannot be simply neglected during the design of the
impedance-source network. The effects of leakage inductance
mainly have two aspects: the voltage spikes when supplying
an inductive load and the reduction of voltage gain caused
by the reduction of effective shoot-through time. According
to the derivation and experimental results in [17], the effective
shoot-through time reduces with the increasing of shoot-through
duty ratio, which will lead to the reduction of voltage gain. On the
other hand, parasitic resistances as another nonignorable factor,
are also existed and distributed at all passive components and
power devices in practical case, so it is also valuable and neces-
sary to investigate and analyze the effects of parasitic resistances
besides leakage inductances. Thus, this article mainly focuses
on study and analyze the effects of the parasitic resistances on

the magnetically coupled impedance-source networks. The main
contributions of this article are summarized as follows.

1) Propose a generalized equivalent circuit models for the
three typical magnetically coupled impedance-source net-
works: Trans-Z-source, Г-source, and Y-source networks,
which simplify their study and analysis with and without
parasitic resistances consideration.

2) Mathematically derive and analyze the effects of par-
asitic resistances on the voltage gain of magnetically
coupled impedance-source networks under three different
conditions: different resistance ratio between parasitic re-
sistances and output equivalent resistance, different shoot-
through duty ratio and different winding ratio. And the
maximum voltage gain considering all the parasitic resis-
tances simultaneously are also derived.

3) Provide different simulation and experimental results to
verify the proposed generalized equivalent circuit mod-
els, the corresponding mathematical derivations, and the
effects of the parasitic resistances on the magnetically
coupled impedance-source networks.

The rest of this article is organized as follows. The generalized
equivalent circuit model of three different magnetically coupled
impedance-source networks is first proposed and discussed in
Section II. This is followed by the mathematical derivation of
voltage gain in Section III based on the equivalent circuit model.
The theoretical study about the effects of parasitic resistances on
the voltage gain under different conditions is proposed and dis-
cussed in details in Section IV. The correctness of the proposed
generalized equivalent circuit models and the corresponding
mathematical derivations is verified by representative simulation
and experimental results in Section V. Finally, conclusions are
drawn in Section VI.

II. EQUIVALENT CIRCUIT MODEL OF DIFFERENT

MAGNETICALLY COUPLED IMPEDANCE-SOURCE NETWORKS

Trans-Z-source,Г-source, and Y-source are three most typical
magnetically coupled impedance-source networks. Both Trans-
Z-source [8] and Г-source networks [9], as shown in Figs. 2
and 3, respectively, are composed of two coupled inductors,
whereas the Y-source network [10] is composed of three coupled
inductors, as shown in Fig. 4. In these figures, Vi and Vo are the
input and output voltage; D is a diode; S and R are the equivalent
switching device and output equivalent resistance to model as a
VSI connected after the impedance source-network; N1, N2, and
N3 are the windings of the coupled inductors; C is a capacitor.

Although the coupled inductors of these three networks are
different, they can ideally achieve the same voltage gain by
using different winding ratios [20]. By considering the coupled
inductors of these three networks as two-port networks, the
winding ratios of the coupled inductors can satisfy the following,
provided that the voltages across the windings in Figs. 2–4
follow the criteria in (2), (3), and (4), respectively:

va : vb = Na : Nb (1)

where va and vb are the voltages of the two-port networks, Na

and Nb are the equivalent winding numbers of the two-port
network.
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Fig. 5. Equivalent circuit models of magnetically coupled impedance-source converter under: (a) ideal lossless condition and (b) parasitic resistances condition.

Fig. 6. Equivalent circuit models under ideal lossless condition during: (a) shoot-through state and (b) nonshoot-through state.

Trans-Z-source satisfies{
N1 = Na

N2 = Nb.
(2)

Г-source satisfies {
N1 = Na

N2 = Na +Nb.
(3)

Y-source satisfies {
N1 +N2 = Na

N3 −N2 = Nb.
(4)

Based on the above analysis, the generalized equivalent circuit
model for the Trans-Z-source, Г-source, and Y-source under
ideal lossless condition is shown in Fig. 5(a), where Lm is
the equivalent magnetic inductance of the primary side, and
Na: Nb is the winding ratio of the ideal coupled inductors.
Furthermore, Fig. 5(b) shows the generalized equivalent circuit
model under parasitic resistances consideration, in which the
diode D is modeled as a voltage drop and a resistor during the
switching-ON period, whereas the switching device S is modeled
as a resistor during the switching-ON period. In addition, the
coupled inductors have winding resistances, whereas the capac-
itor has equivalent series resistance (ESR). In Fig. 5(b), Rt1,
Rt2, and Rt3 are the winding resistances of coupled inductors,
Vdon is the voltage drop of the diode, Rc, Rd, and Rs are
the parasitic resistances of the capacitor, diode, and switching
device, respectively.

III. MATHEMATICAL DERIVATION OF VOLTAGE GAIN

A. Under Ideal Lossless Condition

From Fig. 5(a), the voltage gain of the magnetically coupled
impedance-source converter under ideal lossless condition can
be derived. Shoot-through state happens when the switching
device S is turned ON as shown in Fig. 6(a), whereas the
nonshoot-through state happens when the switching device S
is turned OFF as shown in Fig. 6(b). In Fig. 6, Vlm−s and Vlm−n

are the voltage of magnetic inductor during shoot-through and
nonshoot-through states, Vc is the voltage of the capacitor.

During the shoot-through state as in Fig. 6(a), according to
Kirchhoff’s Voltage Law (KVL), it yields

Vc − Vlm−s
Nb

Na
= 0. (5)

Similarly, during the nonshoot-through state as shown in
Fig. 6(b), it yields

Vc + Vlm−n = Vi. (6)

Following the voltage-second balance principle (LVSB) of
the magnetic inductor, the magnetic inductor voltage of the two
states should satisfy

DstVlm−s + (1−Dst)Vlm−n = 0 (7)

where Dst is the shoot-through duty ratio.
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Fig. 7. Equivalent circuit models under parasitic resistances condition during: (a) shoot-through state and (b) nonshoot-through state.

Based on (5)–(7), the voltage of the capacitor can be derived
as

Vc =
1−Dst

1− Na+Nb

Nb
Dst

Vi. (8)

According to KVL, the capacitor voltage can be rewritten as

Vc − Nb

Na
Vlm−n = Vo. (9)

Based on (6)–(9), the output voltage can be derived, then the
voltage gain can be derived as

Vo

Vi
=

1

1− (1 +K)Dst
(10)

where K = Na: Nb.

B. Under Parasitic Resistances Condition

From Fig. 5(b), the voltage gain of the magnetically coupled
impedance-source converter under parasitic resistances condi-
tion can be derived. When the controlled switching device S
is turned on or turned OFF, the equivalent circuit models of
the shoot-through and nonshoot-through states are shown in
Fig. 7(a) and (b), respectively. Since the VSI is usually connected
after the impedance-source network for the power grid dc/ac
inversion, the output equivalent resistance of the impedance-
source converter will be much larger than the ON-resistance of
the switching devices. Therefore, during shoot-through state as
shown in Fig. 7(a), the ON-resistance of the switching device
Rs and output equivalent resistance R can be simplified as
the on-resistance of the switching devices Rs. And Rt2 +Rc

is expressed as Rβ , whereas Rt3 +Rs is expressed as Rγ in
this article. During the nonshoot-through state as shown in
Fig. 7(b), in order to simplify the analysis (consistent with the
shoot-through state: Rγ = Rt3 +Rs), the winding resistance
Rt3 can be substituted by Rt3 +Rs, and then expressed as Rγ .
As Rs is much smaller than the output equivalent resistance
R, the effect of Rs to the output can be neglected. The diode is
conducted during nonshoot-through state, since the voltage drop
of diode Vdon is much smaller than the input voltage while the
resistance of diode Rd is also much smaller than the resistances

of windings, capacitor and switching device, the effects of diode
on the voltage gain can be neglected for simplification. Then,
Rt1 is expressed as Rα in this article. Besides, from Fig. 7, ib−s

and ib−n are the currents of the secondary winding during shoot-
through and nonshoot-through states; ic−s and ic−n are the cur-
rents of capacitor during shoot-through and nonshoot-through
states; ii is the input current; Im is the magnetic current. When
the magnetic inductance is large enough, Im can be regarded as
a fixed value during shoot-through and nonshoot-through stages
for simplicity.

During shoot-through state as shown in Fig. 7(a), according
to KVL, it yields

Vc − Nb

Na
Vlm−s − ib−s(Rβ +Rγ) = 0. (11)

The current of the secondary winding during shoot-through
state can be expressed as

ib−s =
Na

Nb
Im. (12)

Based on Kirchhoff’s current law (KCL), the current of the
capacitor during shoot-through state can be expressed as

ic−s = −ib−s. (13)

During the nonshoot-through state as shown in Fig. 7(b),
based on KVL, it yields

Vi − iiRα − Vlm−n − Vc − ic−nRβ = 0 (14)

Vc − Nb

Na
Vlm−n − Vo + ic−nRβ − ib−nRγ = 0. (15)

The current of the secondary winding during nonshoot-
through state can be expressed as

ib−n =
Na

Nb
(Im − ii). (16)

Based on KCL, it yields

ic−n + ib−n = ii. (17)

Considering both shoot-through and nonshoot-through states,
based on LVSB of the magnetic inductor, the magnetic inductor
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voltage of the two states should satisfy

DstVlm−s + (1−Dst)Vlm−n = 0. (18)

Following the ampere second balance (CASB) principle of the
capacitor, the capacitor current of the two states should satisfy

Dstic−s + (1−Dst)ic−n = 0. (19)

And the output equivalent resistance can be expressed as

R =
V

ib−n
. (20)

Based on (11)–(20), the voltage gain under parasitic resis-
tances condition can be derived as

Vo

Vi
=

1

f + faα+ fββ + fγγ
(21)

where α = Rα/R, β = Rβ/R, γ = Rγ/R are the three differ-
ent parasitic resistance ratios α, β, and γ with respect to output
equivalent resistance. f, fα, fβ , and fγ are the voltage gain
influence factors due to the ideal lossless condition and the three
different parasitic resistance ratios α, β, and γ, respectively,
which can be expressed as

f = 1− (1 +K)Dst (22)

fα =
1

1− (1 +K)Dst
(23)

fβ =
(1 +K)2Dst

1− (1 +K)Dst
(24)

fγ =
1−Dst +K2Dst

1− (1 +K)Dst
. (25)

IV. EFFECTS OF PARASITIC RESISTANCES ON VOLTAGE GAIN

Under ideal lossless condition, the voltage gain in (10) is
only related to the winding ratio and shoot-through duty ratio.
However, when the parasitic resistances are taken into con-
sideration, the voltage gain in (21) is related to the effects of
parasitic resistances ratios represented by α, β, and γ, and also
the winding ratio and shoot-through duty ratio. In the following,
the effects of the parasitic resistances on the voltage gain of the
magnetically coupled impedance-source converter under three
different conditions: different resistance ratios between parasitic
resistances and output equivalent resistance, different shoot-
through duty ratio, and different winding ratio will be studied
and investigated in details. Besides, the maximum voltage gain
considering all the parasitic resistances simultaneously is also
derived.

A. Resistance Ratio

The voltage gain is affected by three different parasitic resis-
tance ratios α, β, and γ.

1) Under Ideal Lossless Condition: When the parasitic re-
sistances are not taken into consideration, only f exists in (21),
thus the voltage gain in (21) can be rewritten as

Vo

Vi
|α=0,β=0,γ=0 =

1

1− (1 +K)Dst
. (26)

By comparing (10) with (26), the voltage gain under ideal
lossless condition is a special case of (21) when only the factor
f is valid without considering parasitic resistances.

When the parasitic resistances are taken into consideration
individually to investigate their different effects on the output,
the voltage gains can be expressed as the following equations:

2) Ratio α:

Vo

Vi
|β=0,γ=0 =

1

1− (1 +K)Dst +
1

1−(1+K)Dst
α
. (27)

3) Ratio β:

Vo

Vi
|α=0,γ=0 =

1

1− (1 +K)Dst +
(1+K)2Dst

1−(1+K)Dst
β
. (28)

4) Ratio γ:

Vo

Vi
|α=0,β=0 =

1

1− (1 +K)Dst +
1−Dst+K2Dst

1−(1+K)Dst
γ
. (29)

For all the cases, the voltage gain is affected by the ratios
of the parasitic resistances and output equivalent resistance that
are α, β, and γ, rather than the single parasitic resistance. From
(27)–(29), the voltage gain is affected more seriously with the
increasing of resistance ratios α, β, and γ.

B. Shoot-Through Duty Ratio

1) Under Ideal Lossless Condition: From (21), the shoot-
through duty ratio Dst can also affect the voltage gain of the
magnetically coupled impedance-source converter. Under ideal
lossless condition, the monotonicity of voltage gain function can
be analyzed by the polarity of differential function. The partial
differential function of (26) can be solved as

∂ Vo

Vi

∂Dst
|α=0,β=0,γ=0 =

1 +K

[1− (1 +K)Dst]
2 . (30)

Since the numerator and denominator of (30) are both positive,
the partial differential function is always larger than 0, which
means that the voltage gain increases with the increasing of Dst.

2) Ratio α: When the ratio α is considered, the partial dif-
ferential function of (27) can be solved as

∂ Vo

Vi

∂Dst
|β=0,γ=0 =

(1 +K)

(f + fαα)
2

{
1− α

[1− (1 +K)Dst]
2

}
.

(31)
As

(1 +K)

(f + fαα)
2 > 0 (32)

the polarity of (31) is larger than 0 when it satisfies

1− α

[1− (1 +K)Dst]
2 ≥ 0. (33)

Solving (33) yields,

0 < Dst ≤ 1−√
α

1 +K
. (34)
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On the contrary, when

1− α

[1− (1 +K)Dst]
2 < 0. (35)

Solving (35) yields

Dst >
1−√

α

1 +K
. (36)

Based on (31)–(36), it can be seen that (27) is an increasing
function, when Dst satisfies (34). After the voltage gain reaches
a peak value, it is a decreasing function, when the Dst satisfies
(36). In other words, when α is considered, the voltage gain
increases and then decreases after reaching the peak value, and
the maximum point is at

Dst =
1−√

α

1 +K
(37)

and the maximum voltage gain can be solved as

Vo

Vi

∣∣∣
β=0,γ=0,Dst=

1−√
α

1+K

=
1

2
√
α
. (38)

3) Ratio β: When the ratio β is considered, the partial dif-
ferential function of (28) can be solved as

∂ Vo

Vi

∂Dst
|α=0,γ=0 =

(1 +K)

(f + fββ)
2

{
1− (1 +K)β

[1− (1 +K)Dst]
2

}
.

(39)
Following the same deduction approach as the ratio α, the

polarity of (39) can be determined as

1− (1 +K)β

[1− (1 +K)Dst]
2

⎧⎨
⎩
≥ 0, 0 < Dst ≤ 1−

√
(1+K)β

1+K

< 0,
1−
√

(1+K)β

1+K < Dst <
1

1+K .

(40)

Based on (39) and (40), when β is the considered resistance
ratio, the voltage gain increases, and then decreases after reach-
ing a peak value, and the maximum point is at

Dst =
1−√

(1 +K)β

1 +K
(41)

and the maximum voltage gain can be solved as

Vo

Vi

∣∣∣∣α=0,γ=0,Dst=
1−

√
(1+K)β

1+K

=
1

1− (1−√
(1 +K)β)

2 .

(42)
4) Ratio γ: When the ratio γ is considered, the partial dif-

ferential function of (29) can be solved as

∂ Vo

Vi

∂Dst
|α=0,β=0 =

(1 +K)

(f + fγγ)
2

[
1− Kγ

[1− (1 +K)Dst]
2

]
.

(43)
Following the same deduction approach as the ratio α and β,

the polarity of (43) can be determined as

1− Kγ

[1− (1 +K)Dst]
2

{
≥ 0, 0 < Dst ≤ 1−√

Kγ
1+K

< 0, 1−√
Kγ

1+K < Dst <
1

1+K .

(44)

Based on (43) and (44), when γ is the considered factor, the
voltage gain increases first and then decreases after reaching a
peak value, and the maximum point is at

Dst =
1−√

Kγ

1 +K
(45)

and the maximum voltage gain can be solved as

Vo

Vi

∣∣∣∣α=0,β=0,Dst=
1−

√
Kγ

1+K

=
1

−(1−√
Kγ)

2
+ γ + 1

. (46)

C. Winding Ratio

1) Under Ideal Lossless Condition: From (21), the winding
ratio K can also affect the voltage gain of the magnetically
coupled impedance-source converter. Under ideal lossless con-
dition, the maximum voltage gain in (26) can achieve � under
any winding ratios when Dst is close to 1/(1+K).

2) Ratio α: When the ratio α is considered, based on the
maximum voltage gain function (38), it has nothing to do with
K, which means that the maximum voltage gain will be a fixed
value under different winding ratios of the coupled inductors.

3) Ratio β: When the ratio β is considered, based on the
maximum voltage gain function (42), it is a decreasing function
of K. Therefore, the maximum voltage gain will decrease when
the winding ratio of the coupled inductors increases.

4) Ratioγ: When the ratioγ is considered, based on the max-
imum voltage gain function (46), it is also a decreasing function
of K. Therefore, the maximum voltage gain will decrease with
the increasing of winding ratio.

D. Voltage Gain Curves Under Parasitic
Resistances Condition

The voltage gain curves under parasitic resistances condition
are shown in Fig. 8 when the resistance ratio: (a) α, (b) β, and
(c) γ is considered, respectively, under different shoot-through
duty ratio Dst and different winding ratio K values.

The voltage gain will be infinite under ideal lossless condition
which has been discussed among the existing literatures [8]–
[10]. From Fig. 8, the voltage gain will be significantly limited
with the increasing of resistance ratio α, β, and γ, which is
consistent with the derivations in Section IV part A.

From Fig. 8, for all resistance ratio α, β, and γ cases, the
voltage gain increases with the increasing of shoot-through duty
ratio first, and then decreases after reaching a peak value, which
is consistent with the derivations in Section IV part B.

From Fig. 8(a), the maximum voltage gain keeps at a con-
stant value with different winding ratios. From Fig. 8(b) and
(c), the maximum voltage gain are significantly affected with
the increasing of winding ratios, which is consistent with the
derivations in Section IV part C.

E. Maximum Voltage Gain Under Ratios
α, β, and γ Consideration

Based on the above analysis, the voltage gain is affected by
parasitic resistances in comparison with ideal lossless case, in
which the effects on voltage gain under resistance ratios α, β,
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Fig. 8. Voltage gain under parasitic resistances condition when the resistance ratio: (a) α, (b) β, and (c) γ are considered under different Dst and K values.

and γ are derived and analyzed separately, so as to investigate the
effects of each ratio. However, none of these three ratios is zero
in practical case, thus it is more practical and valuable to deduce
the maximum voltage gain, when α, β, and γ are considered
simultaneously.

From the voltage gain under ratios α, β, and γ consideration
in (21), its partial differential function can be derived as

∂ Vo

Vi

∂Dst
=

(1 +K)

(f + fαα+ fββ + fγγ)
2

×
{
1− α+ (1 +K)β +Kγ

[1− (1 +K)Dst]
2

}
. (47)

Following the same analysis method as for the ratio α, β, and
γ cases, the voltage gain increases first with the increasing of
Dst, and then decrease after reaching a peak value, the Dst at
the maximum point can be solved as

Dst =
1−√

α+ (1 +K)β +Kγ

1 +K
. (48)

Then, by substituting (48) into (21), the maximum voltage
gain under ratios α, β, and γ consideration can be solved as

Vo

Vi

∣∣∣∣Dst=
1−

√
α+(1+K)β+Kγ

1+K

=
1

2
√
α+ (1 +K)β +Kγ − (1 +K)β + (1−K)γ

.

(49)

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Verification

The simulation studies have been done by using Matlab to
verify the correctness of the proposed generalized equivalent
circuit models and the corresponding mathematical derivations
in this article. The parasitic resistance ratio α is simulated by
Rα divided by the output equivalent resistance R. The parasitic
resistance ratio β is simulated by Rβ divided by R. The parasitic
resistance ratio γ is simulated by Rγ divided by R, and the
general simulation parameters are shown in Table I.

TABLE I
GENERAL SIMULATION PARAMETERS OF EQUIVALENT CIRCUIT MODEL

TABLE II
SIMULATION PARAMETERS TO VERIFY EQUIVALENT CIRCUIT MODEL

1) Verification of Generalized Equivalent Circuit Models:
To verify the generalized equivalent circuit models, the corre-
sponding simulation parameters are shown in Table II to achieve
the same voltage gain theoretically based on the analysis in
Section II. The simulation results under both ideal lossless
and parasitic resistance conditions are shown in Fig. 9. It can
be seen that all the three topologies of magnetically coupled
impedance-source converters can achieve the same voltage gain
under both ideal lossless and parasitic resistance conditions.
Fig. 9 verifies that the generalized equivalent circuit model can
represent these three typical magnetically coupled impedance-
source converters.

2) Resistance Ratio: To verify the effects of parasitic resis-
tances or parasitic resistance ratios α, β, and γ on the voltage
gain and the derived theoretical equations, the corresponding
simulation results are shown in Fig. 10. In Fig. 10(a) and (d),
their simulated output voltages Vo are both less than the ideal
lossless case due to the parasitic resistanceRα, and the simulated
Vo values are consistent with the theoretical values. Although
the parasitic resistanceRα of Fig. 10(a) and (d) are the same, the
voltage gain of Fig. 10(d) is affected more seriously than that
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Fig. 9. Simulation results of generalized equivalent circuit models. (a) Trans-Z-source (equivalent circuit) under ideal lossless condition. (b) Г-source under ideal
lossless condition. (c) Y-source under ideal lossless condition. (d) Trans-Z-source (equivalent circuit) under parasitic resistances condition: Rα = 0.5Ω, Rβ = 0.5Ω,
Rγ = 0.5Ω, R = 50Ω (α= 0.01, β = 0.01, γ = 0.01). (e) Г-source under parasitic resistances condition: Rα = 0.5Ω, Rβ = 0.5Ω, Rγ = 0.5Ω, R = 50Ω (α= 0.01,
β = 0.01, γ = 0.01). (f) Y-source under parasitic resistances condition: Rα = 0.5Ω, Rβ = 0.5Ω, Rγ = 0.5Ω, R = 50Ω (α = 0.01, β = 0.01, γ = 0.01).

Fig. 10. Simulation results of Vo versus resistance ratios α, β, and γ under K = 2:1 and Dst = 0.22. (a) Rα = 0.5 Ω, Rβ = 0, Rγ = 0, R = 100 Ω
(α = 0.005, β = 0, γ = 0). (b) Ra = 0, Rβ = 0.5Ω, Rγ = 0, R = 100Ω (α = 0, β = 0.005, γ = 0). (c) Rα = 0, Rβ = 0, Rγ = 0.5Ω, R = 100Ω (α =
0, β = 0, γ = 0.005). (d) Rα = 0.5γ,Rβ = 0, Rγ = 0, R = 50 Ω (α = 0.01, β = 0, γ = 0). (e) Rα = 0, Rβ = 0.5 Ω, Rβ = 0, R = 50 Ω (α = 0, β =
0.01, γ = 0). (f) Rα = 0, Rβ = 0, Rγ = 0.5 Ω, R = 50(α = 0, β = 0, γ = 0.01).

of Fig. 10(a) due to a higher α. The same conclusions can be
drawn when comparing Fig. 10(b) with Fig. 10(e), and (c) with
Fig. 10(f). Fig. 10 clearly illustrates that the voltage gain is
significantly affected by the ratio between the parasitic resis-
tance and equivalent output resistance, but not only the parasitic
resistance. And the voltage gain is affected more seriously
due to a higher resistance ratio. According to the simulation
results in Fig. 10, the correctness of the mathematical derivations
and analysis of the voltage gain of the magnetically coupled
impedance-source converter under parasitic resistance condi-
tions in Section IV part A can be verified.

3) Shoot-Through Duty Ratio: To verify the effects of shoot-
through duty ratio Dst on the voltage gain under parasitic resis-
tance ratios α, β, and γ conditions and the derived theoretical
equations, the corresponding simulation results are shown in
Fig. 11 with the shoot-through duty ratio Dst changes from 0.22
to 0.32. The theoretical Vo curves are plotted based on (27), (28)
and (29) and the maximum point are determined by (37), (38),
(41), (42), (45), and (46). From Fig. 11, the Vo or voltage gain
increases first and then decreases after reaching a peak value
when the resistance ratio α, β, and γ is considered, respectively.
And the simulated maximum Vo values and the maximum points
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Fig. 11. Simulation results of Vo versus shoot-through duty ratio Dst under K = 2:1, R = 50 Ω. (a) Rα = 0.5 Ω, Rβ = 0, Rγ = 0 (α = 0.01, β = 0, γ = 0).
(b) Rα = 0, Rβ = 0.5Ω, Rγ = 0(α = 0, β = 0.01, γ = 0). (c) Rα = 0, Rβ = 0, Rgamma = 0.5 Ω(α = 0, β = 0, γ = 0.01).

Fig. 12. Simulation results of Vo versus winding ratio K under R = 50 Ω. (a) Rα = 0.5 Ω, Rβ = 0, Rγ = 0(α = 0.01, β = 0, γ = 0). (b) Rα = 0, Rβ =
0.5 Ω, Rγ = 0(α = 0, β = 0.01, γ = 0). (c) Rα = 0, Rβ = 0, Rγ = 0.5 Ω (α = 0, β = 0, γ = 0.01).

TABLE III
PARAMETERS OF EXPERIMENTAL PROTOTYPE

Fig. 13. Experimental prototype of the magnetically coupled impedance-
source converter.

are also consistent with the theoretical values. According to the
simulation results in Fig. 11, the mathematical derivations and
analysis in Section IV part B can be verified.

4) Winding Ratio: To verify the effects of winding ratio K
on the voltage gain under parasitic resistance ratios α, β, and γ
conditions and the derived theoretical equations, the correspond-
ing simulation results are shown in Fig. 12. From Fig. 12(a),
the maximum Vo or voltage gain keeps approximately constant
with different winding ratios when only ratio α is considered.
From Fig. 12(b) and (c), the maximum Vo or voltage gains are
significantly affected with the increasing of winding ratios, when
only β or γ is considered. According to the simulation results in
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Fig. 14. Experimental results of Trans-Z-source with N1:N2 = 36:18. (a) Dst = 0.20. (b) Dst = 0.24. (c) Dst = 0.26. (d) Dst = 0.28. (e) Dst = 0.30.
(f) Dst = 0.31.

Fig. 15. Experimental results of Trans-Z-source with N1:N2 = 36:12. (a) Dst = 0.12. (b) Dst = 0.16. (c) Dst = 0.18. (d) Dst = 0.20. (e) Dst = 0.21.
(f) Dst = 0.22.

Fig. 12, the mathematical derivations and analysis in Section IV
part C can be verified.

B. Experimental Verification

The experimental prototype as shown in Fig. 13, is built
in the laboratory to verify: first, the validity of the general-
ized equivalent circuit model for the three typical magnetically
coupled impedance-source networks: Trans-Z-source,Г-source,

and Y-source networks with parasitic resistances consideration,
second, the corresponding mathematical derivations of the ef-
fects of parasitic resistances on the voltage gain under three dif-
ferent scenarios: resistance ratio, shoot-through duty ratio, and
winding ratio, and third, the maximum voltage gain under the
consideration of the three resistance ratios simultaneously. The
experimental prototype of the magnetically coupled impedance-
source converters as shown in Fig. 13 is controlled by FPGA
Altera Cyclone 5CSEMA5F31C6N, where the shoot-through
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Fig. 16. Experimental results of Г-source with N1:N2 = 36:48. (a) Dst = 0.12. (b) Dst = 0.16. (c) Dst = 0.18. (d) Dst = 0.20. (e) Dst = 0.21.
(f) Dst = 0.22.

Fig. 17. Experimental results of Y-source with N1:N2:N3 = 30:6:18. (a) Dst = 0.12. (b) Dst = 0.16. (c) Dst = 0.18. (d) Dst = 0.20. (e) Dst = 0.21.
(f) Dst = 0.22.

duty ratio Dst is generated. The multiple stranded copper wire
is used as the coils, the strand number is 100 and the diameter of
each strand is designed as 0.1 mm, which is smaller than the skin
depth 0.46 mm to reduce the skin effect, current rating is also
designed to apply for all the experimental conditions. The ferrite
core EE55B is used in this article, and core gaps are designed
by considering about the magnetic permeability and saturation.
The detailed experimental parameters of windings, capacitor,

switching devices, and other experimental environments are
shown in Table III.

First, the experimental studies of Trans-Z-source are carried
out. When N1:N2 = 36:18, K = 2 can be obtained according to
(2), and Fig. 14 shows the experimental results, in which Dst

changes from 0.2 to 0.31 gradually. Similarly, when N1:N2 =
36:12, K = 3, and Fig. 15 shows the experimental results, in
which Dst changes from 0.12 to 0.22 gradually.
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Fig. 18. Comparison of idea lossless, theoretical and experimental results. (a) Trans-Z-source with N1:N2 = 36:18. (b) Trans-Z-source with N1:N2 = 36:12.
(c) Γ-source with N1:N2 = 36:48. (d) Y-source with N1:N2:N3 = 30:6:18.

Second, the experimental studies of Г-source with N1:N2 =
36:48 are carried out, K= 3 can be obtained according to (3), and
Fig. 16 shows the experimental results, in which Dst changes
from 0.12 to 0.22 gradually.

Third, the experimental studies of Y-source with N1:N2:N3

= 30:6:18 are carried out, K = 3 can be obtained according to
(4), and Fig. 17 shows the experimental results, in which Dst

changes from 0.12 to 0.22 gradually.
Since the output voltage is affected by leakage inductances

and parasitic resistances together, the effect of leakage induc-
tances will lead to the reduction of effective shoot-through duty
ratio ΔDst, which can be calculated by comparing the output
voltage with the voltage across the diode. Under the considera-
tion of the leakage inductance, the real effective shoot-through
duty ratio becomes D′st = Dst −ΔDst [17]. The gate-source
voltage, output voltage and voltage across the diode of different
magnetically coupled impedance-source network topologies are
shown in Figs. 14–17, the output voltage curves versus withD′st
are shown in Fig. 18.

1) Verification of Generalized Equivalent Circuit Model: All
the experimental results in Fig. 18 are consistent with the theoret-
ical curves derived by the generalized equivalent circuit model
proposed in this article, which means that the generalized equiv-
alent circuit model can represent the Trans-Z-source, Г-source,
and Y-source networks, thus the validity of the generalized
equivalent circuit model is verified.

2) Resistance Ratio, Shoot-Through Duty Ratio, and Winding
ratio: In practical case, unlike the simulation part, both α, β,
and γ exist, so the effect of resistance ratio, shoot-through duty
ratio and winding ratio on the voltage gain is not able to be
verified individually and separately when only α, β or, γ is
considered. However, Fig. 18 shows the experimental results
under different resistance ratios, different shoot-through ratios,
different winding ratios, and they are all consistent with the
theoretical curves derived by the equivalent circuit model, thus
the effects of parasitic resistances on the voltage gain under three
different scenarios: first, resistance ratio, second, shoot-through
duty ratio, and third, winding ratio can be verified too.

3) Maximum Voltage Gain Under Ratios α, β, and γ Consid-
eration: As shown in Fig. 18, the experimental maximum points
are basically consistent with the theoretical values derived by
(49), thus the deduced maximum voltage gain (49) under ratios
α, β, and γ consideration is also verified.

VI. CONCLUSION

Magnetically coupled impedance-source networks are pro-
posed to achieve a higher voltage gain with smaller shoot-
through duty ratio. However, the voltage gain of the impedance-
source converter is seriously affected by the parasitic resistances,
which should be studied and investigated. In this article, the
generalized equivalent circuit models under parasitic resistances
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consideration is first proposed for the three typical magnetically
coupled impedance-source networks, namely Trans-Z-source,
Γ-source, and Y-source. Based on the proposed equivalent circuit
models, the voltage gain under parasitic resistances condition
can be derived and discussed in details under three different
conditions: different resistance ratio, different shoot-through
duty ratio, and different winding ratio, and the maximum voltage
gain under the consideration of the three resistance ratios simul-
taneously is also derived. Finally, simulation and experimental
results are provided to verify the proposed equivalent circuit
models, the deduced corresponding mathematical equations and
the discussed characteristics in this article.
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