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Abstract: This paper presents a partial power processing and an efficiency analysis of dc-dc dif-
ferential converters based on the use of two basic converters of the same group: the positive or
negative group. The paper contributes theoretical analysis and demonstrates that the differential
converters based on the positive group process has more power than the load requires, and that the
differential converters based on the negative group process has less power than the load needs. This
is an important advantage of the negative group converters, since a parcel of the output power is
directly transferred by the input source to the load, resulting in partial power processing. In order to
verify the theoretical analysis herein developed, ten prototypes are evaluated considering an input
voltage of 20 V and output power of 100 W.

Keywords: differential converters; high gain dc-dc converters; non-isolated converters; partial power
processing; step-up converters

1. Introduction

Environmental concerns and the search for the diversification of energy matrixes
make renewable sources a real alternative for electrical energy production around the
world [1,2]. Among these renewable sources, photovoltaic and wind are considered the
most promising [3]. Unfortunately, these sources provide low output voltages when com-
pared to the peak value of grid voltage, therefore high gain step-up dc-dc converters are
required to efficiently comply with the requirements for grid connection [4]. In light of this,
the literature has presented several topologies of high gain step-up dc-dc converters in the
past few years [5-22].

Step-up converters are usually classified as isolated or non-isolated [7]. In the isolated
topologies the gain is easily increased by the turn ratios of the transformer, however, the
leakage inductance associated with the windings can cause high voltage peaks across the
power switches. Therefore, techniques to reduce it must be implemented, which may
degrade the efficiency [8].

Conversely, non-isolated topologies make use of techniques to increase the voltage
gain [9], such as: switched capacitors and/or inductors cells [10-13], coupled induc-
tors [14-16], cascaded and stacked connections [17,18], or a combination of them [10-12].
Switched and coupled inductors can also imply voltage spikes on the power switches,
requiring clamping circuits or snubbers to smooth it. Switched capacitors are able of raising
the voltage gain without inductances; moreover, the power switches can be subjected to
high current peaks. Cascaded and stacked connections need a high number of components,
which can reduce efficiency. Each of these techniques presents specific features, which have
to be evaluated accordingly with the application [19].

Recently, non-isolated topologies based on the differential connections between basic
converters were introduced by [19-21]. This kind of connection is composed of two stages
and it provides higher voltage gain with a lower duty cycle value, which can improve
efficiency when compared to a one-stage converter.
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In [19,20] the differential connections are derived from two basic converters of different
groups, classified as positive and negative. The converters of the positive group are those
in which the input and output voltages have the same polarity to a common ground
terminal. This group includes the buck, boost, SEPIC, and zeta converters. Conversely, in
the converters of the negative group, the polarity of the input and output voltages are
inversed in respect of this common terminal, as the buck-boost and Cuk converters.

Whereas the authors of [19] derived the differential converters from two basic con-
verters of the same group, the authors of [20] proposed the connection between converters
of different groups. Nevertheless, both works approached these connections to provide
high-gain step-up dc-dc converters, presenting several possible combinations of converters,
detailing the modulations and control strategies, and deriving the static gain equations.
Some of these differential converters were detailed in [10,22,23].

Particularly, in the differential converters based on conventional converters of the
same group, the voltage of the input source contributes with the voltage applied to the
load, which provides these differential converters the ability to accomplish Partial Power
Processing (3P). In differential converters, 3P can be used to improve the global efficiency
of this kind of connection. Additionally, 3P applied in dc-dc differential converters can be
a strong argument to employ this solution rather than single-stage dc-dc converters, so
that the 3P differential converters become natural candidates to be applied to renewable
systems due to their improved efficiency [24,25]. It is important to highlight that differential
converters can be employed in any application that requires a step-up power stage, such as
photovoltaic, wind, and storage systems.

In the literature, the features related to partial power processing are still not formalized
for differential converters. In [19], for example, the parcel of power delivered from the
input source directly to the load was considered as part of the power processed by one of
the basic converters. In light of this, this paper contributes with the detailing of how the
power is distributed inside differential converters, in order to demonstrate their ability to
provide partial power processing and to show how the total efficiency is impacted.

2. Brief Review of Differential Connections for Step-Up Converters

In [20] the differential connections are derived from two basic converters of different
groups, so that the differential voltage is the sum of the output voltages of each of the basic
converters, as shown in Figure 1, where a boost converter (positive group—Converter (1) is
connected with a buck-boost converter (negative group—Converter (2). In this case, the
differential voltage only depends on the output voltage of each basic converter:

Vo= Vo1 + Voo @
Converter 2 — Vo + Converter 1
{ AN b
R,
D2 ! xDl
= +
Vo2 pm— C2 Y Y Y\ C] — | Vo1
+ SZ L] _
L2 Sl
Vin
-
(. J = J
Negative Group Positive Group
Converter Converter

Figure 1. Differential connections between two basic converters of different groups-boost converter
connected with a buck-boost converter.
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As an alternative, [19] proposes a methodology to develop differential converters
by the connection between basic converters of the same group (positive or negative). An
example is exhibited in Figure 2 considering two boost converters (positive group), in
which a conventional boost converter is connected with a “mirrored” boost converter.
The “mirrored” boost shown in Figure 2 is defined in [19] and it is also named in the
literature as a floating-output boost converter [26,27]. The differential connection of two
boost converters is already known in the literature either as floating-output double-boost
converter [26,27] or traditional double dual boost converter [28,29]. A generalization for
any converter type is shown in Figure 3.

Vo
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Figure 2. Differential connection between two basic converters of the same group-boost converter

connected with a mirrored boost converter.
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Figure 3. Generalized view of differential connection between two basic converters of the same
group: (a) positive group and (b) negative group.

On analyzing the circuit shown in Figure 3a, the differential output voltage can be
written as:
Votr = Vor+ + Voou — Vi )

Furthermore, if the both basic converters belong to the negative group, as illustrated
in Figure 3b, the differential output voltage can be described as:

Voo = 01— t+ V02— + Vin~ (3)
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On analyzing (2) and (3), it is possible to verify that the input source (V) contributes
with the differential voltage applied to the load, respectively decreasing and increasing it.
This conclusion is highlighted in Figure 4. In the positive group, the converters process
more power than the load needs due to the decreasing of the input voltage as shown in
Equation (2). However, in the negative group, there is partial power processing since the
input voltage directly delivers a part of the output power to the load, which is the main
topic addressed in this paper, as discussed in detail in Section 3.

Vz)]\ Vo]_

V(@) Vi =80

- +

)
N4
A"

S

C2+ @ b C2- @
Vo2+ VoZ-

Figure 4. Equivalent circuits related to the output voltage loop of differential converters: (a) positive
group and (b) negative group.

Based on Equations (2) and (3), the static gains of the differential converters respec-
tively derived from basic converters of the positive and negative groups can be written as:

\%

‘;+ = Geem+ = Geemi+ + Geemnz+ — 1, )
1

VO— _ G — G G 1

v — Geem- = Geemi- + Geema— + 1. ®)
1

where the static gain of each basic converter in continuous conduction mode (Gcepri+,
Gceema+r Geemi— and Geepz—) can be individually obtained by the conventional analysis.

The input current resulting of the differential connection of basic converters of the
positive group (ij,+) is:

liny = lin1y + 24 (6)
where:
Iy = ling4 — lot @)
Replacing (7) in (6), results in:
lint = linl4+ + Ling+ — To+ 8)

If basic converters of the negative group are considered, the input current (i;,,+) is:
lin— = lip1— +i2—. )

where:
- =ljipp— +ip—. (10)

Replacing (10) in (9), results in:
lin— = lin1— + lin2— + lo—. (11)

Equations (8) and (11) are important figures of merit used to analyze the experimental
results presented in Section 4.



Energies 2022, 15, 1159

50f17

3. Partial Power Processing and Efficiency Analysis

Both connections shown in Figure 3 are herein analyzed from the equivalent circuits
shown in Figure 4.

In the differential connection of basic converters of the positive group (Figure 4a) the
input voltage (V) is negative and contributes to decreasing the differential output voltage
(Vo+). It results in the circulation of non-active power [25] through the differential converter
but does not imply the direct transfer of power from the input to the output. In light of
this, to compensate for the reduction of the differential output voltage caused by the input
voltage, the Converters 1+ and 2+ need to process more power than the load requires.

Conversely, in the differential connection of basic converters of the negative group
(Figure 4b) the input voltage (V},) is positive and contributes to increasing the differential
output voltage (V,—). As a consequence, a parcel of the power supplied by the input source
is directly transferred to the load. Hence, Converters 1— and 2— need to process less power
than the load requires, which is the main feature expected from the 3P converters.

The percentage of power processed by each of the basic converters in the differential
connection of the negative group can be defined in terms of static gain, as:

_ ko Va_ I,  Geemi-

P —_ (o — = — 7 12
1= (%) Pa Volo GCCM* ( )

P, Vo I,  Geemo—
Py = = = = 1
2=(%) Po VoIo GCCM— ’ ( 3)

PP =P (Gcczvn— + GCCMZ—)
I Geem-

Psource— (%) — (14)

where, P;_ (9, and P,_ (9, are the percentage of power processed by Converter 1— and Con-
verter 2—, respectively, and Psoyurce— is the percentage of power processed by the input source.

Equations (12) and (13) are also valid to describe the differential connection from
positive group converters, however, in this case, the percentage of power processed by the
input source (Psource+(%)) is given by:

Psource+ (%) = —Psource—(%)- (15)
The power delivered to the load in the positive group is given by:
Po(oey = Pry ) + Por (%) = Poource+ (%) (16)
whereas, for the negative group, it is defined by:
Pooo)y = P1—(o%) T Pa— (%) + Psource—(%)- (17)

Accordingly, with Equations (12)-(15), it is possible to define the amount of power
processed by the basic converters employed in a differential connection, as summarized in
Table 1. This table is assembled considering equal duty cycles for driving both of the basic
converters, thatis, D = Dy = D,.

Table 1. Power behavior in each basic converter of the differential converter considering D = D1 = D5.

Converter 1

Boost
Boost
SEPIC or Zeta
SEPIC or Zeta
Cuk or Buck-Boost

Mirrored Cuk or Buck-Boost

Converter 2 Geem Geemz Geem Pl(%) PZ(%) Psource(%)
Mirrored Boost % ﬁ % D%rl D%Ll %
Mirrored SEPIC or Zeta ﬁ % % % % %
Mirrored Boost % ﬁ 2D % % %
Mirrored SEPIC or Zeta = = sD-1 . 2 el
D D 14D o ok e

7]
S
7]
o
-
|

S
.
+
o
-
+
S
-
+
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The results obtained in Table 1 are graphically represented in Figure 5 together with the
experimental points acquired from the prototypes approached in Section 4. Additionally,
the converters of positive and negative groups of Table 1 are exposed in Figure 6 and
in Figure 7, respectively. All the practical tests were evaluated at rated power (100 W)
under an input voltage (V) of 20 V. Figure 5a—c show the results related to the differential
connection of positive group converters whereas Figure 5d depicts the results related to the
differential connection of negative group converters.

100 300
90 Positive Group Theoretical Curves Positive Group Theoretical Curves
—— Boost and Mirrored Boost —— Boost

80 Input Source 250 —— Mirrored SEPIC or Zeta
Input Source
X 70 200! Experimental Points
5 60 Y (P,=100 W and ¥, =20 V)
% § @ Boost
< 30 @ < 150 & Mirrored SEPIC (b)
§ 40 § @ Input Source
g e 2100
< 30 Experimental Points ® Py S
20| (Po=100 W and 7, =20 V) ®
® Boost . @ 50
10 & Mirrored Boost o oo
@ Input Source ®
0 0 01 02 03 04 05 06 07 08 09 1 0 0 01 02 03 04 05 06 07 08 09 1
D D
300 - 100 -
Positive Group Theoretical Curves Theoretical Curves
SEPIC or Zeta and mirrored 90 Cuk or Buck-Boost
200 SEPIC or Zeta —— and mirrored Cuk or
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Input Source Experimental Points

— — 70 Input Source  (p — 100 W and ;, =20 V)

& 100 & @ Cuk
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Input S
@ Input Source 10 Negative Group

01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
D D

-300
0

Figure 5. Theoretical curves and experimental points considering D = D1 = D; at P, = 100 W and
Vin =20V for the positive group: (a) boost and mirrored boost converters (positive group); (b) boost
and mirrored SEPIC converters (positive group); (c¢) SEPIC and mirrored Zeta converters (positive
group); (d) Cuk and mirrored Cuk converters (negative group).

Figure 5a presents the theoretical curves and experimental points for the connection
between the boost and the mirrored boost converters. In the entire range of duty cycles,
both converters process the same amount of power. As one can note, the sum of the
power processed by each basic converter is higher than the power delivered to the load. For
example, considering D = Dq = 0.7, the boost and the mirrored boost converters process each
one 60% of P, and the input voltage is responsible for 20% of P,. This result corroborates
the theoretical analysis previously presented. Replacing these values in (16), the output
power is:

Py(9) = 60% + 60% — 20% = 100%. (18)

The theoretical curves for the connection between the boost and the mirrored SEPIC
converters are exhibited in Figure 5b. These curves are also valid for the connections
between the boost and the mirrored zeta converters and between the SEPIC or zeta and
the mirrored boost converters. The experimental points herein presented were acquired
considering the boost and the mirrored SEPIC converters. In this connection, the SEPIC
converter processes 50% of P, independently of the duty cycle value and its position in the
differential connection (as Converter 1 or 2). On the contrary, as is evidenced in Table 1, the
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power processed by the boost converter (mirrored or not) varies accordingly to the duty
cycle value. For example, with D = 0.7, the boost converter processes 75% of P, and the
input voltage decreases P, by 25%.

[ml+
L

G

\ L
y § D2+NY\—L

Vo2+

|
Gl

Lino+ S

Ly

Lin+ Lind+

Figure 6. Differential converters of positive group: (a) boost with mirrored boost, (b) boost with
mirrored SEPIC, (c) boost with mirrored zeta, (d) SEPIC with mirrored boost, (e) SEPIC with mirrored

SEPIC, (f) SEPIC with mirrored zeta, (g) zeta with mirrored boost, (h) zeta with mirrored SEPIC and
(i) zeta with mirrored zeta.
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Figure 7. Differential converters of negative group: (a) buck-boost with mirrored buck-boost, (b) buck-
boost with mirrored Cuk, (c) Cuk with mirrored Cuk and (d) Cuk with mirrored buck-boost.

Figure 5c presents the curves for the connection between the SEPIC and the mirrored
Zeta converters. Both of them process the same power in all ranges of the duty cycle and
like in the other positive group connections, the input voltage reduces the output power.
The experimental data shown in Figure 5c¢ is also valid to represent the connections between
the Zeta and the mirrored SEPIC converters or between the Zeta or SEPIC and the mirrored
SEPIC converters.

For the connections between the boost and the mirrored SEPIC converters or between
the Zeta and the SEPIC converters or still between the Zeta and the mirrored SEPIC or
Zeta converters (Figure 5b,c), the minimum duty cycle is 0.5, in order to avoid that these
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converters process more than 100% of P,. It is worth mentioning that in the positive group
connections the influence of the input voltage on the differential voltage decreases as
the duty cycle increases. Thus, the positive group connections are more attractive for
high-gain applications.

The curves related to the negative group converters are represented in Figure 5d.
Unlike the positive group converters, now the input voltage is summed to the output
voltage of each basic converter, which processes less power than the load requires. As an
example, for a duty cycle of 0.7, each of the basic converters process 40% of P, and the input
voltage contributes with the remaining 20% to feed the load. Replacing these values in (17):

P,os) = 40% + 40% + 20% = 100%. (19)

The curves plotted in Figure 5d were experimentally verified, considering the connec-
tion between the Cuk and the mirrored Cuk converters.

Among the connections presented in Table 1, the only topologies in which the Con-
verters 1 and 2 process different power levels are those composed of a boost and a mirrored
SEPIC converter or between a boost and a mirrored Zeta converter. It is important to
mention that these converters can also process the same power levels if the duty cycle
values used to drive them are adjusted to be different. In light of this, in order to provide
the power balanced between the converters, the duty cycle D; applied to the Converter 2
can be written in function of the duty cycle D applied to the Converter 1, as:

1 D, 1
Geem+| = [Geemz+| = 17— D, 1-D, 2T 2-D

(20)

Therefore, for Dy # D, the static gain and power processed by each converter are
given by:
1+ Dl

Geem+ = ﬁ’ (21)
1

Pry (o) = Pag (o) = Dy +1’ 22)
1-D,

Psource-i—(%) = 1+ Dy

(23)

Equations (22) and (23) are plotted in Figure 8 together with the experimental points
obtained by the experimentation of a differential converter prototype based on the boost
and mirrored SEPIC converters. It should be verified that these results are similar to those
presented in Figure 5a.

109 Positive Group Theoretical Curves
90 Boost
30 Mirrored SEPIC or Zeta
\ Input Source
g 70 .\. -
5 60 ~~8..
§ 40
N Experimental Points ®
Q 30
(P, =100 W and V;, =20 V) ® °
20 @ Boost L
0 Mirrored SEPIC e
@ Input Source
0

0 01 02 03 04 05 06 07 08 09 1
D,
Figure 8. Theoretical curves of the power processed by the boost and the mirrored SEPIC or Zeta
converters in the differential connection considering D # D,. Experimental points acquired under
P, =100 W and V;,, =20 V for the connection between the boost and the mirrored SEPIC converters.
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On evaluating the power levels processed by each converter, the efficiency of the
positive (1,(%,)) and negative group converters (1n_ ) are:

Ny (%) = P1+("/o)n1+("/o) + P2+(°/o)n2+(°/o) - Psource+("/o)nsource+(°/o)/ (24)

n_(%) = Pl—(%)nl—(%) + PZ—(%)”Z—(%) + Psource—(%)nsource—(%)' (25)
where 11, and n1_ (9, are the efficiencies of the Converter 1+ and Converter 1—, 15, (s,

and ny_ ) are the efficiencies of the Converter 2+ and 2—, and nsource+ (%) and Msource — (%)
are the efficiencies of the input sources.

4. Experimental Results

In order to verify the theoretical analysis, ten prototypes (boost, SEPIC, zeta, Cuk,
buck-boost, and their mirrored versions) were assembled, as shown in Figure 9a, for the
positive group, and in Figure 9b for the negative group. The specifications and components
of the prototypes are exhibited in Table 2.

e
S

ed Cuk

a- Mirrored Mirror

Mirrored Boost Mirrored SEPIC Mirrored Zeta Buck-Boost

Figure 9. Prototypes of Converter 1 and 2: (a) positive group—boost, SEPIC and zeta converters.
(b) negative group—Cuk and buck-boost converters. Dimension: 65 mm x 65 mm x 49 mm—each
buck-boost converter and the others have 65 mm x 65 mm x 35 mm each converter.

Table 2. Design specifications and components employed in the prototype.

Input Voltage (V) 20V
Duty Cycle (D) 0.75
Power output (P; and P;) 100 W
Switching Frequency (fs) 50 kHz
First inductor of boost, SEPIC, Zeta a'nd Cuk converters and the 300 uH; Core: E30/14; Turns: 46; Wire: 3 x AWG22
mirrored versions
Second inductor of SEBIC, Zeta angl Cuk converters and the 900 wH; Core: E30/14; Turns: 55; Wire: 2 x AWG22
mirrored versions
Inductor of Buck-Boost converter and mirrored version 340 uH; Core: E42/15; Turns: 46; Wire: 4 x AWG22
Output Capacitors 2 x 10 uF/100 V
Second capacitor of SEI?IC, Zeta an?l Cuk converters and the 2 % 33 uF/100 V
mirrored versions
Switches FDD86250; 150 V/50 A
Diodes TSP15H150; 150 V/15 A
Gate Driver Half-Bridge + FOD3180
Digital Signal Processor TMS320F28069

Figure 10 shows the results related to the connection between the boost and the
mirrored boost converter. Figure 10a presents the input voltage (=20 V), the output
voltages of Converters 1 and 2 (=280 V each), and the differential output voltage (=140 V).
The voltages values are in accordance with the equations of the first line of Table 1 and the
output voltage follow Equation (2). The current waveforms are exhibited in Figure 10b. The
waveform shown in the math channel (M3) proves Equation (8) (ij, = ij,,1+ij,2—1,), since the
input current of both the converters are the same (i;;,1 ~ 7;,,2 = 2.9 A), and the input current
(i;) is around 5 A and the output current (i,) is approximately 784 mA.
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D, =D,
N j;, (4 A/div) — Mean 5.00 A
| My (30 V/div) - Mean 20.74 V
W iy (2 A/div) — Mean 2.90 A
Ay, (40 V/div) - Mean 8152V :
iu2 (2 AJdiY) — Mean 2.95 A
*tvt+—r—t—ttt—ttq
V.2 (40 V/div) — Mean 78.98 V , _ . \
(@) (G (1 A/div) - Mean 783.6 mA (b
Fo gt g gt pmrt gy de e b e g pgp e gl ® ‘ ‘ ‘
& YV, (40 V/div) - Mean 140,40 V NN ; N
. it +inaia (4 A/div) — Mean S,Qﬁ A .(20 us/div)
[ T L ‘:-/Lm Ny “:n taldiy $09M3s  20mipt
e  muen e e -
(20 ps/div) s miam | Taie
[, [ == ‘
e ] D =D,

- X (30 V/div) — Mean 20.83 V

Xy, (40 V/div) — Mean 82.26 V

Figure 10. Experimental results with same duty cycle (D = D; = Dj): boost and mirrored boost
converters. (a) input voltage (V},), partial output voltages (V,1 and V), and differential output
voltage (V,); (b) input current (i;,), input current of Converters 1 and 2 (i;;1 and i;,»), output current
(iv), and input current calculated by the math channel (ij, = ij,1+ij;0—1io)-

Experimental results for the differential connection between the boost and the mirrored
SEPIC converters with the same duty cycle (D = D = D; = 0.75) are shown in Figure 11,
and with different duty cycle (D1 = 0.7142 and D; = 0.777) in Figure 12. The output voltage
(V,) is the same in both cases, however, the partial voltages (V,1 and V) are different
[Figures 11a and 12a]. In the first case (D1 = Dy) V,1 is around 80 V and V, is 60 V, whereas
in the second case (D7 # D;) V,1 and V,; are 70 V. This last condition ensures that the
converters process the same power. The voltages when D1 = D, follow the equations
present in the second line of Table 1 and when D7 # D; follow the Equations (20) and (21).
In both cases, the output voltage is given by Equation (2). The input currents of each of the
basic converters in the first case (Figure 11b) are different (i;;,;; ~ 3.35 A and i;;» = 2.57 A),
and in the second case (Figure 12b) are the same (i;;1 = ij;2 =~ 2.9 A). It means that the
duty cycles can be adjusted to balance the power processed by each converter, as detailed
in Section 3.

D =D,

M, (4 A/div) — Mean 4.99 A

N, (2 A/div) — Mean 3.35 A
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| .
T _‘—#7,._.—- e _!
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'.‘U]n.wm: ::z ::;: ‘:.“-fmv & :wu:u:‘lw mr:“s;“ :.ﬂn!/lﬂl ::: ::;:‘ 3
i e D =D,

Figure 11. Experimental results for boost with mirrored SEPIC converters with same duty cycle
(D = Dy = Dy): (a) input voltage (V;;,), partial output voltages (V,1 and V,;), and differential output
voltage (V,); (b) input current (i;;), input current of Converters 1 and 2 (i;;1 and i;,»), output current
(iv), and input current calculated by the math channel (i;, = ij,1+ij,2—1io)-
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Figure 12. Experimental results for boost with mirrored SEPIC converters with different duty cycle
(D1 # Dy): (a) input voltage (V;,,), partial output voltages (Vo1 and V), and differential output
voltage (V,); (b) input current (i;;,), input current of Converters 1 and 2 (i;,; and iz,;»), output current
(iv), and input current calculated by the math channel (i;, = ij,1+ij,2—1io)-

The input and output currents considering other configurations for D; = D; are pre-
sented in Figure 13. Figure 13a refers to the connection between the SEPIC and the mirrored
boost converters and Figure 13b between the Zeta and the mirrored boost converters. The
voltages values are in accordance with the third line of Table 1. It should be noted that in
these connections the converters process different amounts of power, which validates the
theoretical analysis approached in Section 3. In order to ensure the power balance between
the associated converters, their duty cycles should be adjusted to be different, and the
expected results are similar to those presented in Figure 12.

™ . (4 A/div) - Mean 5.03 A
|
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a 5
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.
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Y . ; ./
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uu owd ;::::xnu YTrarT™ |:$J<HA o ] mey--arsum:uy: n"-ml gi::‘ ::: ri::: -l N hasn ‘ ;I:usdw sno.n.n:‘: Linalpt
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Figure 13. Experimental results with same duty cycle (D = Dy = Dy): (a) SEPIC and mirrored
boost converters and (b) Zeta and mirrored boost converters. Input current (i;,), input current of
Converters 1 and 2 (i;;,1 and i;,,5), output current (i,), and input current calculated by the math channel

(fin = Tip1+iin2—1o)-

The experimental results for the differential connection between the SEPIC and the
mirrored SEPIC converters are shown in Figure 14. Figure 14a presents the input voltage
(=20 V), the output voltage of the Converters 1 and 2 (=60 V), and differential output volt-
age (=100 V). these voltage values follow the fourth line of Table 1. The current waveforms
are exhibited in Figure 14b. Note that the input current of the basic converters are the same
(i1 = ijy2 = 3 A), which ensures they process the same power level. The average input
current (ij,) is around only 5 A and the output current (i,) is approximately 1 A. The results
shown in the math channel (M3) experimentally prove Equation (8) (i;; = ij;,1+ij2—10).
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Figure 14. Experimental results with the same duty cycle (D = D; = D;): SEPIC and mirrored SEPIC
converters. (a) input voltage (V},), partial output voltages (V,1 and V), and differential output
voltage (V,); (b) input current (i;;,), input current of Converters 1 and 2 (i;,; and ij,;5), output current
(iv), and input current calculated by the math channel (i;, = ij;1+ij,2—1io)-

The current waveforms related to the differential connection between the SEPIC and
the mirrored Zeta converters and between the Zeta and the mirrored SEPIC converters
are presented in Figure 15a,b, respectively. In both cases, the power processed by each
converter is the same, as described in Table 1.
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Figure 15. Experimental results with same duty cycle (D = D; = D;): (a) SEPIC and mirrored
Zeta converters; (b) Zeta and mirrored SEPIC converters. Input current (i;;,), input current of
Converters 1 and 2 (i,1 and i;,,5), output current (i,), and input current calculated by the math

channel (i, = ij;1+i;0—1o)-

Figure 16 shows the experimental results for the differential connection between the Cuk
and the mirrored Cuk converters considering D = Dy = D;. The input voltage (=~ 20 V), the
output voltages of Converters 1 and 2 (~ 60 V), and differential output voltage (=~ 140 V) are
shown in Figure 16a and are in accordance with the line fifth of Table 1. The input current
(i,) is around 5 A, the input currents of both the converters are the same (i1 = i;;,» ~ 2.16 A)
and the output current is 727 mA, which proves (11). The sum of the current of each basic
converter (ij,1 + ij,2 ~ 4.32) A is lower than the input current (5 A), enforcing the idea that the
input source delivers a parcel of the output power directly to the load.

Figure 17a,b presents the current waveforms for the differential connection between
the Cuk and the mirrored buck-boost and between the buck-boost and the mirrored Cuk
converters. As is the case in Figure 16, the input source delivers a parcel of output power
directly to the load.
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Figure 16. Experimental results with same duty cycle (D = Dy = D;): Cuk and mirrored Cuk
converters. (a) input voltage (V},), partial output voltages (V1 and V), and differential output
voltage (V,); (b) input current (i;;,), input current of Converters 1 and 2 (ij,;; and ij,;»), output current
(iv), and input current calculated by the math channel (i;, = ij,1+ij,2—1io)-
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Figure 17. Experimental results with the same duty cycle (D = D; = Dy): (a) Cuk and mirrored
buck-boost converters; (b) buck-boost and mirrored Cuk converters. Input current (i), input current
of Converters 1 and 2 (i;,,; and i;,2), output current (i,), and input current calculated by the math
channel (i, = ij;1+i0—1o)-

Power and Efficiency Analysis

The experimental percentage of power processed by each basic converter that com-
poses the differential converter is exposed in Table 3 and exhibited in Figure 18, considering
D = Dq = Dy = 0.75, and rated power equal to 100 W. The constructive parameters can
affect the power processed by each element, however, the difference between the experi-
mental values and the theoretical values are small and do not destabilize the converters or
invalidate the developed methodology. The values of Table 3 are similar to the theoretical
analysis present in Section 3 and Table 1. As one can note, in the positive group the input
source decreases the total output power, whereas in the negative group it increases the
output power. The theoretical and experimental behavior of the power processed in the
differential converter for other duty cycle values is shown in Figures 5 and 8.
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Table 3. Percentage of the experimental output power processed by each basic converter and by
the input source, and further efficiency comparison between theoretical and experimental values
(Po =100 W).

Experimental Values Theo. 1,
Converter 1 Converter 2 Equations (20) Error%
P P Piource ) 1(%) 12(%) ) and (21)
D=D; =D,
Boost Mirrored Boost 58.06% 57.55% 15.61% 96.46% 95.29% 95.31% 95.23% 0.07%
Boost Mirrored SEPIC 68.51% 49.82% 18.33% 96.05% 94.03% 94.40% 94.32% 0.08%
Boost Mirrored Zeta 67.24% 49.83% 17.08% 96.57% 94.50% 94.88% 94.96% 0.08%
SEPIC Mirrored Boost 49.93% 67.24% 17.17% 93.92% 95.51% 94.05% 93.94% 0.11%
SEPIC Mirrored SEPIC 60.50% 59.85% 20.35% 93.77% 93.25% 92.17% 92.19% 0.02%
SEPIC Mirrored Zeta 61.27% 61.67% 22.94% 94.17% 94.33% 93.00% 92.93% 0.07%
Zeta Mirrored Boost 50.15% 66.92% 17.07% 94.94% 95.93% 94.69% 94.74% 0.05%
Zeta Mirrored SEPIC 60.61% 60.16% 20.77% 94.26% 93.52% 92.66% 92.63% 0.03%
Zeta Mirrored Zeta 60.66% 59.68% 20.35% 94.63% 93.71% 92.98% 92.98% 0.00%
Cuk Mirrored Cuk 42.21% 42.34% 15.45% 95.51% 95.83% 96.37% 96.34% 0.02%
Cuk Mirrored Buck-Boost 43.05% 42.46% 14.49% 95.39% 94.31% 95.52% 95.60% 0.08%
Buck-Boost Mirrored Buck-Boost 42.69% 42.46% 14.86% 95.04% 94.48% 95.46% 95.52% 0.07%
Buck-Boost Mirrored Cuk 42.61% 42.88% 14.51% 95.11% 95.37/5 95.90% 95.93% 0.03%
Dy #D;
Boost SEPIC 60.17% 57.53% 17.70% 96.66% 93.60% 94.33% 94.31 0.01%
D=0.75
140 Boost and Boost and SEPIC and Cuk and
g‘ 120 mirrored boost mirrored SEPIC mirrored zeta mirrored Cuk
R
§ 100 15.45
X
s 80
&
S 60
E
R 40
2
= 20
2
20
N
£ 00 1561 =18.33 22.94
© 40 = Converter 1+ m Converter 2+ = Converter 1- =8 Converter 2- &= Input Source

Figure 18. Experimental results related to the distribution of the total output power among the
converter 1, converter 2 and input source considering D = D; = D, =0.75, V;;, =20 V and P, = 100 W.

Additionally, Table 3 depicts the efficiency comparison between the theoretical values
obtained by Equations (24) and (25) and the experimental results. The source efficiency
(Msource(%)) is herein assumed as 100% (ideal), that is, the parcel of power directly transferred
from the input source to the load is free of losses. In all the evaluated cases, the error
between the theoretical values and measurements is less than 0.15%, which proves the
derived equation in practice.

The contribution of the Converter 1, Converter 2 and input source in relation to total
output power and efficiency is presented in Figure 19, considering V;,, =20V, P, =100 W
and different duty cycles values. Figure 19a,b, and c represent the converters of the positive
group (boost and mirrored boost converters, boost and mirrored SEPIC converters, and
SEPIC and mirrored Zeta converters, respectively).

The converters of the negative group are seen in Figure 19d (Cuk and mirrored Cuk
converters). For the positive group, the input source contributes to decreasing the efficiency,
and for the negative group it contributes to increasing the efficiency. In both groups, the
influence of the input source on the efficiency decreases when the duty cycle increases. The
experimental results shown in Table 3 also demonstrate that the negative group converters
present higher efficiency when compared to the positive group converters. It occurs because
the negative group converters operate as conventional 3P since the input source provides
active power directly to the load.
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Figure 19. Experimental Results considering D = D1 = Dy = 0.75, V;;, =20 V and P, = 100 W: (a) boost
and mirrored boost converters; (b) SEPIC and mirrored Zeta converters; (¢) boost and mirrored SEPIC
converters, and (d) Cuk and mirrored Cuk converters.

Figure 20 shows the experimental efficiency curves in the function of output power
for the boost with mirrored boost (positive group) and Cuk with mirrored Cuk (negative
group). Both efficiency curves are higher than 95% at all output power ranges are analyzed.
It should be highlighted that, even with a larger number of components, the Cuk converter
presents a higher efficiency in higher loads due to the power directly transferred by the 3P
in negative groups.

97

\O
DN

O
N

Efficiency [%]

=== Boost with mirrored boost
o == (Cuk with mirrored Cuk

0 20 40 60 80 100 120
Power [W]

Figure 20. Experimental efficiency curves in relation of output power for boost with mirrored boost
and Cuk with mirrored Cuk.

Figure 21 shows the theoretical distribution of losses per component when the output
power is 100 W (highlighted points in Figure 20) for the boost with a mirrored boost con-
verter (Figure 21a) and for the Cuk with mirrored Cuk (Figure 21b). For both converters, the
component responsible for the greatest parcel of losses is the inductor.
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Figure 21. Theoretical distribution of losses in 100 W: (a) boost with mirrored boost and (b) Cuk with
mirrored Cuk.

5. Conclusions

The paper has analyzed two types of differential converters based on the connection
between basic converters of the same group, in order to evaluate their ability in realizing
partial power processing. It was verified that differential converters of the positive group
are featured by the circulation of non-active power since the sum of the power processed by
each basic converter is higher than the power delivered to the load. This non-active power
is lower as higher is the operating duty cycles, thus the use of converters of the positive
group in differential connections are recommended only for high gain applications.

For differential converters of the negative group, the input source contributes positively
with the differential voltage, thus the sum of the power processed by each basic converter is
lower than the power delivered to the load, increasing the global efficiency. Thus, the use of
differential converters of the negative group is recommended for any application that requires
step-up converters. In fact, experimental results allow us to conclude that the differential
converters of the negative group showed better efficiency when compared to those of the
positive group for the analyzed operating points (D = 0.55 until 0.75).

Finally, it is important to highlight that differential connections may also be applied to
integrated converters that use other lift voltage techniques, resulting in topologies able to
ensure ultra-high gain and 3P to be applied simultaneously, in, for example, solar, wind,
and storage systems.
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