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Abstract

The present investigation aims to design an active switch non-isolated buck-boost DC/DC
converter based on the CUK topology. In this converter, a simpler circuit topology is used to reach
higher voltage gains at lower duty cycle levels. Furthermore, the mentioned converter presents a
continuous input/output current with negative output polarity. Compared to the conventional
method of obtaining a broader range of the voltage conversion ratio characterized by the same
duty cycle, the suggested converter explains the fundamentals and prominent waveforms of the
Continuous Conduction Mode (CCM). Also, the efficiency was analyzed through the substitution
of the parasitic resistance effects for the steady-state circumstances. The power loss calculation,
parameter design, and characteristics are completely investigated in the suggested converter, and
a comparative analysis with other non-isolated converters is carried out. Eventually, by creating
a working hardware prototype characterized by a 48-watt power output, the practicality of the
suggested converter is confirmed by the empirical data gathered from testing.

Keywords: Cuk Converter, Buck-Boost Converter, Switching Device Power, Continuous
Input/output Current, Single Switch.

1. INTRODUCTION

Numerous  investigations have  been energy alternatives in response to the
conducted globally to investigate sustainable progressively diminishing availability of
natural resources and their detrimental
impact on the environment. Photovoltaic
(PV) and wind power generation, among
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other renewable energy sources, have
garnered considerable attention in recent
years. Renewable energy sources have
emerged as a highly desirable option owing
to their favorable environmental and
economic  characteristics.  Nevertheless,
several challenges, including low output
voltage, persist with their utilization.
Distributed generation systems refer to
localized, small-scale power generation
systems that utilize renewable sources of
energy to meet the growing electricity
demand and also address environmental
concerns. There are various sustainable
energy technologies, including fuel cells and
solar photovoltaic (PV) systems. Several
renewable energy sources can be integrated
within a Direct Current (DC)

microgrid, as illustrated in Fig.1. A direct
current (DC) microgrid presents itself as the
most feasible resolution for the assimilation
of photovoltaic (PV) generation systems in
combination with DC loads and alternating
current (AC) power grid. The utilization of
Solar Photovoltaic (PV) systems holds a
significant position amongst alternative
energy sources for Direct Current (DC)
distributed generation systems [1], [2]. The
microgrid system can operate in both grid-
connected mode and islanding mode with a
primary focus on maintaining System
consistency and sustainability, as outlined in
the source [3]. Highly significant DC-DC
converters with high voltage gain are
fundamental in the upward regulation and
mitigation of low and variable DC voltages,
ranging from 12 V to 128 V, which are
derived from solar photovoltaic systems
within  DC microgrid contexts. The
aforementioned DC microgrid systems have

bus bar voltages of up to 400 V DC, as stated
by various sources [4]-[7]. High voltage gain
direct current/direct current (DC/DC)
converters are primarily designed to offer a
substantial conversion ratio and superior
efficiency while occupying minimal physical
space [8].

Numerous high  step-up DC-DC
converter topologies have been put forth in
the existing literature to attain a substantial
voltage gain with a reasonable duty ratio
while ensuring high converter efficiency and
minimal voltage stress across components
[9]. By utilizing the traditional boost DC-DC
converter, it is possible to attain a substantial
increase in voltage. Nevertheless, the voltage
stress applied to the switch corresponds to the
output voltage, and the amplification in
voltage is restricted by the stress in
voltage/current that passes through the switch
when operating at high-duty cycle levels. As
per the literature [10], [32], opting for a
switch with a high rating to fulfill the voltage
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Fig.1. Structure of DC/DC converter

application.
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stress requirement eventually results in
elevated conduction loss. To accomplish
substantial voltage amplification, various
converter structures, including the half/full-
bridge, flyback, push/pull, and forward
converters, have been proposed in the
literature. Such improvement is achieved by
modifying the turn ratio of the transformer or
coupled inductor, as described in previous
works [11]-[14]. Notwithstanding the
advantages offered by converter structures,
there exist certain limitations that must be
acknowledged. These drawbacks include
circuitry of significant size, high voltage
spikes in  switch operations, power
dissipation, the risk of transformer core
saturation, and an increased level of voltage
stress for converter active switches due to the
transformer leakage inductance. Moreover,
the inclusion of a high-frequency
transformer, non-dissipative snubber circuit,
and supplementary active clamping circuit
serve to amplify the monetary and
dimensional expenditures of these converters
[15], [16].

In situations where galvanic insulation is
not deemed necessary, non-isolated DC-DC
converters have been employed as a means of
achieving a considerable voltage gain,
thereby resulting in decreased overall
dimensions, weight, and volume due to the
absence of a high-frequency transformer, and
consequently leading to an enhanced level of
efficiency. The discussion of diverse non-
isolated converter topologies in the extant
literature can be classified into two
categories: those equipped with broad
conversion range converters and those
without, as outlined in previous studies [17],
in the quadratic converters, the switch

voltage stress level is congruent with that of
the output voltage, as established by prior
studies [18]. Conversely, in the cascade boost
converter, despite the possibility of
amalgamating the two switches for the sake
of diminishing circuit complexity, the switch
remains subjected to formidable voltage and
current stresses [19]. The main drawback of
converter designs using switched capacitor
cells and voltage lift cells is the increased
stress on power switches and diode currents
caused by the presence of capacitor networks.
This can lead to decreased efficiency.
However, incorporating the interleaved
converter method along with fewer control
switches and a smaller filter size can enhance
efficiency and performance [20].
Nonetheless, the integration of multiple
converters in a parallel configuration result in
a significant surge in intricacy and the
accompanying drive circuitry. Additionally,
this methodology is characterized by a series
of adverse implications that comprise
intricate  switching control  reasoning,
elevated  voltage/current  tension, and
substantial ~ energy  dissipation  [21].
Additionally, a new quadratic converter was
unveiled [22]. To address the issue of power
discontinuities in both the input and output,
this converter was equipped with inductive
filters at both the input and output. In
addition, there were a number of components
with the input and output polarities reversed.
Additionally, ZETA DC-DC converters are
available; they were recently proposed in
[23]. Only twice as much voltage gain is
present in the ZETA converter proposed here
as there is in the traditional ZETA converter.
Certain research suggested the use of a
quadratic  buck-boost converter, which



4 Okati, Osmani-Bojd, Samimi. A New Non-isolated Buck-Boost ...

requires two gate drivers for each power
switch. As a result, the converter's size and
control system complexity have grown [24].
In [25], a quadratic DC/DC converter with
positive output polarity was developed and
examined. The converter's voltage gain ratio
is modest, though, because continuous
current flows through both the input and
output terminals. The converter in [26]
proposes a quadratic buck—boost converter
with negative output. Since inductive filters
are installed in the output and input ports, the
structure's output and input currents are
continuous. In addition to having a
discontinuous input current, a lower voltage
gain ratio, and less voltage stress on the
components, a novel quadratic buck-boost
converter was presented [27]. A
mathematical analysis of various topologies
has been conducted to thoroughly understand
the dynamic behavior of the converter [28].
The voltage gain in the ZETA converter is
twice the voltage gain provided by the typical
ZETA converters. Here is a transformerless
DC/DC converter design featuring dual
operation modes buck/boost. The system
functions as a common ground with a
continuous input current between the output
and input terminals due to its simple and
common configuration [29]. Renewable
energy (RE) systems require stable voltage
and current for effective energy management.
The quadratic output voltage gain of this
converter allows it to handle a wider range of
input voltages while ensuring optimal
performance. Also, continuous input and
output current ports make it particularly
suitable for fluctuating power sources such as
solar panels and wind turbines [30].

In addition, cascaded boost converters
[31] featuring quadratic voltage gain
specifications are suggested in which the
voltage stress is decreased on passive
devices, and the count of components is
minimized. Nonetheless, compared to other
models, in one such model, the voltage gain
remains lower. In addition, separate control
grounds are demanded by both models for the
purpose of semiconductor switches that
demand two control power supplies.

The present study proposes a new
converter topology aimed at achieving a
considerable voltage gain while reducing the
current stress applied to the active switch;
thereby continuous input/output current port
with negative polarity is presented. The
suggested configuration offers several
benefits including a substantial amplification
of voltage, minimal strain on the current,
reduced conduction loss in the active switch,
and enhanced efficiency.

The paper is structured in the following.
In Section 2, the suggested converter is
presented first, and then theoretical analysis
and steady-state assessment are carried out.
In Section 3, the benefits of the suggested
converter are contrasted with those of similar
converters. Section 4 discusses the results of
the PLECS simulation and the experimental
findings of the suggested converter's
laboratory-made prototype. Lastly, Section 5
presents the key conclusions.

2. PROPOSED TOPOLOGY

The schematic diagram of the power circuit
for the suggested converter is presented in
Fig.2. The circuit comprises three
inductors, L, L, and L; which possess
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identical inductance values. Additionally,
one switch S; is concurrently activated (ON)
and deactivated (OFF). The circuit comprises
two diodes (D;-D,) and four capacitors (C,-
C3). The present discussion focuses on
elucidating the operative mechanisms and

iin. + L1 -
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conducting a comprehensive steady-state
analysis of the proposed converter in
Continuous Conduction Mode (CCM).
Time-domain characteristic waveforms
from Fig. 3 provide a vivid representation of
several of the charging and discharging stages.
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Fig.3. Charging and discharging states key waveforms in the proposed converter's CCM mode

A. Working Principle in CCM

The suggested converter comprises a switch
that functions concurrently with duty cycles.

Accordingly,

the

suggested

converter

functions in two distinct modes while
operating in continuous conduction mode
functions specifically referred to as a statel
and state 2. According to Fig. 4 and 5, there
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are two major operating states assumed for
the converter in the CCM.

State 1: During mode, switch Si is
maintained in the open (ON) position and
both diode D1 and D2 are off. The schematic
representation of the proposed converter for
this mode is illustrated in Fig.4. The input
voltage supply, denoted as Vin, facilitates the
charging of inductor L1 through switch Si,
while the stored energy within capacitor Co is
transferred  towards the load Ru.
Consequently, it is possible to formulate the
voltages across the inductors L1, L2, and Ls,
in a precise manner, as follows:

State 2: In this mode of operation, it is noted
that switch Sz is switched to the OFF position
and the Diodes are ON. The equivalent circuit
of the proposed converter is illustrated in
Fig.5. The input voltage supply Vin denoted
as serves to charge several components
including the inductors L1 and capacitors Ci,
and Cz all through using of diode Da.
Simultaneously, capacitor Cs undergoes
charging through diode D2 via the input
supply voltage Vin, inductor L1, capacitor Ci,
hence, it is possible to determine the voltages
across the inductors L1, L2, and Ls through the
utilization of equations (4), (5), and (6).

V,,=V. +V_., -V
Vl_1 =Vin (1) L1 in + c1 c2 (4)
V,,=V
Vip=Ve  HVe, HVeg 2 Lo ©)
\'% \V V
VL3 =VC1—V0 (3) L3 C3 o (6)
in. + L1 - G 4 La.
= | N
:""\: I,""J '.'.'.i‘.'.'.'.;‘.‘.'.'.‘.: il:* """ \
R Lo,
S T i )
Vin(,,) i E{}Sl [y A g Co-%: Révo
A I | BT AT
: HI ik A
Py TDZ 5
I‘---': : :\:::::’I _____________________ 'I

A
..... p-d--dloo
s 0.y

Fig. 5. Operating mode of State 2.
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The voltages of the capacitors Cs, Cz2, and : | |
Ci, as well as the output voltage, are L2773 Yo (11)

determined by using the volt-second balance
on the inductors voltage as described in (1)—
(6),
D
Ve, =Ve, =Evin (7
1

Vo, =——

1= Da-D) (8)

It can be observed that the voltage across
the output capacitor Co is equivalent to the
output voltage Vo. it can be concluded that,

o T 2D Vin
(1-D)

9)

The symbol D denotes the duty cycle.
The ampere-second balance principle of
capacitors Ci, Cz, and Cs is used to calculate
the mean current value of all inductor
currents. Therefore, IL1, 1.2 and I3 currents
can be calculated:

2D
L1 (1—D)

(10)

The output voltage and current can be
obtained as follows,

2D
- V.
[0} (1_ D) n (12)
1-D
| =—— 1. 1
[o] 2D n ( 3)
In this manner, the voltage gain,
Vv, 2D
M cem :\Z = m (14)

B. Boundary Condition

The normalized time constant for the
inductor, denoted as ., can be defined as z.=
L/ (RTs). Fig. 6 depicts the voltage gain
deviation in the discontinuous conduction
mode of the suggested converter in response
to modifications in the duty cycle. One may
obtain boundary conditions through the
process of equating the Mccm and Mpcewm.
Hence, the normalized boundary time
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constant about the inductor denoted by 7.8,
can be derived as

- D) (15)
2

According to the findings obtained, it is
evident that Fig. 6 illustrates the boundary
condition of both Continuous Conduction
Mode (CCM) and Discontinuous Conduction
Mode (DCM) of the suggested converter with
respect to it. Furthermore, it must be noted
that in cases where 7 | exceeds s, the
converter under consideration operates in
continuous conduction mode (CCM).

C. Inductors Design

We can find the same amount of electrical
energy across both L; and L, by measuring
the voltage produced.

di

—2 (16)

VL1,2 = Ll,2 dt

The inductor size is picked depending on
how much electricity needs to be charged,
how much it moves up and down, how often
it is turned on and off, and how fast it
switches. We can find out how much electric
current flows through each inductor when the
batteries are being charged by doing the
following:

DV

Ai|_1,2,3: L Ll:'S (17)

123" s

The ripple currents for two inductors, L, L,
and L, are labeled as Ai; 5, Ai;, and Ai;;. So,
amount of inductors,

L >(1_D)‘/o

TR (18)

L > (1_ D)Z\/o

' 8Dl f (19)

Therefore, three inductor values can be
selected based on (18)-(19). Also, Aij3,1 is
10-30% of the nominal inductor current
value.

D. Capacitors Design

Capacitor capacitance is controlled by
charging current, voltage across, charging
rate, and replacement frequency. Therefore,
the capacitor voltage ripple is given by:

Di

C123 _
AV, =

AV =
TETCL AT G

) (20)

We can find out the right amount of
capacitors Ci1, Cz2, Cs, and we need using
equations (20),

C. > 2DV, 21

YT AV R T, (21)
DV

C..>—~"0

23 AVC2,3Rofs (22)
1-D
@-Dy, 23)

° 16L,AV R, f.?

E. Voltage and Current Stress on
Semiconductor

The voltage and current stresses of the diodes
and switch of a converter contribute to its
power loss and the final cost of
implementation. Therefore, theses stresses
must be assessed,

(24)
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2D
lo, =——I
S1 1—D o} (25)
Vg, = —V (26)
D12 _1_D in
ID1,2 =1, (27)

F. Efficiency Analysis

Fig. 7 shows the suggested converter circuit,
taking into account the nonidealities of
various circuit components. The same
placement resistance (ESR) of inductors L,
L2, and Ls are shown separated by an Ri1, RL2
and Rvs. Additionally, Rrpiand Rrp2 are
internal resistors. The forward voltage drops
of diodes D1 and D2 are Vrp1 and Vep2
respectively. The forward ON resistances of
control switch S1 are shown by Ropsa.

The RMS value of the switch current, and
the diodes current, inductors current, and
capacitors current, of the circuit was first
calculated by equations (25), (27), (10), and
(11),

2D
R s — Io
@-D) L (28)
_(@1+D)”
D12(ms) m o (29)
s = oLl (30)
L1-rms (l—D) o
|L2,3—rms ~ |Io| (31)
4D
[ ~(——)2|1
C1l-ms (1—D) | 0| (32)
! <22y, (33)
C 2,3—ms 1—D o

The total power loss of the switch (Ps1)
comprises the sum of switching losses (Ps-L)
and conducting power dissipation (Pr-ns), as
well as the conduction resistance Rps of the
power switch, which is calculated as:

Ps1 =Prps + P, (34)
D3
P - =R |2 —rms =R Io2
R-DS DS S DS (l_D)4
. (35)
P, =f.CV,/*=f.C———V ?
S-L S~s' s S™S (l—D 2
Fo = Pep + Prg
i=2
2
= Z(RFD I Di—rms) (36)
i=L
i=2
2 Veoiloi)
i=1

To calculate the power losses of inductors
and capacitors, it can use their equivalent
series resistance (ESR), RL, and RC values:

i=3 i=3
PL=2P=2 R Gm) (37

P

C-Total — Pc1 + Pcz + Pc3 + PCO (38)

The total loss of the power converter may
be summed up as follows:

P

loss —Total

=P. +P_+P, +P, (39)

Lastly, the following equation can be
used to determine the efficiency of the
proposed converter:

i 40
n=—"————
P a tP (40)

loss —Tot:
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Fig. 8 displays the pie charts of the losses understood. In comparison to the step-up
in step-up/down modes so that the power mode, the efficiency in the step-down mode
losses of each element's fraction can be is computed as being lower.

| ‘v‘v‘v YN ‘v‘v‘v
L Ry (!1 Ret J_ La Rus
Cs
(= Ve
‘l S1 Res S
Vi”() Rros: Co RO‘ZVO
DZ RCo

DS1

Fig. 7. Simplify the proposed converter by using parasitic parameters.

Step-down Mode Step-up Mode

(@) (b)
Fig. 8. Pie chart power loss. (a) Step-down mode, (b) Step-up mode.

Voltage Gain Converters Comparison
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Fig. 9. Comparison of voltage gain with other similar converters.
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Table 1. Comparative of the proposed converter with other similar converters.

Elements Total Norm. Vs Output Continuous
Ref. LI CI DI S| Elcments Vo /Vin | Vs/Vin | Mcem SDP,, /P, Vin | Polarity | Input/output
1 D 1 , o
CUK 212111 6 o S h S ------------ A Negative YES/YES
1 2
—_— —_ D Y| 2
— || Dp*-D+2 1
! 0 [ I 1-D 1-D —=| —— | Positive | YES/YES
IN [30] 3 0 > : . 1-D ) GIOE) (-Dy osilive /
a-b) =
1
IN29] |2]2]2[2] 8 0 o | 2D | positive | YESNO
129] 2 1 , 1-n) Da-D) D) ositive Y\
(1-1) (1-0)
.
1-D
D
“’I”): ! b Y| 6D2-8D+4 1
_ X
INJ22] (3|3 |5]1 12 4 DF W1 [)/‘ D(I-D™ m Negative YES/YES
1 (1-nY
1-D
D
1-D)
L 2D q
- 1-D ! YT
IN[23] [3]|4|2]1 10 1 - 1 — D D) Ty Positive NO/YES
L)
ko L 2
IN[241 |3]3]2|2] 10 -l )| L | positive | YES/YDS
[24] 3 D i i -0 D(-D) (-DF ositive S/YES
(1-D) (1-D)
|
IN |25 3131212 10 I;DD i ‘/ 2 ] oz ! Positi YES/YES
~ - —— Positive S/YES
125] |3 T | ) B(1-D) D7 ositive
b 1 D
IN[26] |3]3]2|2] 10 e el B e ] Negative | VES/YES
[26] | 3] 3 I 1=D)| D{-p) 1-Dy ceRvS el S
1Dy 1-D)y
1
e D | 13- .
IN[27] | 2|2 |3]|!1 8 I-D° D 1-D° D-1’ 15 Negative NO/NO
D
7= D%
L 2D ] .
3| 3 L D gative SIYES
Proposed | 3| 3 | 2| 1 10 | S —D -D) 5 Negative YLS/Y IS
1-D

3. COMPARATIVE ANALYSIS

The proposed buck-boost converter is
compared to others in references [22]-[27]
and [30], with a detailed analysis of factors
like component count, normalized gain
voltage, stress on switches and diodes, output
polarity, continuous output/input current, and
switching device power. The comparison
demonstrates that the proposed converter
exhibits superior voltage step-up across

various duty cycles compared to those in
[22]-[25], [27], and [30], as illustrated in Fig.
9.

The power loss and total implementation
cost of a power converter are influenced by
the current and voltage stress placed on its
diodes and switches. Thus, it is necessary to
assess these strains. As previously indicated
in [33], the switching device power, or SDP,
can be used as an illustrative metric to
measure the converter cost and the power
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loss. The formula for calculating the overall
average switching device power (SDPavg) is
as follows:

n
SDPan :;Vpk_ilavg_i (41)
=
where lavg_i and Vpk_i represent the average
current and peak voltage during a switching
period of the i semiconductor used in a
power converter. The peak voltage and
average current are computed for the diodes
and the switch in the proposed converter.
Overall average SDP is calculated,

1
D(1- D))P" (42)
where Po represents the output power.

The overall average SDPs of the several
converters are presented in Fig. 10. It is noted
that the recommended converter has a lower
SDP than its rivals, which essentially means
that there will be less power loss and
semiconductor cost.

The voltage stress on the switch:

SDP,,, =[

1y

V. =
S1 1—D in

(43)

In Fig. 11, there is a comparison between
the normalized sum of the voltage stress
across power switches of the proposed
converter and other similar converters.
Additionally, Table 1 provides details on the
voltage stress across power switches for other
competing converters.

4. EXPERIMENTAL ANALYSIS

A 48W output power prototype of the
proposed converter is constructed. A listing
detailing the specific circuit components of
the model is provided in Table 2. Fig. 12
illustrates simulation waveforms of the
proposed converter operating in both step-
down and step-up modes in Continuous
Conduction Mode (CCM) using PLECS
software. It is plotted gate-source voltage,
switch voltage, inductor currents, diodes
voltage, and output voltage.

N
o

w
[$)]
T

w
o
T

Converter in [22] T
Converter in [29],[26],[25],[24]
Converter in[30]

Proposed Conv.&[23]

N
[6)]

-
[&)]
T

N
o
T

o
T

Normalized Average SDP, SDPavg/Po
N
o

o

0.4

0.6 0.8 1

Duty Cycle,D

Fig. 10. Normalized total average switching device power (SDPavg/Po) of proposed converter
vs other converter.
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10 12 14
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Fig. 11. Comparison of normalized switch voltage stress.

Table 2. Design considerations for the proposed converter

Items Prototype
fs 33KHZ
Duty Cycle 0.572 (step-up), 0.207 (step-down)
D./D; MBR10100 (Vr ~ 0.85V)
St IRFP4668PBF (Rps= 8mQ)
Ci/CoIC, 33uF, 33uF, 160 uF
Rci/ Rea/ Reo 0.051€,0.078, 0.022Q
Li/La/Ls 425pH, 860uH, 525 pH
Rii/Ri2/ Rus 0.035Q, 0.157€,0.056 Q
Vin 18V
Vo 48V (step-up),10V/(step-down)

Fig. 13 shows a prototype created in the
laboratory. The functioning of the converter
and the numerical analysis have been
validated using the lab prototype shown in
Figs. 14 and 15. In these figures, the
waveforms of the voltages and currents of the
suggested converter are appeared in two
modes that were measured in the laboratory.

The efficiency of the proposed buck-boost
converter with varying input voltages at
different output powers is illustrated in Fig.
16. Since a high-duty cycle is necessary to
achieve a high voltage gain by lowering the
input voltage and so increasing conduction
losses, the efficiency was reduced related to
the input voltage drop. Since a high-duty
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cycle is needed to achieve a high voltage gain efficiency vs output power. Theoretical and
by lowering the input voltage and thus experimental efficiencies are approximately
increasing conduction losses, the efficiency the same, except for the step-up mode, which
was reduced concerning the input voltage has a greater current ripple than the step-
drop. Fig. 17 shows the proposed converter's down mode.

47 -8
\
-48 - -10 — ﬁ
Ta0 — Vo 101 Vo
100
40
50 "—H— i —
0 I | vsi 29 [ : T v51H
0 0
- — - J
B — ———vo1 35— — o1
0

0
] — ] 7
130 VD2 29— — Vb2

-66 -28
e S —ve
-22.0 -3
28] T— — ——vc3 4 — —— v
=
225 4 ——c3
3.0
S e — 83 ~

2 T —

i ISE) D ——— = V)
10— ~—__——13 58
0.8 0.8
1.0 1.0
33 ‘ — vasi] 051 | —ves|

6.0014 6.0016 x le-1 6.0014 6.0016 x le-1
(a) (b)
Fig.12. Simulation waveforms in PLECS of the proposed converter. (a) Step-up mode; (b) Step-down

mode.

output

Fig. 13. Laboratory made prototype
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5. CONCLUSION

This investigation presents a DC-DC buck-
boost converter characterized by negative
output polarity for renewable energy
purposes. In the suggested converter, a single
switch is used in order to simplify the power
MOSFET driving circuit and minimize the
power loss. When employing the continuous
input/output current port, less current ripple
is observed in the output and input. A range
of duty cycle values are employed for testing
purposes in order to analyze and approve the
functionality of the concerned converter. The
efficiency of the suggested converter at an
output power of 48W is 90.1%. In addition,
the input/output  current  continuous
characteristic of the suggested converter
turns it into a suitable candidate for the
purposes demanding a negative voltage
source, e.g., multipurpose power supplies,
photovoltaic systems, audio amplifiers, data
transfer interfaces, and signal generators.
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