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Abstract: In this paper, a novel SIBO (Single-Inductor Bipolar-Output) DC/DC Boost converter is
proposed to power OLED (Organic Light-Emitting Diode) microdisplays. The proposed topology
merges a conventional SISO (Single-Inductor Single-Output) DC/DC Boost converter and a switched
capacitor inverter to produce a SIBO converter without both the cross-regulation effect and the
unbalanced output voltages. Moreover, its control circuit and efficiency are almost the same as the
conventional SISO Boost converter. Therefore, the novel converter maintains the power density, the
small form factor, and the high efficiency of its conventional counterpart. The proposed converter
was analyzed under continuous-conduction mode operation using the moving average operator
and charge conservation principle. As a result, the authors proposed an equation set with the
main averages and ripples of the circuit variables expressed as analytical functions of the circuit
components, the input voltage, and the duty cycle. Both the functionality of the proposed converter
and the accuracy of the developed equation set were analyzed by extensive simulations. The
simulation performed using ideal components was characterized by a mean absolute percentage
error of 0.774% with a standard deviation of 1.566%. These results confirm the high accuracy of the
proposed equation set. Furthermore, the non-ideal model simulation confirms the functionality of
the proposed converter in “real” operation conditions. Under simulation with non-ideal components,
the result statistics were a mean absolute percentage error of 7.36% with a standard deviation of
6.91%. Therefore, the converter design using the proposed ideal model could be a good start point
of a converter optimization process based on more complex component models and assisted by
computer-aided design tools.

Keywords: bipolar boost converter; SIBO DC/DC converter; SIMO DC/DC converter; voltage
unbalance elimination

1. Introduction

The display technologies are being used in several electronic devices such as smart-
phones, tablets, computer monitors, televisions, and IP phones [1,2]. These technologies
are recognized as indispensable to adopt technological paradigms such as the internet of
things [3]. Currently, liquid crystal displays are the dominant technology [1,4]. However,
the market of the organic light-emitting diode (OLED) and the inorganic mini-LEDs (mLED)
has grown rapidly, especially in the low-cost and small-sized display applications [1,4].
This market is estimated to grow to USD $1.2 billion by 2030 [3]. In particular, the OLED dis-
plays are used in portable electronic devices because of their high screen quality (i.e., high-
contrast, high-speed, wide viewing angles, wider color gamut, and higher brightness), low
cost, and low power consumption [1,4,5].
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The power consumption of the OLED displays is determined by the efficiency of the
power chain composed of the display driver, the Active Matrix OLED (AMOLED), and
its optical system [4]. In recent years, progress in OLED materials has greatly improved
AMOLED efficiency [6]. Therefore, the driver efficiency became very significant in the
system power chain and its design become a critical step in the design of OLED microdis-
plays (i.e., integrated on a silicon wafer) [7-10]. Along with high efficiency, the AMOLED
driver should provide the positive and negative output voltages (with low ripple) required
to turn on the AMOLED pixels without light fluctuation [8,11-13]. Furthermore, this
power manager unit must be characterized by its small form factor and low-complexity
control to simplify its integration [8,13]. The regulation specifications of the voltages are
different because only the positive voltage directly affects the pixel luminance of the OLED
microdisplays [8], a more detailed discussion on this topic can be found in [14].

The bipolar input voltage required by the AMOLED of the microdisplay can be
generated by a power manager unit composed of two parallel DC-DC converters [15],
two DC-DC converters in cascade [14,16-19], or a Single-Inductor Bipolar-Output (SIBO)
switched converter topology [7,8,12,20-24]. The first approach is typically used because it
is easy to design and suitable for time-to-market [24]. However, its main limitation is the
need for two inductors and their impact on form factor and cost of the microdisplay [7].
The goal of the second approach is to reduce the cost and the area of the microdisplay by
removing one inductor [14]. In this approach, the power manager unit is composed of a
single-inductor converter and an inductor-less converter (see Figure 1a), which can be im-
plemented with a linear regulator or a switched capacitor converter. In the linear regulator
implementation, both the efficiency and the chip active area are significantly reduced [24].
Therefore, system designers only use linear implementation for lighter loads [25]. On
contrary, in the switched capacitor implementation, the efficiency is not dramatically af-
fected and the chip active area is larger than the one used by the linear regulator solution
because the secondary converter control required a complex logic circuit [24]. Finally, the
conventional SIBO approach provides high efficiency with a decrease of the die area by
using a single time-shared inductor [26].
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Figure 1. Topology of used DC/DC converters. (a) Cascade converters; (b) Conventional SIMO converters.

The conventional SIBO converter is part of the conventional Single-Inductor Multiple-
Output (SIMO) switching converter family [23], which basic topology is depicted in
Figure 1b. Topologically, conventional SIMO converters are circuit extrapolations of the
corresponding Single-Inductor Single-Output (SISO) converters, except that energy flow
and feedback control are more complex [26]. Furthermore, a voltage variation in one output
affects the other ones because they share a common inductor [23,27]. In particular, the
conventional SIBO converters generate a significant disparity in their outputs because of
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the cross-regulation effect [12,23]. Some examples of conventional SIBO for OLED microdis-
plays can be found in [8]. Although many researchers have explored non-conventional
SIBO converters to overcome the cross-regulation for OLED microdisplays, they are mainly
focused on converter design and its control schemes [7,14,24]. However, its application
scope is limited by either a lack of load flexibility or the complexity of the converter and
its control circuits [25]. For instance, in [14] a SIBO Boost converter is implemented for
OLED microdisplays. The positive output voltage is regulated by a modified comparator
control, and the negative output voltage is regulated by a charge-pump operation with a
proportional-integral control. The authors proposed a SIBO converter operating in both
Discontinuous Conduction Mode (DCM) and Continuous-Conduction Mode (CCM). In [8],
a power-efficient SIBO converter is proposed for microdisplays used in virtual reality
applications. The authors proposed a converter that regulates its negative output voltage
using hysteretic skipping control and regulates the positive output voltage with higher
priority than the negative one to increase its power efficiency and decrease the pixel lu-
minance variations. In [24], the author developed and tested a non-conventional SIBO
topology under DCM for AMOLED displays that overcome the cross-regulation effect
using the voltage mode control technique and only five switches. Moreover, in [7] the
authors propose a non-conventional SIBO topology to improve the display quality by
achieving a near-zero voltage ripple by the use of floating negative output and low-power
shunt regulators. As the last example, in [13], the authors propose a simultaneous energy
transferring SIBO converter which operates with two phases. The resulting converter uses
a flying capacitor to reduce the inductor ripple and the conduction loss. Finally, and to the
best of the authors’” knowledge, it is important to notice that in the state-of-the-art analyzed,
there is an acknowledged gap in the optimizing of SISO converter and a capacitive switched
converter in a cascade connection to generate a non-conventional SIBO converter with the
main advantage of the absence of the cross-regulation effect due to its working principle.

In this paper, a novel SIBO Boost converter is proposed. Furthermore, this converter
eliminates both the cross-regulation effect and the output voltage imbalance (under un-
balanced loads) without a dedicated control system. The novel topology results from an
optimized combination of a conventional SISO Boost Converter and a switched capacitor
voltage inverter, as is illustrated in Figure 2. Additionally, an analytical equation set was
proposed, which predicts the steady-state behaviors of the converter under CCM operation.
The converter functionality and the equation set accuracy were analyzed by extensive sim-
ulations. The simulation performed using ideal components was characterized by a mean
absolute percentage error of 0.774% with a standard deviation of 1.566%. These results
confirm the high accuracy of the proposed equation set. Furthermore, simulation with
non-ideal components confirms the functionality of the proposed converter in “real” opera-
tion conditions. The resulting statistics were a Mean Absolute Percentage Error (MAPE)
of 7.36% with a Standard Deviation (SD) of 6.91%. Therefore, the converter design using
the proposed ideal model could be a good start point of a converter optimization process
assisted by computer-aided design tools and more complex component models. The rest of
the article is divided as follows. Section 2 is dedicated to the topological derivation of the
novel converter. In Section 3 is presented the development of the analytical equations set,
which is composed of expressions for the average and ripple values of voltages and currents
in the capacitors and inductance, respectively. In Section 4 is presented the verification
of the equations set by parametric simulations. Finally, in Section 5, the conclusions and
future works are summarized.
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Figure 2. Topology of the proposed SIBO Boost converter.

2. Topology Derivation

The proposed topology is derived from two converters connected in a cascade con-
figuration. The primary converter is a conventional SISO Boost, and the secondary one
is a conventional switched capacitor inverter, as is shown in Figure 3a. As the switched
capacitor inverter can operate with any duty cycle (D), the control circuits are integrated
as shown in Figure 3b. As the switches Sj; and Sp, are redundant, they can be replaced
by a single switch. Following the same approach, switches Sy, and Sp; are simplified too.
Furthermore, the capacitor C, can be connected directly with the inductor Lp because this
connection point has the same signal voltage as the original one if the ripple is neglected.
After these changes, the switches Sj; and Sy, are unnecessary, and they are removed. The
resulting topology is shown in Figure 3c. As the input of the converter control, the designer
could sense the positive or negative load voltages. This selection is closely related to the
design requirements. For instance, the design can sense the input voltage of the critical
load, which typically is the one that had the most restricted dynamic range. In Figure 3c,d,
the critical load was assumed as R, and Ry, respectively. Finally, in Figure 2 the switches
are renamed and the notation of each voltage is indicated to simplify the analysis in the
rest of the paper. Furthermore, in this figure, the control circuit senses the positive voltage
because these voltages are directly related to the AMOLED pixel illumination quality.
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Figure 3. Optimization of the proposed cascade converters. (a) Step 0; (b) Step 1; (c) Step 2; (d) Step 3.
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3. CCM Operation of the Proposed Topology

To analyze the operating principle of this converter in steady-state, two switch-
ing intervals derived from Figure 2 are considered. On one hand, in the first interval
(i.e., 0 < t < DT;) the switches S; and S, are simultaneously on, and S, and Ss are off.
On the other hand, in the second interval (i.e., DT; < t < Ts) the overall switches com-
muted to the contrary state, the resulting equivalent circuits are shown in Figure 4. In
the first interval, the capacitors C, and C, are connected in parallel and they supply the
energy demanded by R;.. Moreover, at the starting of the interval, the capacitors instantly
matched their voltages and generated a current impulse. Simultaneously, the inductance is
charged by the input voltage and the energy demand of Ry, is supplied by the capacitor Cp.
In the second interval, the capacitors C, and C,, are connected in parallel and they supply
the energy demanded by R,. Furthermore, at the starting of the interval, the capacitors
instantly matched their voltages and generated a current impulse. Simultaneously, the
inductance Lp delivers the stored energy to the capacitors C,, C,, and the energy demand
of R, is supplied by the capacitor C,.

ILp Ly C le,
YYYY\ | —o—e
11 . .
1% Vg +Voo— S4 1 Ien llcp
in - +
Si Cven | 77V |] lip
Rn T Ry
(a) .
ZLB LB
—_—
V + VLB Co + S3 llcp 1 Len
in
I % d* S B .
€o _co Cp __ch llp Cn——+vcn [] 11,1

(b)
Figure 4. Equivalent circuits of the converter in steady-state. (a) Interval 1: 0 < t < DT; (b) Interval 2:
DTs <t < Ts.

Assuming CCM operation for the converter, small ripple approximation [28], and
ideal current sources as converter loads, the main converter waveforms are estimated and
plotted in Figure 5. In these figures, the impulse currents are plotted as gray arrows, the
slopes as blue triangles, and the average function values as a dashed line.
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—C T N[ i

Vin—Ve,

() (k) M

Figure 5. Main current and voltage waveforms of the converter in steady-state using small ripple approximation. (a) i,(t),
(b) in(t), (c) i, (t) with small ripple approximation. (d) icy (), (€) icn (t), (£) ico(t), (8) vep(t), (h) ven(t), (i) veo (t), () vi,(E),
(k) i, (t) without small ripple approximation. (1) vg, (t).

The average values and the ripple of the main circuit variables of the converter
(i-e., Vep, Ven, Voo, and Ip ) were calculated based on the waveform summarized in Figure 2.
The resulting analytical equations are given by
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Considering the linear discharge of the capacitors (see Figure 5g—i) were found some
relationship between the variables used to describe the converter voltage waveforms
Gi.e., Vo, Vi, V¢, V4, Ve, and Vf), which are given by

V, = Vi—2pr,
CP
Vv, = Vc—i—ICLD‘:L_éZ(l—D)TS
v, = V,,,—Coi”anTs
v, = w—%a—p)n

©)
(10)
(11)

(12)

An additional equation set with the relationship between the variables used to describe
the converter voltage waveforms were obtained using the charge conservation principle
(i.e., the total amount of electric charge in a system does not change with time) [28].
Furthermore, the Equations (13) and (14) results from applying this principle to the circuit
analysis at t = DT and t = T, respectively.

VpCp + VeCo = Ve (Cp + Co)
Van + VaCo - Vd(Cn + Co)

(13)
(14)

Replacing (13) and (14) in the Equations (9)—(12) and before some mathematical ma-
nipulation, the Equations (9)-(12) could be rewritten as

Ve = Va—cf’fscp ﬁ:D—kl}

V; = Va—I"CfS{CDi”CnD—l—(l—D)}
I,T.

V., = Va—”c—;

Ve = VH—IgS {1+8‘1(1—D)}

(15)
(16)
(17)

(18)
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In addition, applying Kirchhoff’s voltage law to the mesh composed of the input
voltage source, the inductor, and the switch S1. The 51 voltage was found as
(19)

Us1 = Uip — UL

T
Assuming steady-state and the moving average operator (i.e. + [ x(t) dt, where T is
0

the fundamental period of the function x(t) [28]), the Equation (19) is rewritten as

Ts Ts TS
1 1 1

Ts /Usl (t) dt = i /Uin(t> dt — i /ULB (t)dt =V, (20)
0 0

Calculating the left side of the (20), a relation between the input voltage and the
variables used to describe the converter voltage waveforms (see Figure 51), which is
given by

Vc+Va

Vip = =22

——(1-D) (21)

Finally, from (21) and (10), V; is given by

Vi I,T, I
vV, = in + nis [ PD+1:| )
‘ (1-D)  2(Co+Cp) LL 22

Assuming C, = C, = C, = C, I, = I, = 0.5 I (i.e.,, balanced load), and replacing
(15)-(18) and (22) in (1)—(7), the average values and the ripple of the main converter
components can be rewritten as

Vop = Veg— AVq (D2 - D) (23)

Voo = Vop— AV, (D2 5D+ 5) (24)

Vo = Vip+ AV, (2D2 - 3D) (25)
I

Moy = AV, (1+3D+|D—1\) 27)

Aves = AVy(4—2D) (28)

Avey = AVx(3+D+|D—1|) (29)

where AV is the common voltage ripple and V3 is the conventional output voltage of the
Boost converter, given by

AV, = (30)

VoB = (31)

4. Evaluation of the Converter

The operation of the proposed topology and the accuracy of the expressions reported
in Section 3 were validated by the simulation of twelve case studies, which circuit values
are summarized in Table 1. The DC/DC converters 1 and 2 operate with low and high
output voltage ripples (i.e., Avc, and Avy ), respectively. In the cases from 3 to 7, the duty
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cycle was swept from 10% to 90% with steps of 20%. Finally, in the 8 to 12 converters, the
input voltage was swept from 6 V to 10 V with steps of 1 V.

Table 1. Circuit values of the proposed converters.

. Case Vin C L I D Ts
Variable g, dy VI [uF] [mH] (Al [%] [us]
Rivole 1 5.0 100 37 1.0 50 50

pp 2 5.0 10.0 3.7 1.0 50 50

3 3.0 10.0 37 0.2 10 50

Dut 4 3.0 10.0 37 0.2 30 50
. dz 5 3.0 10.0 37 0.2 50 50
y 6 3.0 10.0 37 0.2 70 50
7 3.0 10.0 37 0.2 90 50

8 6.0 10.0 37 1.0 50 50

Iout 9 7.0 10.0 37 1.0 50 50
Vollfa . 10 8.0 10.0 3.7 1.0 50 50
& 11 9.0 10.0 3.7 1.0 50 50

12 10 10.0 37 1.0 50 50

All the simulations use a voltage-controlled switch with off-resistance of 10 M(),
on-resistance of 10 m(), and zero rise and fall commutation times. Furthermore, it uses
ideal components (i.e., inductors and capacitors with infinite quality factor), whose initial
conditions are configured using the values calculated from Equations (23)—(26) and Table 1.
The overall simulations were carry-out on the same computer (Windows 10 of 64-bits,
Intel® Core™ i7-6700T CPU @ 2.80 GHz, and RAM @ 8.00 GB) with the software PSIM
(named as S3 in tables and figures), using the transient analysis with a maximum time step
of 2 ns. Furthermore, the converters were simulated until they achieved their steady-state,
which is quantitatively checked using the difference between the low-peak values of the
slowest signal (i.e., the V in Figure 5h) in two consecutive periods (AVy). Specifically, the
numerical criterion is a value lower than 0.04% of the ratio of AVy and the average value
of the voltage V.;;. In addition, to compare the performance of this simulator with other
available simulation tools, case studies 1 and 2 were simulated in OrCAD PSpice Designer
(named as S1 in tables and figures) and LTspice (named as S2 in tables and figures) too.
The time spent by each simulator is summarized in Table 2, the fastest simulator was PSIM.

Table 2. Times of the circuit simulations of converter 1 and 2.

Case . Simulation Time [min]
Study Ripple
OrCAD LTspice PSIM
1 Low 542.9 399.6 4.500
2 High 8.500 6.900 4.700

For case studies 1 and 2, the comparison between the theoretical values (i.e., calcu-
lated using Equations (8) and (23)—(29)) and the simulated results are shown in Table 3,
Figures 6 and 7. The simulations converged, with consistent results between the three
simulators, confirming that the steady-state behaviors of the waveforms are represented
correctly by the proposed analytical equations. On one hand, the highest percentage error
(Error [%]) is presented in the AV, parameter, which has a value close to zero. On the
other hand, the lowest error is (Error [mA]) presented in the A}, parameter. The statistical
results of the evaluated parameters in these converters are shown in Table 4. The MAPE
and its SD were calculated for each parameter with the results of the three simulators. The
average voltages (Vcp, Ven, and Vi) are characterized by a MAPE of 0.573% and 0.751%
with an SD of 0.497% and 0.496% in the low and high ripple cases, respectively. Addition-
ally, the ripple of these voltages had a MAPE of 6.447% and 1.001% with an SD of 5.230%
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and 0.843% in the low and high ripple cases, respectively. The overall reported parameters
(voltages and currents) are characterized by a MAPE of 2.650% and 0.760% with an SD of
4.321% and 0.698%, respectively. As the main conclusion, the accuracy of the analytical

equation is high.
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Figure 6. Waveforms validated in simulation for High ripple case. (a) i, (t); (b) in(t); (c) i, (t) with small ripple approxima-
tion. (d) icp(£); (€) icn(t); (£) ico(t); (8) vep(£); (M) ven(t); (1) veo (t); () vr, (¢); (K) ip, () without small ripple approximation.
(1) vs, (t); In this figure, the theoretical impulse currents were omitted intentionally to simplify the graphs. However, the
simulated impulses are consistent with the theoretical ones.
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Figure 7. Waveforms validated in simulation for Low ripple case. (a) iy (t); (b) ix(t); (c) i1, (t) with small ripple approxima-
tion. (d) icy(t); (€) icn(t); (£) ico (£); (8) Vep(t); (M) ven (£); (1) veo (); () v, (¢); (K) ir, (t) without small ripple approximation.
@) vs, (t); In this figure, the theoretical impulse currents were omitted intentionally to simplify the graphs. However, the
simulated impulses are consistent with the theoretical ones.
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Table 3. Theoretical and simulated values of the converter with Ripple variation.

Case . . Vep Ven Veo I, Avep  Avey Ave, Aip,  Max. Error
Study Ripple  Simulator VI VI VI [Al [Vl [Vl [Vl [A]l Parameter
T@ 1002 9.828 9938 2000 0.188 0.188 0250 0.003
s1b 9903 9.690 9.831 1998 0.164 0.174 0250 0.003 Avg,
X 9992 9779 9920 2006 0.165 0175 0252 0.003 Avgy
1 Low 534 1000 9.789 9929 2000 0164 0174 0250 0.003 Avgy
Error 1131 1379 1067 6.400 2340 1330 1.600 0.000
[mA] o [mV]
Error [%] 1129 1403 1.074 0320 1248 7.093 0.640 0.000
T 1016 8281 9375 2000 1875 1.875 2500 0.034
s1 1018 8280 9404 1996 1.836 1.859 2500 0.034 Ao,
2 1006 8154 9283 2003 1.841 1.861 2509 0.034 Avgy
2 High S3 1008 8179 9305 1999 1.834 1.856 2500 0.034 Avgy
Error 9730 1271 9230 4500 4090 18.80 8.500 0.600
[mA] o [mV]

Error [%] 0958 1535 0985 0225 2181 1.003 0340 1.775
“ Theoretical. * OrCAD PSpice Designer. ¢ LTspice. ¢ PSIM.

Table 4. Percentage error statistical results of the proposed converter with Ripple variation.

Vep Ven Veo Ip, Avey Avey Aveo Air,
Ripple MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD
[%]  [%] [%] [%] [%] [%] [%] [%] [%] [%] I[%] [%] [%] I[%] [%] [%]

Low 0504 0.544 0.769 0.551 0.445 0.547 0.142 0.160 12.25 0.355 6.880 0.282 0.213 0.370 0.000 0.000
High 0.640 0.384 0.931 0.804 0.681 0.340 0.133 0.098 2.020 0.199 0.862 0.132 0.120 0.191 0.690 0.951

The theoretical values and the results obtained by simulation for study cases 3 to 7
are shown in Table 5. These case studies analyze the accuracy of the proposed expressions
regarding the duty cycle variable. According to the simulated results, the highest error is
presented in case study 7 (D = 90%), and the lowest error in case study 3 (D = 10%). The
waveforms of the case study with the highest error are shown in Figure 8. Additionally,
the statistical results of the overall duty cycle sweeps are shown in Table 6. The MAPE
and its SD were calculated for each parameter with the results of the five case studies. The
average voltages (Vp, Ven, and V,,) are characterized by a MAPE of 0.289% with an SD of
0.228%. Moreover, the voltage ripples obtained a MAPE of 1.172% with an SD of 1.180%.
These five case studies have an error of less than 4% in the evaluated voltages and currents.
According to the results, the accuracy of the proposed analytical equations decreases if the
duty cycle increases.
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Figure 8. Waveforms validated in simulation for duty cycle of 90%. (a) ip(t); (b) in(t); (c) ir,(t) with small ripple
approximation. (d) icy(t); (€) icn(t); (£) ico(t); (8) vep(t); (h) ven(t); (i) veo(t); () viy(t); (K) ip,(t) without small ripple
approximation. (1) vg, (£); In this figure, the theoretical impulse currents were omitted intentionally to simplify the graphs.
However, the simulated impulses are consistent with the theoretical ones.
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Table 5. Theoretical and simulated values of the converter with Duty cycle variation.

Case D Simulator Vep Ven Veo I, Avcp Avey Aveo Air, Max. Error
Study  [%] [v] [v] [Vl [A] [Vl [v] [v] [A] Parameter
T 3345 2770 3298 0222 0275 0475 0500 0.004
s3 b 3342 2763 3297 0222 0271 0471 0500 0.004
3 10 E Avgp
ITor
2605 6916 1556 0.027 4274 3913 0.003 0.017
[mA] o [mV]
Error [%] 0.078 0250 0.047 0.012 1554 0.824 0.001 0.409
T 4312 3837 419 0286 0325 0425 0500 0.012
S3 4307 3.827 4192 0286 0319 0421 0500 0.012
4 30 Error Aep
[mA] o [mV] 4772 1011 3.634 0077 5949 3819 0.001 0.025
Error [%] 0.111 0263 0.087 0.027 1.830 0.899 0.000 0.208
T 6.031 5.656 5875 0400 0375 0375 0500 0.020
S3 6.021 5640 5866 0400 0367 0371 0500 0.020
5 50 Error Avgp
[mA] o [mV] 1024 1635 9.013 0.115 8361 3.703 0.010 0.037
Error [%] 0170 0289 0153 0.029 2230 0987 0.002 0.184
T 10.03 9751 9.860 0.667 0425 0325 0500 0.028
S3 10.00 9.719 9.837 0.667 0413 0321 0500 0.028
6 70 Av,
Error P
23.83 3191 2253 0.09 1236 3.606 0.016 0.078
[mA] o [mV]
Error [%] 0238 0327 0229 0014 2908 1110 0.003 0.275
T 30.01 29.84 2987 2000 0475 0275 0500 0.036
S3 2981 29.61 2966 2000 045 0272 0500 0.036
7 20 Error Aep
[mA] o [mV] 2025 2232 2011 0147 1879 3455 0.102 0.259
Error [%] 0675 0748 0.673 0007 3955 1256 0.020 0.709
% Theoretical. * PSIM.
Table 6. Percentage error statistical results of the proposed converter with Duty cycle variation.
Case Vep Ven Veo I, Avy Avey Avg Air,
Study MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD

[%]

[%]

[%]

[%]

[%]

[%]

[%]  [%]

[%]

[%]

[%]

[%]

[%]

[%]

[%]  [%]

3to7 0.254 0.243 0.376 0.210 0.238 0.253 0.018 0.009 2.496 0.962 1.015 0.172 0.005 0.009 0.357 0.215

Finally, the results of the DC/DC converters 8 to 12 are summarized in Table 7. These

case studies analyze the accuracy of the proposed expressions regarding the input voltage
variable. The highest error is presented in the case study 8 (V;,, = 6 V), and the lowest error
in the case study 12 (V;,, = 10 V). These five case studies have an error of less than 2.3% in
the evaluated voltages and currents. The waveforms of the case study with the highest
average error are illustrated in Figure 9. Additionally, the statistical results of the overall
input voltage sweeps are shown in Table 8. The average voltages (ch, Ven, and V) are
characterized by a total MAPE of 0.365% with an SD of 0.147%, and the voltage ripples had
a MAPE of 1.072% with an SD of 0.936%. According to the evaluated DC/DC converters,
the accuracy of the proposed expression increase with the input voltage increment.
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Figure 9. Waveforms validated in simulation for V;,, 6 V. (a) iy (t). (b) in(t). (c) ir,(t) with small ripple approximation.
(d) icp(t). () icn(t). (£) ico(t). (8) vep(t). () ven(t). (1) veo(t). () vpy(f). (k) ip,(t) without small ripple approximation.
(1) vs, (t). In this figure, the theoretical impulse currents were omitted intentionally to simplify the graphs. However, the
simulated impulses are consistent with the theoretical ones.
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Table 7. Theoretical and simulated values of the converter with Input voltage variation.

Case Vin Simulator Vep Ven Veo I, Avcp Avey, Avgo Air, Max. Error
Study [V [v] [V] [Vl [A] [Vl [Vl [v] [A] Parameter
T 1216 1028 11.38 2.000 1.875 1875 2500 0.041
s3 b 1211 1021 1134 1999 1834 1.856 2500 0.040
8 6 Error Avep
4598 73.03 3974 0679 4119 1874 0132 0.190
[mA] o [mV]
Error [%] 0378 0710 0349 0.034 2197 1.000 0.005 0.469
T 1416 1228 1338 2.000 1.875 1875 2500 0.047
S3 1411 1221 1334 1999 1834 1856 2500 0.047
J 7 Error Avep
43.89 7145 3772 0555 4121 1882 0.026 0.203
[mA] o [mV]
Error [%] 0310 0582 0282 0.028 2198 1.004 0.001 0.430
T 16.16 1428 1538 2.000 1875 1.875 2500 0.054
S3 16.11 1421 1534 1999 1834 1856 2500 0.054
10 8 Error Aep
4426 7220 3810 0554 4128 1879 0.026  0.204
[mA] o [mV]
Error [%] 0274 0506 0248 0.028 2202 1.002 0.001 0377
T 1816 1628 1738 2.000 1.875 1875 2500 0.061
S3 1811 1621 1734 1999 1834 1856 2500 0.061
11 ? Error Avep
4464 7295 3848 0554 4136 1876 0.025 0.204
[mA] o [mV]
Error [%] 0246 0448 0221 0.028 2206 1.000 0.001 0.335
T 2016 1828 1938 2.000 1875 1.875 2500  0.068
53 2011 1821 1934 1999 1834 1856 2500 0.067
12 10 Error Avcy
4501 7370 38.86 0553 4143 1872 0.024 0.204
[mA] o [mV]
Error [%] 0223 0403 0201 0.028 2210 0999 0.001 0.301
% Theoretical. * PSIM.
Table 8. Percentage error statistical results of the proposed converter with an input voltage variation.
Case Vep Ven Veo I, Avep Avey Avg, Air,
Stud MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD MAPE SD
Yo%l (%l (%] (%] (%] (%] (%] (%] (%] (%] (%] (%] (%] (%] (%] [%]

8to12 0.291 0.055 0.540 0.109 0.265 0.053 0.029 0.003 2.212 0.027 1.003 0.004 0.002 0.002 0.389 0.059

The percentages of statistical error grouped by cases are summarized in Table 9. The
results indicate that the error is greater in the ripple variables than in the average variables,
this difference is because the ripple values are magnitudes closer to zero. (e.g., Avcp), which
generates a higher percentage of error with smaller variations. The results of the simulation
(based on ideal models of the converter components) were consistent with the modeling
approach. Furthermore, all the results of the 12 case studies, showing a low error between
the theoretical calculations and the simulation results with a total MAPE of 0.774% with an
SD of 1.566%.

As an initial evaluation of the accuracy of the proposed expressions in “real” operation,
case study 10 was simulated using non-ideal components, the schematic of the resulting
converter is shown in Figure 10. As summarized in this figure, the bidirectional converter
switches were simulated in PSIM using the level 2 model of a commercial power MOSFET
(i.e., IRF7380), wich parameter values were extracted from the device datasheet [29] and
its Pspice model [30] provided by the manufacturer. Moreover, the commercial power
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MOSFETS were driven by ideal pulsed voltage sources (i.e., v1, v2, v3, and v, in Figure 10a)
and a series resistor, which limits the current peak provided by the driver to less than 2 A.
Furthermore, these switching control signals were implemented as ideal square waveforms
with a dead-time (i.e., 274 ns), as shown in Figure 10c. Additionally, the energy storage
components were simulated using wide-band circuit models, which were illustrated in
Figures 10d,e. On one hand, the capacitor model used one ideal capacitor, one ideal
inductor, and two ideal resistors, which values were fitted from experimental results by
the capacitors' manufacturer and it is available in [31,32]. On the other hand, the inductor
model used one ideal inductor, one ideal capacitor, and an ideal resistor. The resistor
(i.e., DC resistance value) and inductor (i.e., the inductance value at low-frequencies, L,)
were extracted from the inductor datasheet [33,34]. However, the capacitor value (C;) was
estimated from the Self-Resonance Frequency (SRF), which is available in the inductor
datasheet. Its value was calculated as

1
Cl=— (32)
" (27SRF)2L,

Table 9. Percentage error statistical results of the proposed converter with PSIM simulator.

Case Vep Ven Veo Iy Avcp Avey Aveo Aipy All Variables
Study MAPE SD MAPE SD MAPE SD
[%] [%] [%] [%] [%] [%]
1to2 0.425 0.447 2.929 4.529 1.677 3.367
3to7 0.221 0.230 0.968 1.081 0.595 0.859
8to12 0.281 0.195 0.902 0.859 0.591 0.690
All cases 0.280 0.267 1.267 1.267 0.774 1.566

M1 2.3 4 Level 2 parameters PSIM
479 A - P

E Level 2 Name Value
V2 VBreakdown 80V
Lx On Resistance 61 mQ

= Cx (* 05A Gate Threshold Vpltage 3V
Internal Gate Resistance 6 Q

470 E Mj Transconductance 43 ANV
Level 2 Capacitance Cgs 645 pF
Vi Capacitance Cgd 15 pF
C*’) 8V Capacitance Cds 95 pF

Diode Forward Voltage 1.3V

%

Ci=~ Diode Resistance 28.38 mQ
47Q [ M J__
£ Vs Level 2 — (b)
12v 27ﬁ ns 27i ns
=C: @054 .
47Q - M, Z o
Level 2
vy é - Vl o] e '
(@ (c)
po T | T 21.83pF |
3 10uF 26mQ 0.75 nH| ! ” P !
4 ‘ . | | |
Gipis | L: 4oy < | 1
00560 548mQ 37mH
(d) (e)

Figure 10. Simulation with real approximation of components. (a) Schematic; (b) Parame-
ters mosfet IRF7380; (c) Gate control signal; (d) Capacitor approximation model; (e) Inductor
approximation model.
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To quantitatively evaluate the accuracy of the proposed expression in a non-ideal con-
verter, three different simulations (of study case 10) were performed in PSIM with a simulation
step of 2 ns. In the first simulation (SR1), the converter inductance and capacitors were simu-
lated using its ideal circuit models. Contrary, the converter switches were simulated using a
level 2 MOSFET model of PSIM with driving signals with dead time. In the second simulation
(SR2), the converter switches were simulated using the ideal switch model and driving signals
with dead time. Contrary, converter inductance and capacitors were simulated using its
non-ideal models. Finally, in the third simulation (SR3) all the converter components were
simulated with its non-ideal models. The resulting steady-state waveforms are shown in
Figure 11. Moreover, Table 10 summarizes the main converter voltages and currents (average
and ripple values).
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Figure 11. Waveforms validated in simulation with real approximation of components. (a) iy (t); (b) i, (t); (c) i, (t) with
small ripple approximation. (d) icy(t); (€) icn(£); (£) ico(t); (8) vep(t); (0) ven(t); (i) veo (£); () vr, (¢); (K) ip, (t) without small
ripple approximation. (1) vg, (¢); In this figure, the theoretical impulse currents were omitted intentionally to simplify the
graphs. However, the simulated impulses are consistent with the theoretical ones.
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Table 10. Theoretical and simulated with real approximation of components.

Case Simulation Vep Ven Veo I, Avgy Aoy, Aveo Aip, Max. Error
Study Type [v] [Vl [V] [A] [v] [v] [V] [A] Parameter
T? 16.16 14.28 15.38 2.000 1.875 1.875 2.500 0.054

SR1? 15.72 13.66 14.97 1.978 1.689 1.795 2.500 0.052
Error
[mA] o [mV] 439.4 618.3 409.7 22.19 186.1 80.32 0.050 1.817 Avep
Error [%] 2.720 4.330 2.665 1.109 9.928 4284 0.002 3.362
10 SR2 ¢ 13.92 12.02 13.14 2.000 1.851 1.898 2.503 0.047
Error
[mA] o [mV] 2237 2266 2230 0.497 24.48 23.27 2.563 7.416 Ven
Error [%] 13.85 15.87 14.51 0.025 1.305 1.241 0.103 13.72
SR3 4 13.57 11.52 12.82 1.978 1.680 1.780 2.490 0.044
Error
[mA] o [mV] 2584 2763 2554 22.16 195.0 95.00 10.00 10.05 Ven
Error [%] 15.99 19.35 16.61 1.108 10.40 5.067 0.400 18.60

7 Theoretical. ¥ PSIM with ideal L and C & real switches. ¢ PSIM with real L and C & ideal switches. ¢ PSIM with real L and C & real switches.

The simulation result of the converter in “real” operation shown good agreement
between the proposed ideal modeling approach and the operation with non-ideal compo-
nent models. The main differences between this model appear because of the equivalent
series resistance of the inductor, which produces significant losses in the converter and
limits its capacity to produce the ideal bipolar output (a well-known effect in SISO Boost
converter [28]). Additionally, the simulated waveforms showed that the current pulses
are within the typical ranges of switched converters. Therefore, the appropriate snubber
networks must be analyzed in future research work. The resulting statistics were a MAPE
of 7.36% with an SD of 6.91%. Therefore, the converter design using the proposed ideal
model could be a good start point of a converter optimization process based on more
complex component models and assisted by computer-aided design tools.

5. Conclusions

This paper presented a novel Single-Inductor and Bipolar-Output DC/DC Boost con-
verter topology. The proposed topology allows controlling the output voltage balance
under an unbalanced load without a specific control loop and it is not affected by the
cross-regulation effect. The proposed converter was analyzed under CCM operation using
the moving average operator and charge conservation principle. As a result, the authors
proposed an equation set with the main averages and ripples of the circuit variables ex-
pressed as analytical functions of the circuit components, the input voltage, and the duty
cycle. The functionality of the proposed converter was verified by extensive simulations
in three commercial circuit simulators. Furthermore, the simulated and theoretical results
were consistent. On the other hand, the accuracy of the proposed equation set was an-
alyzed by parametric simulation of some converter variables using ideal models of the
components. The swept variables were the capacitances and inductance values, the duty
cycle, and the input voltage. As the main conclusion, the prediction error of the proposed
equations is high. However, it increases and decreases with the increment and decrement
of the ripple (and duty cycle) and the input voltage, respectively. Quantitatively, this
accuracy was analyzed, the proposed equations were characterized by a mean absolute
percentage error of 0.774% with a standard deviation of 1.566%. Furthermore, the non-ideal
model simulation confirms the functionality of the proposed converter in “real” operation
conditions. These simulations were characterized by a MAPE of 7.36% with an SD of 6.91%.
Therefore, the converter design using the proposed ideal model could be a good start
point of a converter optimization process based on more complex component models and
assisted by computer-aided design tools.
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This paper presents the results of one of the first milestones reached under the
framework of the research projects entitled “Low cost and low complexity solar gen-
erator to support production processes in peace communities in Colombia”. In future
work, we will validate experimentally the proposed topology and explore the modeling
of the converter in DCM operation. The future next step is to embed this topology in
photovoltaic applications.
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Abbreviations

The following abbreviations are used in this manuscript:

SIBO Single-Inductor Bipolar-Output
DC Direct Current

SISO Single-Inductor Single-Output
SIMO  Single-Inductor Multiple-Output
CCM  Continuous Conduction Mode
DCM  Discontinuous Conduction Mode
MAPE Mean Absolute Percentage Error

SD Standard Deviation
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