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Abstract: This paper presents a comprehensive study and the analysis of a topology of a no isolated
DC-DC intituled Double Quadratic Boost converter with high static gain. This converter has the
main advantage of high static gain and low voltage stress on its switches. The article will first present
the theoretical analysis of the converter operating in an open loop. The objective of the work is the
mathematical modeling and the control strategy of the converter, as well as the validation through
closed-loop experimental results. Besides, we presented the practice test results to demonstrate the
operation of the converter, such as the static gain experimental curve, the practice efficiency of the
converter, and the control of the output voltage, as well as the capacitor voltage balance control. The
authors designed a prototype for 1 kW, with a switching frequency of fs = 50 kHz, with FPGA-based
command and modulation.

Keywords: DC-DC converter; high static gain; control strategy; FPGA

1. Introduction

Currently, concern for the environment has increased with the use of new sustainable practices. In
the field of energy generation, clean and renewable sources have been made available, and with that,
equipment such as power converters has been required more frequently. In that regard, renewable
power generation has been increasing the use of DC-DC converters in such as photovoltaic systems, as
presented in [1,2], both on-grid and off-grid, [3]. To optimize the use of solar energy, it is common to
use an MPPT controller (Maximum Power Point Tracking), [4]. The DC-DC converters are also used
in applications with fuel cells, electric or hybrid vehicles, as in [5,6], as well as in aeronautics, [7], or
even space applications, [8], in addition to uninterruptible power systems, or even powered systems
by batteries that require the conversion stage. Thus, recent research study the development of low cost,
high power density DC-DC converters for microgeneration applications, as presented in [9]. However,
the applications of power converters are not restricted to continuous conduction, as shown by [10],
which demonstrates the importance of these energy converters.

In general, one can cite the various studies in the literature on high static gain DC-DC topologies,
as shown in [11-13], especially as showed in [14], in which the author proposed one of the first
high static gain converters. In [16], presented the switching cell of quadratic DC-DC converters.
Subsequently, the authors analyzed the converter in continuous, critical, and discontinuous conduction
modes, according cited in [17]. The article [18] presented the quadratic boost converter. However,
since it is a high static gain converter, the topology presented in the work mentioned, presented the
disadvantage of applying the total output bus voltage to its single switch. To minimize the voltage
stresses in the switch, besides presenting the study of the optimization of switching losses [19], the
quasi-resonant converter was shown [20]. To gather several topologies of the high static gain DC-DC
converters, in [21], it was performed a bibliographic review. New converters based on [16,17] were
introduced in [22,23], thus highlighting the importance of studying new high gain DC-DC converters
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topologies. Among the various works we can mention the boost converter applied in renewable energy
sources, as presented in [24].

Despite the various structures present in the literature, this paper presents a distinct topology for
a high static gain converter based on the boost converter. The proposed topology has the objective
of reducing semiconductor efforts through the use of two switches to support the total output bus
voltage, besides having high efficiency and simple structure when compared to the other mentioned
topologies, considering its symmetrical characteristic. The converter presented is called Double Boost
Quadpratic Converter [15].

For the theoretical analysis, presents the operating stages and waveforms of the converter
operating in continuous, critical, and discontinuous conduction mode. Besides, shown the
mathematical model as well as for the experimental tests, to the converter operating in continuous
conduction mode. It developed dynamic modeling using a state-space model to obtain the transfer
function of current and voltage plants. Also, present the experimental results for the open-loop and
closed-loop converter. It is also essential to highlight the evaluation of the output capacitor voltage
balance, and such characteristics may not occur naturally, with unbalanced load. Thus, it presents a
control strategy aiming at equalizing these voltages.

2. Converter Topology

The Double Quadratic Boost Converter characterized by having a high static gain and low voltage
efforts in its switches. Figure 1 shows the topology of the proposed converter. In this structure, the
voltages on the S1 and S, switches are equal to half of the total output voltage, (Vy/2).

An interesting question that simplifies the analysis of this converter is its symmetry since the
behavior of the electrical variables in the components of the upper part of the power circuit has
the same conduct of the elements in the lower part, so this converter becomes multiport converter.
In this section, we will present the analyzes of the converter operating in continuous, critical, and
discontinuous conduction mode.

Subcircuit A Subcircuit B
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Figure 1. Double Boost Quadratic Converter, represented in two subcircuits called “A” and 'B’.

2.1. Operation in Continuous Conduction Mode (CCM)

In this section are shown the analysis of the operating stages, the waveforms, and the static gain
curve of the proposed converter for continuous conduction mode6. Figure 2 shows the operating stages
of the converter in continuous conduction mode, considering the command pulses of the simultaneous
switches and duty cycle of 50%.
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2.1.1. First Stage: (fo, t1)

At this stage, are turned ON the switches S; and S, . The V},, voltage source in series with the L
inductor, and the C; intermediate capacitor in series with the L, inductor, are considered as current
sources. The diodes D, and Dy are directly polarized, isolating the output from the input source. The
current ig; equals the sum of i;; with ij,, and the current ip; is null.

2.1.2. Second Stage: (t1, t2)

At this stage the switches S; and S, are turned OFF. The diodes D; and Dy go into conduction
and the current sources I} and I, begin to release power to the output. In this stage, the currents is;
and isz are null, iDl = ILl and iDZ = ILZ-
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Figure 2. Operating stages of the converter in continuous conduction mode: (a) First stage; b) Second
stage.

According to the described operating stages, Figure 3a illustrates the waveforms of the converter,
with their respective time intervals corresponding to each stage. This Figure shows the S; and S,
switch current, which is equal to the sum of the currents in the L and L, inductors. The voltage on the
switches S; and Sy is equal to the total output voltage divided by two.

For the elaboration of the ideal static gain curve, the source V;, and the inductor L; are considered
a constant current source I;;. The energy applied by the source in a period of operation is given by (1).

Evin = VipI11.Ts 1)

The energy received by capacitor C; in the second stage of the operation is given by (2).

Evcr = Ver . Ap ()

Considering the converter an ideal system, in a period of operation, all energy applied by the
source Vj, is received by the intermediate capacitor C;. Thus, solving (1) and (2), supply the ideal
static gain for the subcircuit A of the converter, shown in (3).

Vel 1
= 3
Vi/2 1D ©
The same analysis is developed for the subcircuit B of the converter, considering the intermediate
capacitor voltage Cy, as the input voltage and the capacitor voltage Cy1, as the output voltage.
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Figure 3. Quadratic Double Boost Converter waveforms operating in conduction mode: a) Continuous;
b) Critical and c) Discontinuous.

Using the superposition principle, for the subcircuits A and B of the proposed converter, according
to (3), one gets the ideal static gain of the Double Boost Quadratic Converter as a function of the output
voltage by input voltage, as (4):

Do @
i (1-D)

Figure 4 shows the ideal static gain as a function of the duty cycle for the Double Boost Quadratic
Converter compared to the static gain of the conventional boost converter. This comparison shows the
high static gain of the proposed converter, resulting from the quadratic term in the denominator of the
expression (4).

For the actual static gain of the converter the non-idealities of the components due to copper in
the inductor windings are included, according to the analysis shown in [25]. The voltage drops in the
semiconductors are considered not relevant for the survey of the converter’s actual static gain curve,
and are not taken into account. Thus, through the developed analysis, similar to the analysis for the
survey of the ideal static gain curve, the real static gain equation is developed, that is, considering in
this case the losses in the components, as shown in Equation (5).

() ()]

R.D*z

Vo

Vin

where: (D* = D —1).
The authors obtain actual static gain for the various ratios between inductors resistances R; and
load resistance R. It is considered the influence of the inductor resistance value on the converter static
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gain curve, which coincides with the ideal curve when R; = 0. However, the concern with minimizing
the inductor resistance value of the Double Boost Quadratic Converter is greater since for values
of Ry # 0, the static gain curve has a maximum value. Thus, any duty cycle increment from this
maximum point of the curve may bring the output voltage to zero, as shown in Figure 4.
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Figure 4. Ideal and real static gain of Double Boost Quadratic Converter for various values of R /R.

2.1.3. Current Ripple in Inductors L; and L,

Starting from the voltage analysis in the L; inductor for the 1st operation stage, analyzing the
subcircuit A of the converter, is obtained the current ripple in the L; inductor, as shown in Equation

(6):

D

Nigy = Vi
i1 VZL1.fs

(6)
where: V; =V, /2

Knowing that Aij1 = Inax11 — IminL1, it is possible to calculate the maximum and minimum
current values on the L; inductor. The average output current of the converter subcircuit A (current in
the intermediate capacitors (C; and (), can be called intermediate current I, is given by Ic = Ip1_gog:

IDl_avg = ILl_ng-Atz (7)

(Imin L1 ‘|2r Imaxr1) (1-D) (8)

Rewriting the equation regarding the current variation of the Aiy; inductor as a function of the

Ic =

maximum current [, 11, it is obtained:
Imaxr1 = Dip1 + Imin1a )
Substituting Equation (6) in 9 and Equation (9) in §, it is obtained:
o=t <1- vV ) (1-D) (10)
C 2 min L1 i L -fs min L1

Therefore, the maximum and minimum values of the inductor current L; are given as a function
of the current of the intermediate capacitor I¢:
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Ic D
max_min_L1 (1-D) ! 2.L1.fs o

Repeating the analysis of inductor L1, for inductor L;, referring to subcircuit B of the converter.
Again, from the analysis of the voltage in the inductor, for the 1st stage of operation, the current ripple
in the inductor L, is obtained, as shown in Equation (12).

D

+Js

(12)

From the current ripple in the inductor Ai;y = Imaxr2 — IminL2, it is possible to calculate the
maximum and minimum current values in the inductor L. The average output current Iy, is given by

Iy = IDZ_uvg:

Ip2_avg = I12_avg- Dty (13)

Imi I
I = ( mlnLZ"iz' maxLZ) ) (1 B D) (14)
Rewriting the equation for current variation in the Aij, inductor as a function of the maximum
current I .y 12, it is obtained:

Imax L2 = AiLZ + Imin L2 (15)

Substituting Equation (12) in 15, and Equation (15) in 14, it is obtained:

1 D
Ip=5. <Imir1L2 +Vo.——F+ IminLZ) .(1-D) (16)
2 Li.fs

Therefore, the maximum and minimum values of the inductor current L, as a function of the
output current Iy, are given by:

Io D
max_min_L2 (1 _ D) 1 Z.Lz.fs W

2.1.4. Converter Component Design

Considering the principle of volt-second balance in the inductor and knowing that the Equation
(11) defines the maximum and minimum values for the L; inductor, and still that the current ripple in
the inductor is given as shown in Equation (9), the value of the L; inductor is calculated by isolating
it in the Equation (6) and considering the 1st stage of operation of the converter. Again, based on
the volt-second balance principle for the L, inductor, and considering that Equation (17) defines the
maximum and minimum values for the L, inductor, the same is calculated by isolating it in Equation
(12) and considering the 1st stage of operation of the converter, as shown in Table 1 respectively.

Due to the symmetry of the converter topology, the values of the inductors L3 and Ly are given by:
Lz = Ly and Ly = L;. Considering the topology of the symmetrical converter, the other components
located in the lower region of the converter will not be present during the design, because they have
their respective dual dimensioned.

Considering the charge balance in the intermediate capacitor, and also its voltage ripple, the
capacitance value is calculated so that the capacitor is charged and discharged linearly at each operating
period. Thus, the intermediate capacitor is calculated using the expression presented in Table 1. Similar
to the analysis performed for the calculation of the intermediate capacitor, the output capacitor is
calculated using the expression shown in Table 1. Finally, the load resistance is calculated using the
power expression, as shown in Table 1.
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Table 1. Converter Component Design.

Component Calculation to obtain parameters
Inductor L, L= ViA.ll?L.]Ts
Inductor L, L, = Vc#liz-Ts
Intermediate Capacitor Cy C = %
Output Capacitor Cy; Co1 = IOADVOTS
Load Resistance R Ry = %(j

After the component design, it is possible to calculate the efforts on the converter components for
the continuous conduction mode, as shown in Table 2.

Table 2. Calculation of Efforts on Components of the Converter operating in CCM.

Component

Description

Equating efforts

Switch Sy

Diode Dy

Diode D,

Diode D3

Inductor Ly

Inductor L,

Capacitor Cy

Capacitor Coy

Average Current

RMS current

Maximum Current
Maximum voltage

Average Current

RMS current

Maximum Current
Maximum voltage

Average Current
RMS current

Maximum Current
Maximum voltage

Average Current
RMS current

Maximum Current
Maximum voltage

Average Current
RMS current

Maximum Current
Maximum voltage

Average Current
RMS current

Maximum Current
Maximum voltage
Average Current

RMS current

Average Current
RMS current

ISLnUg = T

L [Py 2 DTS ., B
Isims = | o | [ (f0) e+ [ (FEt) at
0 0
ISlimax = ImaxLl + Imax12
Vsi_max = Vcor

1 I:(IminLl;ImaxLl) " (IminLZ;’]maxLZ)] DT,

Ipt_peg = TLS(IMLZImaxLl) (1-D).T,

T%q'f()(liD).TS [ImaxLl + (Vx%r(:l) -t} zdt

Ip1_max = Imax11
Vb1_max = V1

IDlJms =

-

IDZ_avg — T% (IminLZZImaxLZ) . (1 _ D) T,

-(1-D).T: Ver -V 2
E O [maniz + () ] Cat
Ip2_max = Imax12
VDZ,max = VCO]

IDZ_rms =

—

I +1,
IDSng — Tis ( 'min L1 5 max Ll) .D.Ts

D.Ts 2
_ |1 Y
Ips rms = TS ‘[{ (Ll .t) dt
1D37max = Imax L1
Vbs_max = Ve1

— 1
ILL/wg = T

o = [ {007 (B a0 [+ () )

ILl_rnax = IrnaXLl
VLLmax =V

ILZJUg — l. |:(lminL2;1maxL2) D.T, + (lminLZZImaxLZ) . (1 _ D) -Ts:|

(’minu;’maxm) D.T, + (’minu;’maxu) .(1-D) n]

Ts

2 _ 2
ILZJ‘mS = \/T]T { OD.TS (%t) dt + ./‘0(17D).TS [ImaxLZ + (VC1L72VC01) .f] dt}

ILZ, max = Imax12
VLZ, max = Vc1

ICl,avg =0
fetme = J 7 {DofTs () 't]zd“’ (:fi?VTS [lmax 2 + (Moot ) ‘t]2dt}
Icot avg =0 h

2 — . _ 2
ICOl_Vms = \/T% {f()D‘TS (7IC[)1) dt + fo(l D [(ImaxLZ - ICUl) + (VC1L72VC()1) 't] dt}
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2.2. Operation in Critical Conduction Mode

In this mode of operation, the currents in inductors Ly and L, are initially zero and return to
this value precisely at the end of the converter operate period. Figure 3b show the waveforms of the
converter operating in critical conduction mode, with the respective time intervals corresponding to
each stage.

The calculation of the critical inductances L, and L, is developed by analyzing the current ripple
in the inductors. The average input current I;;, is equal to the average diode current D1, and the output
current Iy is the average diode current D5.

Through from the maximum and minimum values obtained from the input current I} max and
I11 min as a function of capacitor current C; for continuous conduction I¢, the critical inductance is
determined by setting the value of current I;1 min to zero.

_ Vi
Ll—CR_z.fS.IC'D' (1-D) (18)

Repeating the same analysis for the L, inductor, given the maximum and minimum values for

the input current I1» max and Iro min as a function of capacitor output current to the subcircuit B (),
in continuous conduction mode, it is determined the critical inductance by setting the value of current
I12 min to zero. In this case, the input voltage becomes the voltage on the intermediate capacitors (V).

_
LZ_Csz.fS‘IO.D.(l D) (19)

2.3. Operation in Discontinuous Conduction Mode

This converter presents consider two situations that operate in discontinuous conduction mode.
The first occurs when only the current Iy is in discontinuous mode, characterized in the third operation
stage. Thus, in this situation, the converter operates in the first, second, and third stages of operation.

The second situation presenting the discontinuous conduction mode occurs when the currents I
and I, have discontinuity during the same interval, thus characterizing the fourth stage of operation.
Therefore, only in this situation does the converter operate in the first, second, third, and fourth stages.

The following describes the operating stages in discontinuous conduction mode. The first and
second operating stages are identical at continuous conduction mode, so they will not be described
again.

2.3.1. Three Stage: (2, t3)

This stage transfer all energy stored in L, to the load. Therefore, the diode D; blocks, and the
capacitors Cy; and Cgp maintain the voltage of the load. The L; inductor continues to supply power to
the C; and C; capacitors.

2.3.2. Fourth Stage: (t3, t4)

This last stage, all energy stored in the L; inductor is transferred, and the D; diode is blocked. In
this stage only the capacitors Cy; and C; feed the load. Figures 5 and 3c show the operating stages
and the main waveforms of the converter, respectively. As shown in Figure 3¢, the voltage value at
switch S; in the third and fourth operating stages is equal to half of the total output voltage less diode
voltage D.
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Figure 5. Operating stages in discontinuous conduction mode: (a) First stage; b) Second stage; c) Third
stage; d) Fourth stage.

To analyze the static gain, in discontinuous conduction mode, the current ripple of inductor L; is
considered. By analyzing the inductor currents L; and diode D; for the subcircuit A of the converter
as shown in Figure 5, one can obtain (20).

I
ILl_uvg - IDl_uvg = %-D (20)

Assuming that the input power of the converter is equal to the sum of the powers in the

intermediate capacitors, it is shown (21) for the ideal static gain and belonging to the subcircuit
A:

1y VD2

— e (21)
Vi 2.Ic.L1_pijs-fs

~
S
T

0 0.1 0.2 0.3 0.4 0.5
Y=2.LIf,V,

Figure 6. External characteristic of the proposed converter showing the boundary of the curve between
CCM and DCM.
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To develop the total ideal static gain of the converter, the is used superposition principle, it is
added the Equation (21) for the subcircuit A and the Equation (23) referring to the subcircuit B, getting
the Equation (24). For simplicity, Lp;s = L1 pis = L2 pis is also considered:

2

Vo ( Viu.D? >
— =14+ (22)
Vi Z‘IO‘LDiS‘fS

In the discontinuous conduction mode, the equations for the design can be obtained through the
waveforms in each component of the circuit or by making I,,,;,11 = 0 and I;;,,10 = 0, in the equations
for design in continuous conduction mode.

Repeating the L; analysis for the L, inductor its obtains the ideal static gain equation for the
subcircuit B:

Vo _y + _ VD2 (23)
Ve 2.1p.Lo_pis-fs

To develop the total ideal static gain of the converter, the is used superposition principle, it is
added the Equation (21) for the subcircuit A and the Equation (23) referring to the subcircuit B, getting
the Equation (24). For simplicity, Lp;s = L1_pis = La_pis is also considered:

Vo _ (1 L VaD? )2 (24)
Vi 2.Ip.Lpis-fs

In the discontinuous conduction mode, the equations for the design can be obtained through the
waveforms in each component of the circuit or by making I;,11 = 0 and L;;,12 = 0, in the equations
for design in continuous conduction mode.

3. Dynamic Modeling and Converter Control

The authors obtained the mathematical model of systems with multiple inputs and outputs
employing the state-space modeling, achieving more accurate mathematical models and representing
the system precisely, as presented in [25,26]. The system can then be described by input and output
equations, as shown in (25).

{Kx = Ax+ Bu 25)
y = Cx
where: T

X = [iu(t) ia(t) Ver(t) Vc01(f)} ;

K = diag(Ly, Ly, C1,Co1); (26)

u= Vp(t).

For the dynamic modeling of small signals by the state space method of the Double Boost
Quadratic Converter takes into account the operating stages, converter symmetry and continuous
conduction mode, as follows:

3.1. First Stage: (D.T;)

Through the analysis of Figure 2a, one can obtain the state matrix that determines the capacitor
voltage and the current in the inductors, as shown in (27).

3.2. Second Stage: (1 — D).Ts

The circuit illustrated in Figure 2b represents the converter operation during this stage, as shown
in (27). The C and E arrays vary depending on the choice of output variable.
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Kx=A Vit

X = nx+[1000}[1()] n={1,2) 27)
y:I4X

where:

00 0 0 00 -1 0

00 1 0 oo 1 -1
A = ;A=
“lo -1 0 o 711 -1 0 o0

0o 0 0 -1 01 0 —4%

The next step is to obtain the equation that determines the average model of smalls signals for the
two stages of the converter. The average matrix A is given by:

A=DA+(1-D)A; (28)

Similarly, we can find the value of the matrix B. With the values of the DC components, we can
define the smalls signals AC model:

K22 —A%(t) + Ba(t)

dt (29)
+((A1— A2) X+ (By — By) U)d(t)

where: %(t) and 7(t), are small variations on the point of operation and X and U are the values of
states and input in steady state.

By obtaining the matrices of the first and second stages of operation, as well as the equations
that define the state-space system, the circuit transfer function is accomplished through mathematical
software [27]. Through the functions of transferring the input current by the duty cycle and the output
voltage by the input current obtain the mathematical model of the converter. Therefore, Equation (30)
shows the transfer functions of plants to the current and voltage control loops, respectively.

Gy, (5) = ig((ss)) | Guls) = 1f(<s)) (30)

Besides, for the converter to be able to reject variations in output voltage and input current peaks
at instants of load variations, the controllers in the voltage and current loops are designed, as presented
in [28]. For the internal control of the current loop, the linear controller (PI + pole) is used to clear the
error in steady state, meeting the following specifications:

The higher the compensator zero, the faster the transient response. However, the phase margin
decreases, bringing the system closer to instability. The compensator pole serves to reduce the effect of
the switching frequency on the current loop. It is usually positioned at half the switching frequency.
Compensator gain is set to ensure the specified zero-crossing frequency (usually limited to a decade
below the switching frequency). Equation (31), presents the transfer function current compensator [29].
The block diagram illustrating the projected loops is shown in Figure 7.

S+ z;
Cis) = ki (1)

(s +pi)
where:
pi- is positioned at half the switching frequency;
z;- is positioned a decade below the crossover frequency, in other words, a decade below the
switching frequency;
ki- is designed so that the system has a low phase margin (higher than 45° and less than 90°) at
the crossover frequency.


https://doi.org/10.20944/preprints202305.1980.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2023 do0i:10.20944/preprints202305.1980.v1

12 of 21

For control of the external voltage loop, it adds an integral proportional compensator (PI). In
first-order systems, it is usual to position the zero of the compensator PI over the plant pole, canceling
it. Thus, the feedback system presents the first-order behavior.

It set the compensator gain to ensure the specified zero-crossing frequency, around 30 Hz.
Typically, the voltage loop crossing frequency in DC-DC converters is related to the frequency of
the drained pulsed current by the load, if an inverter is used as a load. Since this pulsed current is
120 Hz, it defines that the voltage loop crossing frequency is 1/4 of the value of this frequency. The
reference (32) shows the transfer function of the projected voltage control.

(32)

Figure 7. Block Diagram representing the internal current loop and the external voltage loop - Geono (S)
represents the complete converter model, v;.* is the reference voltage and i * represents the reference
current. The v, and i}, variables refer to the converter control variables.

As shown in Figure 7, in addition to the controllers employed in the current and voltage loops, a
discrete control system typically includes a delay resulting basically from the sum of two parcel, the
signal sampling delay and the computational delay, totaling in this project a sampling period and a
half, represented by e~ 2Tis,

The internal loop current signal conditioning transfer function, H;(s), equals the association of
the current sensor gain (Hj;), the ADC gain (Hapc) and the gain of the instrumentation circuits (Hy;),
as expressed in (33). Voltage conditioning is equivalent, represented by the transfer function Hy(s),
and given by (33). In the instrumentation circuits, a low pass 1st order filter with cutoff frequency was
used, being half of the switching frequency, f. = fs/2 = 25 kHz.

Hy = Hgy - ng “Hape, x={v,i} (33)

Finally, the ADC gain is represented by the number of discrete ADC levels divided by the
maximum ADC excursion value, in this case, given by:

2121
Haopc = —=~—
ADC ADCrnax

In the converter model considered the inclusion of the PWM modulator given by the maximum
value of excursion of signal of analogic digital converter (AD,,,y) divided by a value representing
the peak of the triangular carrier, in others words, dividing the frequency of operation of the FPGA
(fEpca) by the sampling frequency, (f, = 2fs). The Equation (35) represent the transfer function of the
PWM modulator.

(34)

2
Gpwm = ADmax fs (35)
frrca
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4. Voltage Equilibrium on the Output capacitors

Due to the converter multiports [30], the studied converter has advantages for application
in photovoltaic systems, or in situations where the output voltage bus must be bipolar. In this
configuration, it is possible, among others, to reduce the stresses of the switches, making it possible to
couple a particular load with total bus voltage by joining two loads, each with half of the total required
voltage [31,32].

Thus, when the voltage balance in the output capacitors is necessary, the voltage-balancing
technique of these capacitors with a shared loop can be used, that is, the midpoint current can be
controlled independently of the input current control. Thus, in addition to full control of the output
voltage loop, the system features control of the voltage loop responsible for keeping the midpoint
balanced, [33]. The technique is based on rejecting slight variations in output voltage, so as not to
overload one of the capacitors that can assume higher voltage values or total voltage the bus while the
voltage of the other capacitor becomes zero.

The main difference between the loops with separated voltage control and shared voltage control
is that the latter uses control for the full voltage loop of the converter and a second control for the
voltage loop of one of the capacitors to ensure the voltage balance at the midpoint. Figure 8 shows,
in block diagram, the voltage balance control of the output capacitors. The blocks presented in the
schematic of Figure 8 follow the similar model for the current and voltage loops shown in Figure 7.

Vi ' q

/7 tati —
psramenaion R0 [BRGR ;0 (G (R

A/D converter

Current Controller

FPGA Balance Controller

Figure 8. Schematic of the Double Boost Quadratic Converter with voltage balance loops, on output

capacitors, and total.

The technique with shared voltage control loops has as its primary function to quickly correct
the load disturbance at the transient instant. For this, it is used the characteristic that the total output
voltage does not present high ripples. Therefore, the voltage loop that regulates the midpoint between
the output capacitors must have relatively slow dynamics, and with a cut-off frequency much lower
than the cut-off frequency of voltage control with separate loops.

The transfer function required for midpoint voltage control is obtained through the state space
model by analyzing (27) for the first and second operating stages. When the converter has its load
balanced, its midpoint current is zero. However, when the load is unbalanced, the midpoint current is
responsible for the output voltage balance.
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5. Experimental Results

In this section, the authors present the experimental results of the Double Boost Quadratic
converter. Table 3 shows the parameters and values of the components used in the implementation of
the converter. Laboratory tests were performed with a 1 kW power prototype, as shown in Figure 9.
The current and voltage sensor models used were the LTSR-25-NP and the LV-25NP from LEM.

In the development of the experimental tests was used the Altera development kit, model
BeMicroMax10, [34]. This Kit features a 10M08D AF484 FPGA chip, which contains an intrinsic ADC
block with 18 channels, and 12 bits resolution with up to 1 MHz sampling rate. Converter digital
control has been implemented in the FPGA employing the VHDL hardware description language
(VHSIC HDL - Very High-Speed Integrated Circuit Hardware Description Language).

Figure 9. Double Boost Quadratic Converter Prototype, power 1 kW.

The FPGA has some advantages such as the real-time processing feature and high processing
density, in addition it is different from microcontrollers because it has a large number of PWM outputs,
but the main difference is the parallel processing feature, in other words, it is possible to process digital
signals simultaneously without interaction with other processes, [34,35]. The flowchart in Figure 10
shows the parallel processing adopted for the control of the Double Quadratic Boost Converter. Each
block represents a code responsible for generating the hardware description. Thus, several processes
with distinct functions work simultaneously.

In this work, the FPGA does the acquisition, filtering, and processing of data, in addition to
modulation and protection of the circuit. As presented in the Figure 10, the hardware description was
divided and organized in different logic blocks interconnected by a flag responsible for synchronism.
Data collection happens when there is no switching, in order to avoid noise. Subsequently, the reading
data are filtered and sent to the control loop. Finally, they are available for use in the logic block
responsible for modulation.

Table 3. Parameters used in the prototype of 1kW.

Description Parameters
Output Voltage Vo = 400V
Input Voltage Vin = 100V
Intermediate Capacitor Cq1,Cy =50uF
Output Capacitor Co1,Cop = 12.5uF
Load Resistance R = 1600hms
Switching Frequency fs = 50kHz
Duty Cycle S4, 52 D =05
Input Inductance Li,Ly = 05mH
Intermediate Inductance Ly, L3 =2mH
Switch Models (Mosfets)- S1, S» SPW24N60C3

Diodes Models (Ultrafast) - D a Dg HFA15TB60
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Figure 10. Digital control flowchart.

5.1. Converter Operating Open Loop

Figure 11a shows input and output voltages and Figure 11b it is observed that the voltage at the
switches is halved compared to similar topologies in the literature [19].

L " L i L v g =

i/

L

T A

o
[

Q&L 50.0V/div 1MQ By:350M EL) Mean 100.4V A (g1 Runt 10.0ps/div 5.0G5/s 200psipt
Q&2 50.0V/div MO §y:350M Q@i Mean 4022V Read Auto )| Run Sample

2 565 acqs RL:500k
Man  September 22, 2018 20:22:01

Figure 11. Cont.
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Figure 11. (a) Input voltage (V;, = 100V) and total output voltage (Vo = 400V). (b) Voltage at switches
Vs1 and Vsp, using D = 0.5 and a scale of 100V by division.

Comparing the experimental waveforms of the total output voltage Vy and the input voltage V;,,
it verifies the high static gain of the converter (four times for D = 0.5). Although the experimental
results are presented only for the total output voltage Vp, these results can be obtained by summing
the voltage of the output capacitors Vp; and Vigp.

The current in the inductors is significant in the analysis of the converter operating mode.
However, it developed the theoretical analysis for continuous, critical, and discontinuous conduction
modes; the practical implementation was performed only in continuous driving mode, where these
converters generally operate in most applications because of its presented lower current peaks in their
semiconductors. The currents in the L; and L, inductors are shown in Figure 12. The current ripple in
the L1 inductor is greater than in the L, inductor as designed. The project considered a ripple of 10%
in the value of their respective nominal currents.

Tek Exec. Acionan.

o

Max. D
@ midx 104A 103 -400m 116  263m

@ ix 5524 551 160m  5.92  132m 2251, 2018
18:37:27

(@ 70 v @ 2005 © R o [ @7 v
Val v m] 10k ps.

Figure 12. Current in inductors I;, and Ir,, in scale 2A per division. Average values: Ir; = 10.3A e
I, = 5.51A, with current ripple of 10%.
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Converter efficiency is an important parameter and must be taken into consideration. Therefore,
Figure 13 presents the comparison of the converter performance obtained via simulation in PSIM,
using the Device Database Editor tool through the semiconductor models specified in Table 3 and the

efficiency obtained through the experimental tests, in this case, the power analyzer, Yokogawa wt500,

was used. Therefore, it is seen in Figure 13, that the proposed converter has high efficiency, proven
through simulation and experimental tests.

Moreover, as presented in the theoretical analysis through Equations (4) and (5), the Double Boost
Quadratic converter has a high static gain. Figure 14 shows the static gain curve obtained by simulation
using the Matlab software compared to the experimental curve. For the experimental tests, it was
possible to vary the duty cycle D (0 - 0.85). This value was limited by the power at which the converter
was designed and built, according to Table 3. It chose low power value, allowing for a greater range of

the duty cycle.

As shown in Figure 14, the static converter gain reached the ratio of 12 times of output voltage
to the input voltage, as proposed in the theoretical analysis. For the tests, limited the input inductor
current ir1 was in the function of the design current. It performed the test at 15% of the rated power of
the converter.

95
. . @ ==
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90 -
e W e T STy T TTTE W Ve |
- e e v B TR B
§ Experimental 95.03 , " 188.00 . i [fi W
= e 10191, | 2348, 2 e
§ 85 . . B
S5 0.9685 ., 0.4417 cromonts
A T
& wi 48855, |" o163, §lim |
S w2 2362,
80
5 i i i i i Update SHT(Zﬂﬂms‘ec) zrfm/nsms 22:58:01
100 200 300 400 500
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Figure 13. Converter efficiency: simulation result compared to the experimental result.
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Figure 14. Real static gain: simulation result (dashed) compared to experimental result.
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5.2. Converter Operating in Closed Loop

Considering the converter operating in the closed-loop with current, voltage, and voltage balance
control on the output capacitors, Figure 15 presents the input current, midpoint current, and output
capacitor voltages. It develops the tests for a load step of 50% of rated power to 75% of rated power. It
noticed that at the moment of load variation to the input current increase ([;;;) is proportional to the
power variation, as shown in Figure 15, and in this case the overshoot of one of the output capacitors
is similar, but with the opposite signal, characterizing their balance control.

TN |
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Figure 15. Input current I;;,, midpoint current I;;;, and voltage on output capacitors Vcpp and Vo, at
times of charge variation (50% 75%).

In order to complement the load variation test shown in Figures 15 and 16a presents the same
waveforms, replacing the input current with the total output voltage. In this case, despite the variation
of the input current shown in Figure 15, there is no variation of the output capacitor voltage Vg; and
Vcop just than a small overshoot at the time the load steps occurred.

In Figure 164, it is noticed that the over voltage at the Vj total voltage is lower when compared to
the over voltage at the output capacitors Vo and Vgp, proving that the balance control can balance
the voltage values in the capacitors, even with load imbalance. To keep the voltage on the output
capacitors unchanged despite load imbalance, the midpoint current I,;, is responsible for absorbing
this imbalance through this current variation.

In order to introduce the operation of the converter against the imbalances in the output capacitor
voltages, besides the load variation, Figure 16b presents the midpoint current, the output capacitor
voltages and the total output voltage at four different times: a) In t; load imbalance (Rg1); b) In , total
load disturbance (50%); ¢) In t3 load disturbance (removal of 50% total load); d) In t4 removal of load
imbalance (Rg1).
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Figure 16. Midpoint current I, voltage at output capacitors Vg1, Vcop and total output voltage Vp.

6. Discussion

It verifies that the control of the output capacitors voltage balance presents a good response in
the instant of capacitors voltage unbalance and in the moment of load variation. While the output
voltage remains unchanged, except for a small transient at these times, allowing compensation for this
variation. Finally, the midpoint current has significantly varied at times of load imbalance, as expected
in the voltage balance control of the output capacitor, because it is through the current midpoint
variation that capacitors voltages are balanced.

7. Conclusions

Considering that energy generation is fundamental for world economic development, combined
with care for the environment and sustainable practices, the generation of energy through renewable
sources plays an important role. Thus, research related to applications in the field of electricity is
fundamental to technological development.

Therefore, thinking about optimizing power converters for these applications, in this work was
presented the study of a new non-isolated high static gain converter DC-DC. The operating stages and
waveforms of the converter have been shown for continuous, critical, and discontinuous conduction
mode in addition to the ideal static gain curves, actual static gain for the various load resistance values,
and the curve representing the boundary between the conduction modes. For the development of the
dynamic mathematical model, the state space technique was used.

Due to the symmetry of the converter, it was possible to reduce the stresses on the switches.
Moreover, its symmetry also simplified its mathematical model, as presented in the paper, in which
an eighth-order system can be simplified by a fourth-order system, making it easier to obtain its
transfer function. In this configuration, this converter can be used, for example, in conjunction with a
multi-level inverter coupled to its output for photovoltaic generation, grid-connected applications, or
coupled to AC loads requiring low harmonic distortion rates.

The experimental results were presented confirming the theoretical analysis. Thus, it was possible
to verify the high static gain (greater than twelve times) experimentally through the practical tests of
the duty cycle variation, where the results were obtained as expected. Also, it was possible to verify
the reduced voltage efforts on the converter switches when compared to existing converters in the
literature. As it is an important parameter, the efficiency curve of the converter was presented in the
experimental results, proving the high efficiency of the proposed converter.

Finally, the results show that this converter has a great natural potential for application in
renewable energies, being this an excellent option in the conditioning of power generation through
photovoltaic panels.
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