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ABSTRACT

The distributed direct current (DC) power system relies heavily on the cascaded DC-DC converter that employs a common bus to connect multiple DC-DC converters.
The first stage of the cascaded DC-DC converter is responsible for injecting power from a renewable source or a battery into the DC bus. Conversely, the second
stage connects a load to the DC bus, creating a constant power load (CPL) that consumes constant power regardless of the supply voltage. This behavior often causes
disturbances and instabilities, leading to unwanted oscillations that adversely impact the quality of the input current. To address this issue, this paper proposes an
active current ripple-damping technique that extracts the fundamental of the inductor current. When combined with the super-twisting sliding mode control, this
approach effectively mitigates input current ripples and enhances the stability of the CPL. The key to this approach is the sliding surface selection, which requires a
cleaned inductor current from the second boost converter. Experimental results are provided to demonstrate the effectiveness of the proposed method.

Index Terms—Cascaded boost converter, constant power load (CPL), DC microgrid, harmonic extraction, inductor current ripple, modified super twisting controller.
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I. INTRODUCTION

Due to the depletion of fossil fuel reserves and the availability of cleaner energy, the use of dis-
tributed generators has grown [1]. Consideration of distributed resources (DR) and related loads
as a miniature electrical system known as a microgrid is one way to maximize the growth poten-
tial of DR [2, 3]. Microgrids have both alternate current (AC) and direct current (DC) distribution
lines [4]. However, recent research has shown that the reliability and efficiency of power systems
are improved by using DC distribution in microgrid systems [5]. Therefore, a DC microgrid, as
shown in Fig. 1, is the best solution for a variety of reasons. Firstly, it allows the integration of
renewable energy sources, which decreases environmental CO, emissions [5]. Additionally, DC
microgrids provide high system efficiency, low cost, and simple control [6]. Moreover, in the con-
text of modern electronic loads such as computers and servers in data centers, which necessitate
DC power, DC microgrids prove highly compatible. Furthermore, even common AC loads like
induction motors can be adapted into DC loads through the utilization of variable-speed drives
[7]. However, unstable power loads caused by interconnecting power electronic converters in DC
microgrids are a major issue. Constant power load (CPL)’s negative impedance characteristic can
affect system performance [8-11]. A CPL is defined as a load that consumes a constant amount
of power regardless of the supply voltage.

A CPL can appear in one of the four following cascaded configurations to affect system perfor-
mance [9]:

A strictly controlled DC/DC voltage regulator with an upstream DC/DC converter.
« A strictly controlled DC/DC voltage regulator with an input LC filter.

« A strictly controlled inverter with an upstream DC/DC converter.

« Astrictly controlled inverter with an input LC filter.

A typical DC microgrid is shown in Fig. 1. In this figure, the cascading DC-DC converter topology
plays a pivotal role in the DC-distributed power system [12], connecting multiple converters via
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Fig. 1. Sturcture of a DC microgrid.

a common bus. This topology offers several advantages. Firstly, it has
higher reliability with standardization, maintenance, expansion, and
hot plug facilities [13]. Additionally, within a cascaded power system,
each interconnection generates an intermediate bus voltage [13].
Furthermore, in the wind system, the DC bus voltage may be lower
than the input voltage of the power factor converter; therefore, it
is necessary to decrease the voltage using a second buck converter
[14,15].

A new technique has been proposed in [16] for controlling both
uniform and non-uniform DC-DC systems that are connected in
parallel. This fully decentralized controller uses a gradient descent
technique to minimize the fundamental switching harmonic in the
current and voltage ripple. The algorithm is implemented in each
converter by adjusting the PWM (Pulse Width Modulation) phase
shift based on the local terminal voltage sampled at each switching
cycle. One major advantage of this approach is its simplified digital
implementation that does not require complex optimization algo-
rithms, look-up tables, high-fidelity detection, or oversampling mea-
surements. However, it is important to note that the use of sensors
in this method may be costly, especially if they are highly precise or
specialized.

The adaptive decentralized backstepping control (DABC) of cas-
caded DC-DC boost converters is examined in the presence of
load and voltage uncertainties and interactions between con-
verters in [17]. The Legendre polynomials (LP) used to estimate
the uncertainties and interactions adaptively have been shown
to approximate them very well due to their universal approxima-
tion property. Furthermore, it is demonstrated that the proposed
control strategy is robust and has a low computational burden.
However, this work’s control of the cascaded converters is a bit
more complex.

Another work has proposed an active damping control method for a
DC marine microgrid’s constant power cascade system. This method
involves utilizing a virtual RC feed forward loop, which effectively
eliminates resonance and promotes system stability. However,
implementing a virtual capacitor component may reduce dynamic
characteristics and extend tuning time. As such, further research is
necessary to attain optimal control of the system [18].

The use of two boost converters in cascade results in an increase in
the ripples of the inductor current of the load converter. To improve
the quality of the current, it is necessary to attenuate the ripples.
Various control techniques have been proposed for a DC microgrid
power quality using a cascaded converter, including active and pas-
sive damping techniques, as well as new converter topologies [8].

Active damping techniques have superiority over passive ones in
terms of power dissipation. In [19], R. Stala and alothers analyzed
the effect of phase shift between duty cycles of two-stage cascaded
converters and found that a proper adjustment in the phase shift
can reduce the RMS (Root Mean Square) current ripple of the capaci-
tor without affecting the normal converter operation or requiring
additional sensing circuits. Besides, it leads to an overall efficiency
improvement. However, the control flowchart used to regulate the
phase shift between the duty cycles of the two power-stage con-
verter switches can be complex.

The need to boost the DC voltage generated by PV (PhotoVoltaic)
arrays for grid integration, especially when only a small amount
of energy is produced, is discussed in [20]. While MPPT (Maximum
Power Point Tracker) converters optimize power output, they do not
rectify voltage. The study introduces a switched-inductor, switched-c
apacitor-based DC-DC power boost converter, achieving voltage
boosts of 6 to 18 times with duty ratios of 0.5 and 0.8, respectively.
Cascading more switched capacitor cells doubles voltage with fewer
current variations. The converter employs only two power switches,
simplifying control mechanisms. Simulation shows over 98% effi-
ciency, while experimental results indicate close to 96%. It is noted
that larger power values yield better efficiency. The converter suits
portable lighting, off-grid, and micro-grid PV applications, with the
potential for high-power use via appropriate semiconductor devices
and inductors.

In this paper, a novel active damping technique is proposed. In this
technique, the fast Fourier transformer is used to extract the induc-
tor current’s fundamental frequency, which is then multiplied by
a weighted gain and subtracted from the raw current to produce
a filtered current. This filtered current is then used in the modified
super-twisting control’s sliding surface instead of the inductor cur-
rent itself. This technique eliminates the need for additional sensors
or complicated control systems. The mathematical model of the pro-
posed approach is explained in detail, followed by an experimental
testbed that demonstrates its effectiveness. This technique offers a
highly promising solution to improve the performance and stability
of two-stage DC-DC converters.

The paper is organized as follows: A DC microgrid consisting of two
cascaded DC-DC boost converters is modeled with a state space rep-
resentation in Section Il. Section Il describes the extraction method
of the fundamental harmonic of the input current of the CPL to use
in the proposed technique in this work. The modified super twist-
ing control is described in section IV. An analysis of the stability of
the modified super-twisting controller is presented in section V. The
experiments verify the effectiveness of the suggested technique in
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Section VI; three tests are performed to check the effect of the pro-
posed approach on the inductor current ripple and the impact of
changing the gain G and the load resistance. Finally, Section VIl con-
cludes this paper.

1I. SYSTEM DESCRIPTION

This study focuses on mitigating the input current ripple in a cas-
caded DC-DC converter. The system under study is illustrated in
Fig. 2. The system has two conventional DC-DC boosts; the one con-
nected to the DC power source is named the source converter, and
the other is the load converter. The two converters are controlled
separately and have different switching frequencies.

A. State Space Model of the Cascaded Boost Converter

The state-space model of the cascading boost converters is pre-
sented in this sub-section to describe the functionality of both
converters and the various variable names used in the following sec-
tions [21]:

With x;=111; X2 =Voun; X3 =li2 and X4 =Vou, .

B. Control Design of the Power Converter

To enhance the generality of our study, a conventional cascaded
proportional-integral (PI) controller is employed for the first chopper,
as shown in Fig. 3. Implementing a cascaded PI controller enables a
more secure and reliable performance of the boost converter. The
transfer function from the control input to the power converter out-
put is expressed in the following form [22]:

1
Gdo.(’lfs.wi)
Gpi(s)= = (5)
1+s. +st—
Wy Wy
. v, R (1-D,)
With G oul . ,=—.(-D)t;  we= ! and
7 0-D,) L 1 = LG

Gy
=(1-Dy).Ry..[— .
Q=(-Dy).R, L

:_(1—u1).Vom Vim M
! L L Where the load converter is considered as a load of the first con-
verter named R,.
_ =)y s Q) i )
2T T The expressions for the Pl voltage and current controllers are given
k k respectively by equations (6) and (7)
(1_u2)-Vout2 Vout]
Xy=—— 0 20 (3) Wi

3 L2 L2 Gc1 (S)_ch (1+ s ) (6)

(M=udz Voua W,;
Xy=—"T"=— (4) =G.. Li
4 c, CR, Gcz(s) Gg.(1+ S ) (7)
First Harmonic
Supply Supply Boost Converter Load Boost Converter
r Ipv r IL1 L1 D1 IL2—| r L2 D2 |
[ > Ll 3 ~ —p— — |
| K Il l |
(R  E PSR B I . 501 S AR
| T |3 €13 |1 ul [:} 168T1 ¢ E 1 w —| AIGBT2 € R2 E I
| | | T T |
| H— . H— . |
L __ '______i__________' Y
Controller 1 Controller 2
Fig. 2. Control design of the cascaded boost converter.
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Fig. 3. Voltage and current control of the DC-DC supply converter.

465




Electrica 2024; 24(2): 463-476
Khattab et al. An Improved Current Ripples Minimization Technique for Cascaded DC-DC Converter in DC Microgrid

Wlth va :ch ; Kiv :GCVWLV ; Kpi :Gci and Kii :GciWLi .

The PI controller gains of the source converter are determined by a
frequency analysis (Bode diagram).

C. Control Design of the Load Converter

The load side converter—which acts as a CPL—is the most fragile
part of a DC microgrid. Therefore, a CPL poses a stability challenge
that must be handled carefully to guarantee the stability of the
whole system. Thus, in this study, we used the super-twisting con-
troller known for its robustness.

Besides the robustness, input current ripple is the other concern
in this study. Therefore, a new sliding surface is proposed for the
super-twisting controller that considerably reduces the input cur-
rent ripples. Furthermore, a weighted fundamental component is
subtracted from the input current; this approach is detailed in the
following sections. The control design of the load converter is shown
in Fig. 4.

11l. FUNDAMENTAL COMPONENT EXTRACTION

The input current ripples of the CPL are analyzed in terms of har-
monics using a Fourier series decomposition. The inductor current is
expressed as follows:

According to Fourier series theory, the input current (load converter
inductor current or source converter output current), shown in Fig. 5,
is decomposed into a DC component and a series of sine and cosine
waveforms are shown as follows [23]:

0

e, ) =ioun () =1,(t) :a—z"+2(an cos(nwt)+b,.sin(nwt)) 9)

n=1

Wherew :i—n , T, is the signal period. The coefficients a, and b, are:
2

.

a, :ij-im(t).cos(nwt)dt (10)
2 T

b, :—J‘im(t).sin(nwt)dt (11)
TJ

Therefore, the amplitude and phase of the nt" harmonic component
of the input current are obtained by:

A, =+a’ +b? (12)

_ [ 2, 42
=22y o<t<DyT, An =@ +by (13)
212
N (8)  The coefficients a, and b, are obtained as:
lip =2 (t =T,) +lni DoT, <t <T5,
2 (1-D,)T, 2 2 ’ ag =2l in (14)
Iref2 D2 u2
STC —» PWM2 —p
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Ioutl ————»| Equation (16) —>[>—>

Fig. 4. Voltage and current control of the DC-DC load converter.
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Fig. 5. Indutor current waveform of the load converter (CPL).
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T 1 Al
D,(1-D,) n* 27?

a, = (cos(2nmd)—1);n =1 (15)

1 1A,
D,(1-D,) n? 27

(sin(2nnd));n =1 (16)

n

The amplitude and phase of n*" harmonic components are obtained
as follows:

_ 1 Vouﬂ 1
" nn? Lyfy, (1-D5)

sin(nmD,);n >1 17)

@, =nnD, +§ (18)

The fundamental is extracted in the proposed control n=1:

1 Vounn 1 .
= sin(nD,) (19)
" Lfy, (1-D,) ’
0= T[Dz +§ (20)

After the load DC-DC converter’s inductor current has been decom-
posed using the Fourier series, the fundamental is multiplied by a
gain and subtracted from the original current. The expression for
the modified ripple-minimized current used in super-twist control
is written as follows:

ista =loutr _GA1 (21)
Where G is a positive gain, and A, is the first harmonic’s module.
IV. SUPER TWISTING CONTROLLER

The control signal u, of the super twisting algorithm is written as
follows:

Uy =Ug +Uegq (22)

Note that u,, is the equivalent control proposed by Vadim Utkin in
[24]. It is written as follows:

Ueq :1—VL2 (23)
VoutZ
Wlth Vin2: Vout1'

The switching control u, is the discontinuous function given by equa-
tion (24); it is composed of a discontinuous part v, given in equation
(25) and a continuous part v, given in equation (26)

Ug =V1+V, (24)
Vi :—7».‘5‘0'5 sign(s) (25)
v, =—y.sign(s) (26)

With S being the sliding surface (difference between the filtered
inductor current and the reference current) given in equation (27)

S =lista—lrer2,With (s =I5 —lref3) (27)

Aand y are positive parameters; the reference current |, is obtained
using a conventional Pl controller and i, is the modified inductor
current.

V. STABILITY PROOF

In this section, we prove the stability of the super twisting control
system designed in the previous section. We do this by using a
Lyapunov function approach.

A. Invariance Condition
From equation (22), the invariance condition is expressed as:

s=0ands=0

Now, to delve deeper into the analysis, let us consider the derivative
of the sliding surface, which is elegantly presented in equation (28):

S=lia—lers (28)

S =X3—lrer> (29)

s=— (1 _Uz)-voutz + Vouﬂ _Iref2 (30)
L, L,

The importance of these equations becomes evident as we explore
further. We can derive:

(1_(ueq +un)~Vout2 Vouﬂ

s=——+4 e (31)
Lz Lz f2

s= Voutz u, + Vouﬂ 7Vout2 7lref2+ Voutz ueq (32)
L L L,

B. Derivative of the Sliding Surface
For s=0andu, =0, we obtain

V. L
Ueg =1— 2T oy —2— (33)
“ VoutZ “ VoutZ

s=Vouz,, (34)
L,

C. Lyapunov Function

Let us choose the Lyapunov function, such as

V=g (35)
2

To gauge the stability of this function, we meticulously evaluate its
derivative:

V=ss (36)

One must verify the decrease of the Lyapunov function to zero.
For this purpose, ensuring that its derivative is negative definite is
sufficient.
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V=ss<0 (37)

V= Vﬂuns <0 (38)
L,

Replacing u, in equation (38)

V:@s.(v1+v2)<0 (39)
L,

V= %s.(—k.‘s‘as .sign(s)+j—y.sign(s)dt) <0 (40)
2

V:%_(—x.\s\as\s\+J.—ys.sign(s)dt)<0 (41)
2

Upon careful examination, we confirm:
1 =1,(Q) (42)

And V is a negatively definite function. Therefore, the stability is well
demonstrated.

VI. EXPERIMENTAL RESULTS

An experimental prototype shown in Fig. 6 is established in the
LGEP laboratory to validate the proposed technique. This work uses
two boost converters powered by a DC voltage source. IGBT SKM50
GB123D power switches are used. Table | lists the nominal convert-
er's parameters. The control algorithms are digitally implemented in
a digital platform (dSPACE1104) that generates the control signals
for the switches obtained by the cascaded Pl and super-twisting con-
trollers. Table Il shows the control parameters of the two cascaded
converters.

The experimental prototype (Fig. 6) consists of the following items:

. dSPACE 1104

+ An autotransformer as the main grid

« Inductors

- Capacitors

« Variable resistor

» Semikron based on IGBT SKM50 GB123D

« Driver's DC supply

« Adapter card

- Electronic card to sense the currents (LEM LA55-P) and voltages
(LEM LV25-P).

Three tests were conducted to assess the efficiency of the proposed
technique. The first test involved applying the suggested method to
two power levels by injecting the fundamental and a gain G equal
to 2. The second test examined the effect of a variation of the gain G
multiplied by the fundamental on the voltages and currents of the
two cascaded choppers. The last test involved checking the impact
of aload resistance variation on the proposed technique while keep-
ing the gain G and input voltage fixed. In these tests, we tried to use
afrequency less than or equal to 10 kHz, because the elevation of the
switching frequency induces a significant loss of energy.

A. Application of the Proposed Technique for Two Different

Input Voltage

A test was conducted with and without the proposed approach to
ensure a fair comparison between the novel and conventional tech-
niques. The test was achieved using a single harmonic injection,
precisely the fundamental, and a gain of 2. The test was performed
at two distinct input voltage values. Initially, the input voltage of 12
V was amplified to 24 V by the feeder converter. Subsequently, the
load converter further boosted this 24 V to 50 V. Secondly, the feeder
converter increased the input voltage from 24 V to 45 V. Later, the
load converter further elevated the voltage to 90 V.

After each method switch, we examine the evolution of the outputs
of the two converters:V_ ., V.0 (), and |

outl” "out2! out2*®

Fig. 6. The experiment prototype.
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TABLE I. NOMINAL CONVERTER PARAMETERS

Circuit Parameters Value
Input voltage, V,, (V) 12 and 24
Inductors, L=L, =L, (mH) 1
Internal resistance of inductances r, =y =1,(Q) 04
Capacitors, C=C,=C, (uF) 470

Load resistor, R, (Q)) 55,73,and 110
The feeder chopper’s switching frequency, f,, (KHz) 10

The load chopper's switching frequency, fd, (KHz) 5

TABLE Il. THE CONTROL PARAMETERS

Cascaded Pl Controller Cascaded PI-Super Twisting Controller

Fig. 7 shows the outputs of the first converter (feeder converter).
Using a gain of 2, the new super-twisting sliding mode control
(STSMCQ) affected the first converter and reduced the output volt-
age by 60% and the output current by 73% in the case of V,,, =12
V.ForV,,=4V,V_, ripples were decreased by 57%, and | ., ripples
by 84% (The ripples AV and Al are reduced from 10V to 4V and
from 5.46 Ato 1.5 Ain the case of V, ;=12 V. In the case of V,,, =24

V, the ripples AV and Al are reduced from 14V to 6 V and 10 A to
1.65 A).

Fig. 8 shows the outputs of the load converter. The new STSMC
reduced this converter’s output voltage and current by 48% (AV is
reduced from 6.08 V to 3.36 V) and by 56% (Al is reduced from 0.09 A
t00.05 A) in the case of V,,; =12 V.In the case of V,, =24V, the output

voltage and current are reduced by 60% (AV is reduced from 10.71V
to 3.83 V) and by 68% (Al is reduced from 0.17 A to 0.06 A).

B. Effect of The Gain Variation on The Voltages and Currents of the
Two Converters

After confirming the effectiveness of the new STSMC in reducing the
ripples of the different voltages and currents in our system, it is time

K,,=20 K, =08 _
to check the effect of the gain G.
K, =008 K,=10
Rising the gain from 1 to 2 had a noticeable effect on the input cur-
Ky=20 A=1 rent of the load converter (the ripple Al is reduced from 3.38 A to
K.=008 A=0 1.5 A), and the amount of ripple reduction is about 56%. Other out-
r puts were slightly affected, as shown in Fig. 9.
A 30 B G=0
6 >
T —~~
B =
5 R
§ ~
10
0 5 10 15 20 25 0 s 10 15 20 25
Time(seconds) Time(seconds)
50
10
4
< ;
o 6
S
A 20 4
10 2
0 0
0 5 10 15 20 0 5 10 15 20
Time(seconds) Time(seconds)

Fig. 7. Outputs of the feeder converter using the conventional STSMC then the new STSMC: V., =12 V input: (a) The output voltage. (b) The

output current.V,,, =24 V. (c) The output voltage, (d) The output current.
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A 60 B 0.8
50 0.6 s ll >
—_ —~~ = =2
e =T 2| T = (=0 N
T340 204
3 s
K
30 0.2
20 0
0 5 10 15 20 25 0 5 10 15 20 25
Time(seconds) Time(seconds)
C D
561 : : , 15 . . .
80 & B M Mm’
. G=0 Gk2 ol =0 > G=2 |
=60 <
g 5
xS 40 =05
20
0 0 L L L
0 5 10 15 20 0 5 10 15 20
Time(seconds) Time(seconds)

Fig. 8. Outputs of the load converter using the conventional STSMC then the new STSMC: V,, = 12V. (a) The output voltage. (b) The output
current.V, , =24V (c) The output voltage. (d) The output current.

- >
G=0 G=1 G=2 G=

0 10 20 30 40 0 10 20 30 40
Time(seconds) Time(seconds)

0 10 20 30 40 0 10 20 30 40
Time(seconds) Time(seconds)

Fig. 9. The effect of increasing the gain G (values 1, 2, and 3). (a) The feeder converter’s output voltage. (b) the load converter’s output voltage.
(c) The load converter's input current. (d) The load converter’s output current.
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Increasing the gain to 3 did not affect the outputs of the two
converters.

C. Control of the Converters Under Load Variation

A robustness test is done in this sub-section, where a load change
is applied to our new STSMC. The input voltage for the feeder con-
verter is 12V, its output is 24V, and the output of the load converter
is 50 V. The gain is fixed at 2.

First, we apply the conventional STSMC. The new STSMC is then
applied on a load of 73 Q afterward, and the load is reduced to 55 Q,
leading to an increase in current. The results of the input and out-
put voltages and currents of the load converter are shown in Fig. 10.

Despite the load change, the current ripple Al slightly increased
(1.5 A to 1.62 A) but remained largely under the original ripple of
5.46 A.

D. Comparison Assessment With Other Solutions

To calculate the overall circuit efficiency, we need to calculate
the power output by the second boost converter and the power
absorbed by the first converter, and then we divide it up.

The power output by the second boost converter is equal to 50 V X
0.65 A=32.5 W. The power absorbed by the first boost converter is
equalto 12V x 3 A=36W. So the efficiency is equal to 90.28% (men-
tioned in the table).

Efficiency without using technique is about 88.09%, and after using
the proposed technique it was 90.28%. For the prototype used in this
paper, the proposed technique increased the efficiency by 2%.

Efficiency can never reach 100% because in every converter, there
are components that reduce efficiency, such as semiconductors (2
diodes and 2 IGBTs (Insulated Gate Bipolar Transistor) in our case).
Energy conversion electronics are based on the use of semiconduc-
tor components acting as switches. When these switches are in use,
they suffer thermal losses corresponding to the various phases of
their operation. There are three types of loss, each corresponding to
a different state of the switch:

« Conduction losses, associated with the conducting state of the
component

- Leakage losses associated with the blocked state of the switch

» Dynamic losses or switching losses are associated with changes in
the state of the switch, i.e., when passing from the on state to the
off state and vice versa.

These losses cause a considerable reduction in the system'’s overall
performance.

It is interesting to compare some of the solutions done in the
past with the work we have done to enhance the value of paper.
Table lll summarizes the performances of the ripple minimization
technique mentioned in the literature, control method, efficiency

'||]I|'|'Il|r||-||-||~ e

=
LS RO Y rR=s
15
o G=2 o
10
0 5 10 15 20 25 30
Time(seconds)

0 5 10 15 20 25 30
Time(seconds)

B 60

50
S RZ=73Q disiig
= G=2 P
s

30

20

0 5 10 15 20 25 30

Time(seconds)

0.8
= 0.6'“*“'“‘ L —
— R2=73 () R=550
S0A—G=0— =2 >

0.2

0
0 5 10 15 20 25 30
Time(seconds)

converter's input current. (d) The load converter’s output current.

Fig. 10. Load change test with a gain G=2. (a) The feeder converter’s output voltage. (b) the load converter's output voltage. (c) The load
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TABLE Ill. COMPARISON OF THE PROPOSED CONTROLLER'S PARAMETERS WITH VARIOUS CONTROLLERS USED IN THE HIGH GAIN BOOST CONVERTER

Active/Passive

Damping or
New Converter Voltage Amount of Ripple
References Topology Topology Control Gain  Reduction L/C S/D Total Efficiency (%)
[12] Two-stage cascaded  Active A classic controller Pl 4 Inductor current not measured  2/2  2/2 8 Not mentioned
boost converter
(7] Two-stage cascaded  Active Flatness Based 2 ++ for DABC+LPs (Vref variation).  2/2  2/2 8 Not mentioned
boost converter Decentralized + for DABC+LPs (Load variation).
Adaptive Backstepping ++ for DABC+LPs (E variation).
Controller + for SMBC (Vref variation).
[25] Two-stage cascaded  Active A feedback controller 35 +++ for SF. 2/22/2 8  Not mentioned
boost converter composed of a ++ for DF.
comparator and an RS
flip-flop
[26] Two-stage cascaded  Active A Pland sliding mode 2 +++ 2/2 2/2 8 Not mentioned
boost converter controllers
[27] Two parallel boost Passive A passive feed forward 2 +++ 2/2  2/2 8 Not mentioned
converters controller is added to
the conventional
double loop controller
[28] A new dual-input New converter A classic controller Pl 1464  +++ 2/5 2/4 13 9635
high step-up DC-DC  topology
converter
[29] An ultra-high gain Active A classic controller PI 975  +++ 2/6 1/7 16 954
DC/DC boost
converter with a
modified voltage
multiplier cell (VMC)
[30] CI-SIDO boost Active The controller is 225 +++ 2/2 2/2 8 87.5
converter implemented in FPGA
mainly using registers,
discrete counters and
comparators
[31] A new single-switch  New converter A conventional PWM 10 +++ 2/4 1/3 10 958
non-isolated DC/DC  topology technique at a
converter constant frequency
Proposed Two-stage cascaded  Active A Pland a new super 4 ++forG=1. 2/2 2/2 8 9028
boost converter twisting controllers. +++forG=2.
+++forG=3.

measurement, and voltage gain ratio. Metrics displayed in Table III
are taken from data provided by authors in their papers.

In[12,17,25,26] and the present paper, the use of two classic boost
converters operatingin cascade increased the voltage gain between
2 and 4, using the same number of diodes, switches, inductors, and
capacitors. Since the inductor current in Ref. 12 is not measured, its
ripple could not be determined. In [17], for a variation of input or
output voltage, the DABC+LPs allow a slight reduction of the cur-
rent ripple, while the SMBC does not give a good reduction. In [25],
the current ripples are reduced for different frequencies and are
well reduced for the same frequencies, but the control method is
a bit more complex. Although the current ripples are well reduced
in [26], using high frequencies (100 KHz) can increase the energy
losses, reducing the system'’s efficiency. The passive controller is
added to the traditional double loop regulator in [27] to control the

two converters that are connected in parallel. Power dissipation is
the issue with this kind of control, even though it permits very little
current ripple. The use of a new topology, a new dual-input high-
amplification-rate DC-DC converter controlled by a conventional
pi regulator with an efficiency of 96.35% [28] and an ultra-high-
gain DC/DC boost converter with a modified voltage-multiplying
cell with an efficiency of 95.4% [29], provides high voltage gain
with reduced current ripple. However, the drawback of these two
works is the use of a large number of components. The CI-SIDO
(Coupled Inductor Signle Input Dual Output) converter presented
in [30] allows a voltage gain of 2.25 with a reduced number of com-
ponents (8) and a low current ripple with an efficiency of 87.5%.
The new non-isolated single-switch DC/DC converter used in [31]
allows for a high voltage gain with low current ripple while using
10 components with an efficiency of 95.8%. In this work, the two-
stage cascaded boost converter structure is employed with several
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forms of control. In this case, the voltage gain is equal to 4 with an
efficiency of 90.28%, and the current ripple is well reduced after
using the new inductor current ripple minimization technique.
Compared to the state-of-the-art ripple minimization techniques,
our method employs the converter's measured variable without
the need for additional hardware or complex mathematical proce-
dures. Moreover, it is robust to input and output voltage changes..
In addition, the quality improvement effect of the current and/or
voltage comes from both the load converter side and the power
converter side.

E. Discussion

Experimental tests shown above gave insight into the merits of the
new STSMC. Our main goal was to reduce the input current of the
load converter (IL2 or I,,). However, lowering the input voltage
(V,,.,) and hence the output current and voltage (I, and V,,,) was a
by-product of this operation.

Fig. 11 visually presents the experimental test results. To represent
the amount of ripple reduction, a new quantity has been bar plotted;
this quantity is defined as:

A Amount of ripple reduction

24V
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Fig. 11. Ripple reduction in the case of (a) voltage change, (b) gain
change, (c) load change.
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Amount of ripple reduction= AXsromc = AXnew-srsmc (43)
AXSTSMC

Analyzing the experimental results yields the following conclusions:

« The modified super twisting is robust to input and output voltage
changes.

« The input voltage of the load converter has been increased from
24V to 45V resulting in a change of the output voltage from 50 V
to 90 V. Even though there was a surge in Al, the proposed modi-
fied super twisting kept a high current ripple reduction.

« As mentioned at the beginning of the section, reducing the input
current affected the other currents and voltages, resulting in a
positive ripple reduction in these outputs.

+ A gain of 2 is the optimal gain. We noticed a surge in ripple reduc-
tion (Fig. 11(b)) when we increased the gain from 1 to 2. Further
increases had no effect.

- The modified super twisting moved the load converter’s inductor
current away from 0, making it a suitable method to avoid discon-
tinuous conducting mode.

VIl. CONCLUSION

This paper presents a new method for reducing ripples in a cascaded
DC/DC converter. The focus is reducing the second stage’s input rip-
ple in a cascaded DC/DC boost. To achieve this, a modified STSMC is
used, which feeds back a weighted fundamental component of the
second-stage input current to reduce the input current. This reduces
ripples in both the input and output voltage and current of the sec-
ond stage. The novelty of this technique is the choice of the sliding
surface. The technique is part of active damping approaches, does
not require additional sensors or passive components, and reduces
system cost. The method improves the load and power converter
sides’ current and/or voltage quality. It is easy to implement and is
applicable to various loads and power levels. Additionally, it provides
a voltage gain of 4 for frequencies of 10 kHz or less and is robust
to input and output voltage changes. Experimental tests have con-
firmed its effectiveness, with a gain of 2 being the optimal result.
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