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Abstract: In recent years, step-up/step-down DC-DC converters have been required in
renewable energy processing and energy storage applications. In the latter, lithium-ion
batteries have played an important role since they have been the most usable source in
portable equipment and electric vehicles. This paper proposes a novel step-up/step-down
converter with continuous input current and a model-based control scheme. Moreover,
the converter design highlights based on steady-state analysis are obtained for a proper
parameter selection of the converter. Thus, a fourth-order average system model is obtained
to design a multiloop control law. The proposed control is designed in such a way that
the control scheme results in an inner current loop on the input current and an outer
control loop on the output voltage. Finally, experimental results are performed to assess
the performance of the proposed power converter and the control law. An experimental
setup with an efficiency of 95 % is implemented to validate the theoretical analysis. The
intended application is to regulate a voltage fluctuation from 200 V to 250 V to a constant
voltage of 200 V with a nominal power of 533 W.

Keywords: switching regulator; buck-boost converter; step-down/up converter; lithium-ion
battery pack; non-pulsating input current; two-loop control

1. Introduction

Environmental pollution is a worldwide problem; one of the main concerns around
the problem is the global warming produced mainly by the CO, emissions of fossil-fuel
burning. Significant efforts have been dedicated to studying and implementing renewable
energy sources to reduce fossil-fuel dependence. Energy harvesting from fuel cells, wind
turbines, or photovoltaic panels is the most promising environmentally friendly solution;
this energy can be sent directly to the grid or stored in batteries. For these applications, the
use of DC-DC converters is mandatory to process energy between the renewable energy
source, the grid, the battery, and the load. A step-up converter is used when the voltage
level needs to be increased; on the other hand, a step-down converter is used when a
voltage reduction is required. However, in recent years, many applications require both
features, making use of step-up/step-down converters necessary. For instance, in [1,2],
step-up/step-down converters are proposed to regulate the DC voltage from a photovoltaic
panel to a suitable DC bus to connect a DC-AC inverter. Furthermore, in [3], a buck-boost
converter with an extended buck region is proposed as an attractive solution to track
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the maximum power points in renewable energy resources. Additionally, in [4], after a
diode bridge, a single-stage step-up/step-down converter is proposed as a PFC source
for LED lamps. Also, in [5], a conventional buck-boost topology with anti-interference
control is proposed to provide power to loads in a microgrid. A novel application for
step-up/step-down converters is the charging or discharging battery systems for portable
devices and electric vehicles. In [6], a buck-boost series partial power converter is used
as a DC voltage regulator for an electric vehicle charging station. Also, in [7], a modified
buck-boost converter is proposed to track sinusoidal signals in an exact form for UPS
system applications. In [8], a bidirectional buck-boost is proposed to charge a battery from
a PV panel and discharge the battery to a portable load. Moreover, in [9], a multi-output
buck-boost converter is proposed to obtain several available voltage levels using a battery
as a source for electric vehicle applications.

Lithium-ion batteries are used as a power source in portable devices because they
have high energy density. However, each battery cell has a voltage fluctuation from 4.2 V
when fully charged to 2.7 V when discharged [10], as shown in Figure 1. Thus, an interface
based on a DC-DC step-down/step-up converter is required to maintain the output voltage
regulated to a desired average value between the battery and its load [11]; a scheme for
this application is shown in Figure 2. For instance, in [12], a step-up/step-down converter
with flying capacitors is proposed to regulate the voltage of a battery cell to 3.4 V. In [13],
a non-inverting buck-boost converter is proposed to regulate 3.6 V from a lithium-ion
battery to power an LED light. In addition, in [14], a step-up/down converter is proposed
to regulate a fluctuation voltage range of the battery of 40-56 V to a nominal voltage
of 48 V. Furthermore, it is also recommended that lithium-ion batteries do not present
periodic pulse current profiles when they are discharged because these abrupt changes are
detrimental [15]. In this intended application, the output current of the battery is equal
to the input current of the converter, as seen in Figure 1. Therefore, the converter must
feature a non-pulsating input current, i.e., that the current does not change from one value
to another abruptly, which is achieved through an input inductor at the converter since it
maintains a continuous current.

84.2
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Figure 1. Battery voltage according to the state of charge.
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Figure 2. Voltage regulation of Li-ion batteries.

Therefore, the main goal of this type of system is to keep the output voltage regulated
to the desired voltage reference on average, as shown in Figure 2. Several step-down/step-
up converters, previously reported in the literature, can fulfill this objective. The con-
ventional buck-boost converters have few components; however, their output voltage
is inverted, and this disadvantage makes it difficult to connect the converter with other
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subsystems [15]. The Ctik converter has the same drawback. Non-inverting step-up/step-
down converters with high efficiency are reported in [16-18]; however, their input current
behavior is pulsating, which is not recommended for batteries. There are non-inverting
step-up/step-down converters with non-pulsating input current, for instance, the SEPIC
converter [1,11,14,19,20]. However, the SEPIC converter exhibits high current and voltage
stress in semiconductors [21]. The same problem is observed in the converters reported
in [11,14,19]. These converters have structures with many components affecting the power
density. In [1,20], quadratic converters with a high conversion ratio are presented. Nev-
ertheless, this benefit is not exploited because a voltage gain of D/ (1 — D) is enough to
reach the voltage levels for the intended application. The use of a transformerless DC-DC
converter in battery voltage regulation is desirable since isolated topologies contain a
transformer, which increases costs and reduces the power density of the converter. Isolated
topologies are commonly used in battery chargers to electrically isolate the battery from
the grid for normative and safety reasons [22]. Another possible solution is a cascaded
interconnection of a boost in the first stage and a buck in the second stage. Nevertheless,
this approach compromises efficiency. Non-cascading structures of two stages called re-
duced redundant power processing converters are studied in [23]; here, part of the power
is processed only by one stage, making them more efficient than cascading converters.

In this paper, a new step-up/step-down topology is proposed. This is able to regulate
the output voltage on average to the desired reference considering an input fluctuating
voltage with application to lithium-ion battery cells. The proposed structure is shown in
Figure 3. Hence, the main contributions are the following:

1. A non-pulsating step-up/step-down converter is proposed. Notice that the input
current is continuous due to the location of the input inductor L.

The converter has a non-inverting output voltage with a common ground.

The number of switches is low compared with other step-up/step-down converters.
The input source and load are both connected to the same ground level.

SN SERC N

The structure reduces redundant power processing, increasing the efficiency, i.e.,
according to [23], it is a non-cascading structure.

6. A procedure design for the energy storage elements is proposed to select the capaci-

tances and inductances.

7. For the proposed step-up/step-down converter, a fourth-order bilinear model of
the system is obtained, and a model-based control is proposed. Moreover, a lin-
earized version of the non-linear model is obtained to encourage future applications
of the converter.
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Figure 3. Proposed step—up/step—down converter.

The rest of the paper is organized as follows: Section 2 describes the modeling process
to obtain the non-linear and linear models from the equivalent operation modes of the
converter. Expression of nominal average values of the state variables, ripples, and current
and voltage stress in semiconductors are deduced in Section 3. The control scheme is
analyzed in Section 4. Experimental results of a prototype up to 533 W as well as an
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efficiency analysis and a comparison with other converters are carried out in Section 5.
Finally, concluding remarks are given in Section 6.

2. Modeling and System Description

In this section, the proposed converter is analyzed. The analysis includes its ripple
waveforms, mathematical models, equilibrium operation point, stress component values in
semiconductors, and ripple expressions for passive component selection. The proposed
converter shown in Figure 3 is composed of an input inductor L1, an output inductor Ly, a
transfer capacitor Cq, an output capacitor Cy, two active switches M; and M, two diodes
D1 and Dy, a load R and an input voltage E as power source.

The converter analysis considers the operation in Continuous Conduction Mode
(CCM) with the active switches operating with the same duty cycle signal, i.e., syn-
chronously. Thus, two operation modes appear; mode 1 is the equivalent circuit when
the active switches turn on, shown in Figure 4a; mode 2 is the equivalent circuit when the
active switches turn off, shown in Figure 4b. It can be noticed that in mode 2, the current
supplied by the source i1 reaches the output node in parallel with the current i;,, which is
a reduced redundant power processing feature [23] which makes the proposed converter
a non-cascading structure. There are four state variables: the inductor currents ij; and
ir,, and the capacitor voltages vcy and vcy. The behavior of the system during mode 1 is
described as,

Ji

L1% = —vuc1 +E, (1)

LI = o, @

Ci dz? = i —1ir, 3)
docy (o]

= _— 4

G dt R @)

On the other hand, the system during mode 2 is described as,

di
1% = —vuc1—vc2+E, )
di
L = —vc, (6)
Cl% = i1, )
dou . . v
Cz# = i +ip— % (8)

Using a binary switching function g, we can join the differential equations of mode 1
and mode 2: g has the value of 1 when the active switches are turned on (mode 1); g has the
value of 0 when the active switches are turned off (mode 2). Thus, the fourth-order bilinear
switching model is represented as,

Ll% = —vc1— (1—9)oca +E )
Lz% = quc1 — (1 —9q)vc, (10)
L an
C2@ = (1 —q)in+ (1 —qipp — 2. (12)

dt R
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Considering the average value of g, denoted by the duty cycle d, a non-linear average

model can be derived, yields in,

dipp 1 1—-d E
I —EUC1 - Tlvcz + P (13)
diro d 1—-d
dip, _ d_ 14
T L vct L vc2, (14)
d'ZJc1 1 . d .
- iy -~ 1
I 9 ir1 C11L2/ (15)
dl)cz 1-— d . 1-— d . 1
- - : 1
I G, n +g i RO (16)
Cl
|(
6
7 Yal 7
£ L,
Y Y Y\
+ ‘L M, %)
E= M, |~
(a)
Cl
IS
+ -
v
L “ L, D,
Y Y Y\
-—> —> P
+ lLI lL2 "
E= . C,~Ve2 R
- Ul -

(b)
Figure 4. Equivalent circuits of the proposed converter. (a) Operation mode 1: active switches turned

on. (b) Operation mode 2: active switches turned off.

The state variables iy 1, i1, vc1, and vep of the average model (13)-(16) can be decom-
posed into its nominal DC values and the small-signal AC component. The DC nominal
value is represented with upper-case letters; meanwhile, the AC component is represented

by the superscript ~ as is shown,

~

in = In+in, (17)
iy = In+in, (18)
vt = Ve +ocy (19)
v = Vot (20)

i = D+d. 1)

A linearized small AC signal model can be derived by replacing the decomposed
values expressed in (17)—(21) in the non-linear average model obtained in (13)—(16) around
the equilibrium point corresponding to the nominal DC values, which yields
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dipq 1 1-D_ ED -

e — i 22
dt Lo~ et g0, @2)
diro D _ 1-D_ E 5

VS 2
dt P R P R Cp @3
dicy 1. D. ED .

. .= L 24
at oMo Ao preRG @)
dicy 1-D, 1-D-. 1 ED -

_ 5 d. 2
i G, n + G, 27 GRYC + A5 D)1-DJRG, (25)

Furthermore, the transfer functions 7;1/d and 9c,/d are obtained from the linear

model (9)-(12), resulting in

and

i11

7=

U2

d

b353 + bzsz + b151 +bo

s% 4+ a3s3 + aps? +as! +ag’

38 + 5% + c15' + ¢

(26)

st 433 + 52 +agst +ap’

(27)

where the value of each coefficient is expressed in Table 1. Notice that c; and c3 are negative

constants and consequently (27) exhibit a non-minimum phase behavior. Therefore, a

current mode control scheme is used in this work.

Table 1. Coefficient expressions of the transfer functions (26) and (27).

Coeficient Value
2)2
a (1-D?)
0 C1G L L
DL1+L2
m CGLLR
a, GoLp+C (1-D)* (L1 +Lp)+CoD%Ly
CGLL,
1
a3 R
bo 2ED(1+D?)
C1CoL Lo (1-D2)R
by E[DLy+CoDR?(1-D*)—¢;R*(1-D)3(1-D?)]
C1CyL1 L, (1—D2)2R?
by 2ED[C;(1-D?)+C,
C1G,L;(1-D?)2R
ED
bs L;(1-D?)
E(1+D?)
C
0 GG,
o —ED?[L;(1+D?)+2L,]
C1Co L1 LR(1—-D?)2
o E[Ly(1-D)(1-D?)+L;D*+L,(1-D-D?)]
CyL1L,(1-D2%)2
e —ED(14D)
C,R(1-D?)?

These transfer functions are commonly used to design control strategies, robust control

analysis, tuning rules, and other design aspects aimed at future work.

3. Converter Design

Considering (13)—(16), and by setting

diLl

dr

_ dita _
ar

dUC1

dt

- dl)cz -

dt =0
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hence, the equilibrium point corresponding to the DC nominal values can be obtained as,

In = (1_]5322)21{, (28)
I, = (1_1552)21%, (29)
Vo = g (30)
Voo = 152ﬂ' (31)

Now, considering the output current as Ip = V»2/R, current and voltage gains can be
deduced as,

I 1-D?
. = D (32)
Vi D
F T i 33

The voltage gain curve can be observed in Figure 5. Figure 6 shows the analytical
waveform of the converter in a steady state. It can be observed that in mode 1 the inductors
are charged and capacitors are discharged; meanwhile, in mode 2 the inductors are dis-
charged and capacitors are charged. The form of the signals are straight lines; therefore, the
voltage of inductors can be approximated by v; = L;(Ai; /At) and the current of capacitors
by ic = C1(Avc/At) where At = DT in mode 1 and At = (1 — D)T in mode 2. Please note
that T represents the switching period of the active switches, i.e., T = 1/ f; where f; is the
switching frequency. Using those approximations and (1) to (8), the ripple values can be

determined by,

. ED?

Ay = m/ (34)

. ED

Aipp = m/ (35)
ED?

Avct = DY+ DRAG (36)
2

Aoy = — DT 37)

(1—-D?)Rf;Cy°

To guarantee the operation in CCM, the inductor current must never be less than
or equal to zero. Therefore, the inequalities I;; — Aip; > 0 and I;p — Aifp > 0 must
be complied. Replacing (28), (29), (34), and (35) in those inequalities, the constraint on
inductors to satisfy CCM can be obtained:

(1-D)?(1+D)R
2fs '

For the selection of semiconductors, it is important to know their stress current and

L1 =L, > (38)

stress voltage values. The active switches conduct electricity in mode 1; meanwhile, diodes
conduct in mode 2, as shown in Figure 4. The average current in the active switches are
Ipn = DIpp and Iy = DIpy. The average current in the diodes are Ip; = (1 — D)Ip
and Ipy = (1 — D)(Ir1 + I12). Using the nominal DC expressions (28) and (29), the stress
current are given as,
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ED?
I S
EDS
1 = — 4
M2 (1 — Dz)le ( 0)
ED
Ipy = , 41
b1 (1—D)(1+ D)2R 1)
ED
Ipp = ——— . 42
D2 (1—DIR (42)
5
45}
4,
3.2—
v I
£25,
E 2
15
1
0'8 |
01 02 03 04 05 06 07 08 09

D

Figure 5. Voltage gain curve of the proposed converter.

Mode 1 Mode 2
-

>
_—
t

DT (-D)T

Figure 6. Steady-state waveforms of the state variables.

The active switches are opened in mode 1; meanwhile, the diodes are opened in
mode 2, as shown in Figure 4a,b. The value of voltage they support are Vi1 = V1 + Vi,
VM2 = Vo, Vp1 = Ver and Vpp = Vip. Using the nominal DC expressions (30) and (31),
the stress voltages are given by
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E
= — 4
VMl 1_ Dzr ( 3)
ED
_ 44
VMZ 1_ Dzr ( )
E
Vo = ——, 45
D1 1+D (45)
ED
Vi = . 46
D2 -2 (46)

4. Controller Design

The proposed control scheme based on the average model of the system, (13)-(16), is

presented. The proposal is composed of two loops: an inner current loop and an external

voltage loop. Each loop results in a PI controller aimed to regulate the output voltage

despite input voltage variation as commonly occurs in lithium-ion batteries. Thus, the

following control objectives are established:

i

ii.

The input current iy tracks a desired current reference xj (t) which is calculated by
the external voltage loop, as will be clear later, i.e.,

tli}rlt;lo in(t) =x1 = Iref- (47)

This is known as a current control objective.
The output voltage v, follows the desired constant reference xj; (t) on average, i.e.,

tlggo veao(t) = x3 = Vref- (48)

This objective is commonly known in DC-DC converters as the voltage regulation
control objective. Notice that vy represents the average value of the output voltage v¢;.

The average model (13)—(16) is rewritten in a more convenient representation for

control design purposes, as follows,

L1%y, = —e—x3+E, (49)
Loxy = —e+{x3, (50)
Cixs = x1—0x, (51)
Gty = ulntx) -3, 52)

where 1 £ (1 — d), = UUCcy, X1 £ i11, X2 = i1, X3 = UCl, X4 = v,y d = . Please note

that { is considered to be a constant perturbation at the steady state, and it is bounded to

the interval ¢ € [0,1] at all times. Then, the reference values x; of each state variable in

steady state can be defined as,

xj = (x5, (53)
. X
xz = = (54)
4
E
= — 55
x3 1 T gr ( )
Xy = Vi, (56)

where V. is the reference for the desired output voltage. The error signal of each state

variable can be defined as,
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jl £ X1 — xT/ (57)
T 2 xy— X3, (58)
X3 £ X3 — x§, (59)
X4 = X4 — xi. (60)

Additionally, the following assumptions are taken into account for control design purposes:

Al. The values of the capacitances C; and Cy, inductances L1 and Ly, and the load R are
unknown positive constants and may vary in steps or low over time.

A2. Decoupling assumption. The inner dynamics composed by (49)-(51) is faster than the
dynamics of the output capacitor voltage. Thus, two decoupled control loops can be
designed according to the time-scale separation principle: an inner current loop and
an outer voltage loop.

4.1. Inner Current Loop

The decoupled assumption allows separate (49)—(51) to be used in the inner current
loop, and they are written in terms of the error variables (57)—(60) as follows,

. N g
L = —e— E——, 61
1% e— Y3+ Eg 7 (61)
. . 4
L = — E——, 62
2% e+ (%3 + 1+¢ (62)
Cix3 = % — (% (63)

Based on the structure (62)—(63) a PI controller is proposed on the current error %; to
guarantee tracking of the current reference, yielding

e = Kui% +Kjv;, (64)
vl' = fl/
where K,; and Kj; are positive constants of the proportional gain and integrative gain,

respectively. Please note that v; is an auxiliary variable for the integral term. The closed-
loop system yields,

Ly = —(Ku% +Kjv) — %3+ E%, (65)
Ly%y = —(Kp,‘ffl + Kjjv) + (%3 + E%, (66)
Cix3 = % —(%. (67)

Please note that the proposed control scheme guarantees that the error signals tend to
zero in a steady state, as follows,

.
(%1, %o, %3,0] | = [0’0’0’15(1ig>} . (68)

4.2. Outer Voltage Loop

Based on the decoupling assumption, the error states of the inner dynamic reach zero
%; — 0, i.e., the states that compose the inner dynamic reach its reference x; — x; faster
than the output capacitor voltage. Thus, (52) can be rewritten as follows,

%_22*
R R

Cof = El,pp — (69)
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2
where a new auxiliary variable z which is defined as z £ x—24 Moreover, it has been defined
that Z = z — z*. Hence, a control scheme that guarantees output voltage regulation is
proposed as follows,

Lep = — (vavvl + Kiyz2), (70)
TUpy1 = —Un+Z
Uy = Z,

where K, and Kj, are positive design parameters; v, and vy, are auxiliary variables to
construct the PI controller with a limited bandwidth at proportional term which helps to
avoid undesirable noise at inner control loop; and 7 is a positive design term to fix the
cut-off frequency of the low pass filter placed at the proportional gain of the PI controller.
The controller block diagram of the current and voltage loop is shown in Figure 7.

ki X]
L N e

|

|

|

|

. |

N |

Voltage loop 1l + b\ |
77777777777777777777777777777777777777777777777 1 a |
* |
i |

. - |

- |

|

|

|

Figure 7. Controller block diagram.

5. Experimental Results

This section presents the experimental results obtained from a lab-scale prototype built
in the laboratory. The experimental setup of the proposed converter is shown in Figure 8.
The parameters of the converter and controller are shown in Tables 2 and 3, respectively. It
is considered that the input voltage E is subjected to fluctuations in the range from 200 V
to 250 V. The fluctuation emulates the behavior of a 225 V Li-ion battery pack since the
range of voltage variation is very similar. The aim is to regulate this voltage range to a
constant value of Vi =200 V. Thus, the load is not affected by this voltage variations of
the source. The DSP TMS320F28335 (Texas Instrument Board, Dallas, TX, USA) is used to
implement the control scheme shown in Figure 7. This control scheme needs to sense the
input current and output voltage of the converter, which is carried out through a sensing
board. The DSP reads the sensed signals and processes them into the control scheme. The
PWM control signal is sent to the MOSFET drivers to fire the devices. Figure 9 shows this
process in a block diagram, and Figure 10 shows the physical connections in the laboratory.
To evaluate the performance of the prototype in a closed-loop, four different sets of tests
are considered,

(a) steady-state proof under different loads,
(b) step-wise changes in the load,

(c) step-wise changes in the input voltage,

(d) step-wise changes in the voltage reference.

The selection of gains of both control loops is made through heuristic methods based
on numerical results. The proportional gains are first selected at a minimum value. Then,
they are progressively increased until the current and voltage values reach a value close to
the reference. The integral gains are then progressively increased to eliminate the steady-
state error. This is carried out first in the steady state test, and then its performance is
observed in the step-wise changes tests. The proportional and integral gains must show
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smooth transient responses with a zero steady-state error for the four different scenarios.
The gains selected for this prototype are shown in Table 3.

L, L D;
LYY Y\ ::

+ Ve

| I
ET P S - CT 3as

ir Ve
[CIN50] [Lv25P ]
Sensing Board Control Board

Figure 9. Block diagram of the experimental setup.

DC Source GUI Composer DSO
62050H-600S Software :

Control Board DSP
TMS320F28335 &
Sensor Board

Figure 10. Experimental setup of the proposed converter at the laboratory.
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Table 2. Parameters of the converter.
Parameter Value Part Number
Input voltage E 200 V=250 V -
Switching frequency f;s 50 kHz -
Reference voltage Vi, ¢ 200V -
Inductor, Ly 1.2mH 1140-122 K
Inductor, L, 1.2mH 1140-122 K
Capacitor, C; 2.2 uF B32923C3225M000
Cagacitor, Cy 2.2 uF B32923C3225M000
MOSFET M; 1200V,17 A IPP026NIONF25
MOSFET M, 650V, 21 A SCT3120ALGC11
Diode D7 and D, 650V, 15 A SCS315AHGC9
Load, R 75,150 O) -
Table 3. Parameters of the controller.
Parameter Value
Current proportional gain Kpi 0.5
Current integral gain Kj; 0.11
Voltage proportional gain Ky 0.00001
Voltage integral gain K;, 0.8

5.1. Steady-State Validation

This section presents the experimental responses of the state variables in steady state
for two different loads considering a nominal input voltage of 200 V. The reference voltage
is Vjer = 200 V. First, Figure 11 shows the experimental response with a load of 533 W
corresponding to a resistor of 75 (). From top to bottom, this graph shows the voltage of
the transfer capacitor vc1 with an average value of 123 V; the output voltage v, with an
average value of 200 V; the input current iy with an average value of 2.8 A and a peak to
peak ripple of 30 %; the current of the second inductor i;, with an average value of 4.5 A
with a peak to peak ripple of 30 %. As can be observed the proposed control law guarantees
voltage regulation on average. Figure 12 shows the experimental response with a load of
266 W. Here, the load resistor corresponds to 150 Q). From top to bottom, this graph shows the
voltage of the transfer capacitor v¢; with an average value of 123 V; the output voltage v
with an average value of 200 V which is equal to the reference due to the control action; the
input current i;; with an average value of 1.5 A and a peak to peak ripple of 53%; the current
of the second inductor i;, with an average value of 2.3 A with a peak to peak ripple of 55 %.

Tek Pres Pr i [

B ; ; ; ; ; -
& 100y 10.0ps 100MM/s 7 5 Nov 2024
2.00 & € 2004 10k pts. 5.04 A 21:35:17

Figure 11. Experimental steady-state variables to convert an input voltage of E = 200 V to an output
voltage of V-, = 200 V with an output power of 533 W and a corresponding duty cycle of D = 0.62.
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Figure 12. Experimental steady-state variables to convert an input voltage of E = 200 V to an output
voltage of V-, = 200 V with an output power of 266 W and a corresponding duty cycle of D = 0.62.

5.2. Step-Wise Changes in the Load

Step-wise changes in the load are carried out to evaluate the converter transient
performance under the proposed control law. The load changes from 533 W to 266 W
corresponding to resistance values of 75 () and 150 (), respectively, fixing the voltage
reference to V,, ¢ = 200 V. Figures 13 and 14 show the experimental result of this test.
Figure 13 shows from top to bottom: the voltage of the transfer capacitor v¢; with an
average value of 123 V; the output voltage vc; with an average value of 200 V; the input
current ir; which changes from an average value of 1.5 A to an average value of 2.8 A;
the current of the second inductor i1, which changes from an average value of 2.3 A to an
average value of 4.5 A. Additional to Figure 13, Figure 14 shows the input voltage E with a
constant value of 200 V, and the output current I which changes from an average value
from 1.33 A to an average value of 2.7 A. Both graphs illustrate how the output voltage
remains regulated despite load variations. Therefore, the control law and the converter are
able to fulfill the proposed control objectives.

Tek Deten. ; [ E [ x - - - 1 - | :
Vel L3
v T : : iy
B 2 tmemiminepone e A AAAAAAANAAR bt AR AAAAAAAR A

Bl ; ; ; ; 1 ; ; . : -
@& 100V 1.00s 1.00kM/s 7 5 Nov 2024
2.00 4 € 2.004 10k pts. 640mA 21:37:31

Figure 13. Experimental step-wise changes in the load from 266 W to 533 W with an output voltage
regulation of Vi = 200 V.



Electronics 2025, 14, 877

15 of 20

L2 L B e — |
E 200 V
Vea 200V
vt A ANAAAAAAAAAMAAA AN spriimshr it ARA A AAAAAAAANAANYAA A bene bbb
7ML UALLALLN o 1 VT, 154
: : : WAYWWMAAGVY : 27 A AN
AN MAYVANAIWY e BAAAMA
[)[0 ...... 5.,.5.”.5.1.33Av.ﬂj
1) . : : e = 6 7 AR
2.00 A @ 2004 ][ 10k pts. 1.84 4 ][ 22:30:45 ]

Figure 14. Experimental step-wise changes in the load from 266 W to 533 W with an output voltage
regulation of Vp = 200 V.

5.3. Step-Wise Changes in the Input Voltage

Another test to evaluate the performance of the prototype in a closed loop is to
change the input voltage. It changes from 200 V to 250 V. The voltage reference is fixed to
Vier =200V as the before tests. Figure 15 shows the experimental result of this test, from
top to bottom: the input voltage E with changes from 200 V to 250 V; the output voltage v
with an average value of 200 V; the input current i;; which changes from an average value
of 2.25 A to an average value of 2.8 A; and the output current I with an average value of
2.66 A. Notice that the output voltage and the output current remain constant despite input
voltage variations. Thus, the performance of the controller is adequate in this test.

TekoDeten. [

Bl
@& 1oy 1.00s 1.00kM/s o / 6 Nov 2024
& 2004 2.00 4 10k pts. 1.84 4 22:36:33

Figure 15. Experimental step-wise changes in the input voltage from 200 V to 250 V with an output
voltage regulation of V-, = 200V and 533 W.

5.4. Step-Wise Changes in the Voltage Reference

To further verify the prototype response to regulate the output voltage on a desired
reference, step-wise changes in the voltage reference from 200 V to 250 V were made.
Figure 16 shows the experimental result of this test from top to bottom: the input voltage E
with constant value of 200 V; the output voltage v, that adequately follows the established
reference changes from 200 V to 500 V; the input current i;; which changes from an average
value of 1.6 A to an average value of 2.8 A; and the output current I which changes from
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an average value of 2 A to an average value of 2.66 A. The controller exhibits excellent
performance in this test.

Tekoeten. [ 1 ]

Jf‘uﬁ#‘w’#f

& oy 1.00s 1.00kM/'s o 6 Nov 2024
2.00 A 2.00 A 10k pts. 1.84 A 22:35.06

Figure 16. Experimental step-wise changes in the voltage reference from 150 V to 200 V with a
constant input voltage of E = 200 V and a resistance load of R =75 Q).

5.5. Efficiency Analysis

In this subsection, an efficiency analysis is performed using the thermal module of
the PSIM software. The part numbers of the semiconductor devices and other components
considered in this analysis are listed in Table 2. Parasitic resistances associated with
semiconductor devices and passive elements are taken into account, with their values
obtained from the respective datasheets. The efficiency is calculated as follows:

Pout

S 71
(Pout + PT,lss) ( )

where Pr s represents the total power losses, and Py is to the output power of the
converter. The efficiency is evaluated over an output power range from 50 W to 800 W.
As shown in the results, the converter achieves efficiencies above 97% when operating
at output power levels greater than 100 W. The peak efficiency of 97.71% is reached at
350 W, as illustrated in Figure 17. Figure 18 shows the power loss distribution of the
components when the converter operates at an output power of 533 W. As observed,
the diodes contribute the most to the power losses with 53% of total losses, while the
MOSFETs and inductors represent 25% and 21%, respectively. Film capacitors exhibit the
lowest power losses because of their low equivalent series resistance (ESR). In addition, the
experimental efficiency of the proposed converter is measured. The experimental efficiency

is determined by
P out

Hexp = P, (72)
where P;, represents the experimental input power, while Py is the experimental output
power of the converter. The results indicate that the converter achieves an experimental
efficiency of 95% at 533 W. Based on this efficiency analysis, the proposed converter
maintains efficiency levels above 95% when operating at a nominal output power of 533 W,
making it a strong candidate for lithium-ion battery applications.
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Figure 17. Efficiency of the proposed converter.
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Figure 18. Power loss distribution of proposed topology at 533 W.

5.6. Comparison with Other Converters

In this subsection, the proposed converter is compared with other topologies used
for a similar application. The comparison in terms of the number of components, voltage
ratios, power efficiency, continuous input current, and voltage stress in semiconductors
is given in Table 4. The better efficiency of the topologies is presented in the converter
of [11], in the converter of [12], and in the converter proposed in this work. Please note
that the proposed converter is assessed at higher loads compared to the other topologies
presented in Table 4. Also, most of the compared topologies replace diodes with switches,
increasing the complexity of the topologies in contrast to the proposal. On the other hand,
the proposed converter and converters presented in [11,14] have a non-pulsating input
current. That feature is beneficial for battery-discharge applications. However, it can be
observed that the proposed converter has a high number of components and high voltage
stress in the semiconductors. Finally, the power managed for the proposed converter is
higher than the others in the performed comparison.
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Table 4. Comparison between proposed converter and other converters.
Converter Proposed [10] [11] [12] [13] [14]
Switches 4 6 4 4 2
Diodes 0 0 0 0 2
Inductors 1 1 1 1 2
Capacitors 1 3 2 1 2
Voltage Gain D/(1-D?) D/(1-D) D/(15-D) D/(1-D) D/(1-D) D/(1-D)
Efficiency 95% 86% 95.63% 96.5% 90.7% 90.5%
out 533 W 16.5W 238 W 6.8 W 432 W 500 W
s 50 kHz 1000 kHz 1000 kHz 1000 kHz 1000 kHz 100 kHz
Non-pulsating input current
Continuous current Yes No Yes No No Yes
Voltage Stress of Switches
Voltage level 1 E/(1 - D?) E ED/2(15—-D) E E E/(1-D)
Voltage level 2 ED/(1- D?) ED/(1-D) ED/(15—-D) ED/(1-D) ED/(1-D)
Voltage Stress of Diodes
Voltage level 1 E/(1+D) - - - - E/(1-D)
Voltage level 2 ED/(1- D?)

6. Conclusions

In this paper, the design and control step-up/step-down converter with non-pulsating
input current and non-inverter output voltage were detailed. An analysis of the proposed
converter was carried out in such a way that design expressions were obtained for a
correct selection of passive components. In addition, mathematical models that describe
the dynamics of the converter were obtained. Based on the modeling, a two-loop control
scheme was proposed. Afterward, it was described how to derive the control law of each
loop. To validate the design expressions and control scheme, a 533 W prototype was
built in the laboratory. The steady-state experimental results validated the ripple and
average expressions of the state variables. It was noted that the full load efficiency of the
converter is 95%. Tests at step-wise load changes, step-wise changes in the input voltage,
and step-wise changes in the voltage reference validated the correct design of the controller,
obtaining smooth transient responses with a zero steady-state error. Through a wide set
of experimental results, the capability of the converter to regulate the output voltage to
the desired reference despite disturbances. The advantages of the proposed converter of
having the ability to step up and step down the voltage, continuous input current, and
being a non-cascade structure with high efficiency make it suitable for the application of
discharge voltage regulation in lithium-ion batteries. In addition, having a non-inverted
output voltage and a low number of active switches make it easy to implement and control.
However, according to a comparison with other converters used in similar applications, it
has more components and high-stress voltage on the semiconductors. Nevertheless, the
large number of components is compensated with a smaller size of them. Notice that the
proposed converter is assessed in an academic prototype; this type of application is mainly
aimed at battery voltage regulation in the range of less than 1 kW. However, if the power
rating is increased, the converter elements, semiconductors, and energy storage elements
will be designed according to the guidelines proposed in Section 3.
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Abbreviations
The following abbreviations are used in this manuscript:

DC-DC  Direct current to direct current

DC Direct current

DC-AC Direct current to alternating current
PEC Power factor correction

LED Light-emitting diode

uPs Uninterruptible power supply

PV Photovoltaic

SEPIC Single-ended primary inductor converter
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