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Abstract: A regulator based on a converter with step-down/up characteristics is discussed in this
paper, which is suitable for processing energy from a lithium-ion battery pack, where the voltage
fluctuates from above or below the nominal value. However, this regulator can also be used for
applications such as unregulated line rectifiers and renewable energy sources, among others. The
converter consists of a non-cascaded interconnection of boost and buck-boost converters such that
part of the input energy is transferred directly to the output without reprocessing. Furthermore, it
has a non-pulsating input current and a non-inverting output voltage, making it easier to feed the
power to other devices. For control purposes, non-linear and linear converter models are derived.
The transfer functions of the linear model are used to implement the regulator using a current-mode
control scheme. Finally, experimental results for a nominal output voltage of 48 V at 500 W are
obtained for the converter in open-loop and closed-loop tests.

Keywords: step-down/up converter; switching regulator; loop-shaping control; lithium-ion batteries

1. Introduction

Step-down and step-up converters are widely used topologies in conventional switch-
ing converters [1]; however, with the development of new technologies, applications have
arisen where DC-DC converters, including control schemes, that provide both characteris-
tics are necessary.

Among these are systems and vehicles powered by fuel cells [2], by batteries that
include both electric vehicles and more electric aircraft (MEA) [3-5], as well as mobile
telecommunications equipment [6-8]. All of them require an interface that regulates the
output voltage of the power supply, which fluctuates around its nominal value and supplies
a load.

Lithium-ion batteries (LIBs) are used as power sources in electric vehicles, digital
cameras, and many other portable devices such as mobile phones, laptops, and medical
equipment. However, one of the most common problems is that LIBs require a connection
to a voltage regulator to maintain a constant output voltage [9], as shown in Figure 1. A
typical case is IoT (Internet of things) devices that need a bus of 3.3 V to regulate the LIB
fluctuation from 1.8 V to 5 V [10], or in portable bioelectric equipment such as the cardiac
pacemaker and capsule endoscopy [11] where 3.6 V are regulated from a battery fluctuation
of 2.5V to 5 V. Another is the regulator based on a SEPIC converter with a switched inductor
proposed in [12] to maintain a fluctuating voltage of 18-24 V to a constant value of 21 V for
a laptop.
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Figure 1. Regulation of the output voltage of LIB pack to a load.

Lithium batteries are preferred over other rechargeable batteries with similar power
characteristics because they have a higher energy density. In addition, lithium is a highly
reactive element, and LIBs are lighter than other batteries [13]. Connecting LIBs in a
pack with different serial or parallel arrangements gives different nominal voltages and
current capacities [14]. Power source requirements in many areas have increased over
time in electronic systems that have caused the battery requirement of 12 V or 24 V to
change to 48 V, such as in powering data centers [15], telecommunications systems, electric
vehicles [16], as well as storing energy from renewable sources [17,18]. The nominal 48 V
of an LIB pack varies from 40 V when the battery is discharged to 56 V when fully charged.
Then, to maintain the constant nominal output voltage, the battery requires regulators
based on DC-DC converters.

An essential issue in an LIB pack is the behavior of its output current. High ripple
currents, faster charge and discharge periods, or high harmonic currents might reduce the
lifetime of the LIB pack and increase heating and the overpotential built-up, negatively
affecting the efficiency [19-21]. Therefore, the converter selected to implement a regulator
must exhibit step-down/up characteristics and a non-pulsating input current. The latter
considerably reduce the current ripple demanded from the battery, guaranteeing the best
performance of the LIB.

The following review of different topologies of step-down/up converters presented
in the technical literature that could suit this application is given. The simplest is the
conventional buck-boost converter; however, it has an inverting output voltage, making
it challenging to connect other devices to the same power source [22]. Therefore, many
non-inverting buck-boost converter topologies have been proposed. Based on structures
with zero-voltage switching, in [23] is presented a converter with continuous input current
but manages a low power of 35 W; meanwhile, in [24], a converter with coupled inductors
and a soft switching scheme is proposed, with the drawback of non-continuous input
current. Moreover, this class of topologies using synchronous switching is presented
in [25,26]. In the first one, the converter has an efficiency near 93% but with a low power of
60 W and a non-continuous input current. The second converter is used only as a buck or
boost converter, aiming to increase efficiency. Finally, an interleaving non-inverter buck
converter structure for low-power applications is proposed in [27] with the drawback
of a non-continuous input current, making it unsuitable for the intended application.
Meanwhile, in [28], another interleaving non-inverter structure with three output stages
to improve the voltage gain is analyzed. Although this converter has a non-pulsing
input current, it also has a very high output gain that is inadequate for regulating an
output voltage around an operating value. Other alternatives are the Cuk or SEPIC
converters; they have a non-pulsating input current and step-down/up the input voltage
capabilities. However, they require semiconductors with a high current stress capacity and
high capacitance in the transfer stage [29]. Quadratic step-up/down converters handle a
higher voltage gain as D2/ (1 — D) [30] or D/ (1 — D)?[31]; however, a simple voltage gain
of D/ (1 — D) is enough to regulate the voltage fluctuations of an LIB to its nominal value,
and both converters are used only to reduce or increase an output voltage. Finally, isolated
converters might be considered, but the isolation transformer makes them less efficient,
more expensive, and bulkier than the last options. Another alternative solution could be
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the cascaded connection of boost and buck converters; however, the power processed by
the boost converter will be processed by the buck converter resulting in poor efficiency.

Based on the above, it is concluded that a non-cascading connection of simple con-
verters could be a better solution. In these topologies, part of the energy is processed only
by one converter; thus, they have reduced redundant power processing (r>p?) [32,33]. To
carry out the analysis, a converter made up of two stages can be represented by three
ports, as shown in Figure 2: the input port or source that supplies energy, the storage port
or capacitor that stores energy but also delivers it, and the output port or load that only
absorbs power.

Storage

!
Ry

Input . Load
npu Proccesing

E E> Stages |E> R

Figure 2. Scheme of the principle of operation of reduced redundant power processing.

In a cascade connection of converters, the first stage processes all the input energy
and then delivers it to the storage port; and the second stage processes the energy from the
storage port and sends it to the output. Therefore, the two stages process all the energy.
However, when part of the power taken from the source goes directly to the output port,
that is, it is only processed by one stage, there is a converter with a non-cascade structure
or reduced redundant power processing converter.

There are fifteen configurations in how to interconnect two converters with rp?. A
deep study about which configurations are feasible and non-feasible is developed using
the buck, boost, and buck-boost converters [34,35]. Following the possible configurations,
a converter based on a non-cascading interconnection with two stages is built; the first
stage is a boost converter, and the second is a buck-boost converter, as shown in Figure 2.
The structure can be simplified for better visualization, as shown in Figure 3, in which E
represents the input voltage and V the output voltage. The transfer capacitor is repre-
sented by Cj, and the output capacitor by C,. The inductor of the first stage is Lj, and
the inductor of the second stage is L. The MOSFETs M; and M are the active switches
operating simultaneously; D; and D; are the diodes; and R is the load.
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Figure 3. Resulting topology of non-inverting step-down/up converter.

Thus, the resulting converter to be used in the regulator has the following advantages:

e  Step-down/up voltage with the non-cascade interconnection of stages, that increase
power processing efficiency;
e  Low number of active and passive switches as well as electrical components;
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Non-pulsating input current;
Non-inverting output voltage;
The input and output share a common ground.

This paper aims to develop a procedure to design a switching regulator based on a non-
inverting step-down/up converter for an LIB pack, as shown in Figure 1. Waveforms of the
main variables of the converter, a detailed procedure to obtain its output-to-input-voltage
relationship and mathematical expressions for an appropriate parameter selection based
on steady-state analysis, and dynamical models to design a control scheme are derived for
the converter. Finally, the switching regulator is designed using loop-shaping techniques.
The outline of this paper is as follows: In Section 2, the structure of the converter and its
operation are studied; then, steady-state and semiconductor stress expressions are obtained,
as well as relationships for an adequate selection of components. In Section 3, nonlinear
and linear models are developed to describe the dynamical behavior of the converter where
the transfer functions of interest are obtained. Section 4 gives expressions to calculate
the power losses in each component. In Section 5, a current-mode scheme is proposed to
control the converter. In Section 6, open-loop and closed-loop experimental results are
shown. Finally, in Section 7, conclusions and remarks are provided.

2. Analysis and Design of the Step-Down/Up Converter
2.1. Steady State Response

The non-inverting step-down/up converter shown in Figure 3 is assumed to operate in
continuous conduction mode (CCM), which means that the inductor currents never decay
to zero. The active switches M; and M, operate simultaneously. The electrical circuits are
shown in Figure 4 and the resulting wave forms in Figure 5, when they are ON and OFF.
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Figure 4. Circuit diagrams of the converter when the active switches M; and M, are: (a) ON, and
(b) OFF.
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Figure 5. Wave forms of converter variables.

The ON state is shown in Figure 4a, for a time corresponding to DT in which D
represents the duty cycle and T the period of a switching cycle of the converter, respectively;
M; and M; are closed; and D and D, are reverse biased. It is possible to identify three
different parallel connections—the source with inductor L, capacitor C; with inductor L,
and capacitor C, with load R—so both inductors charge energy, and both capacitors release

energy. Thus, in this condition:
Vi1 =E

Vio = Vo

and the relationship for the voltage of the first inductor can be written as:

L —E.
pr

Meanwhile, the relationship for the second inductor is given by:

Aiprc
L =V
2 DT c1

Therefore, the current ripple of the first inductor during charging is:

EDT
Ai = —
ric L
and for the second inductor is:
) Ve DT
Aippc = ——

L,

)

()

®)

(4)

©)

(6)
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In the OFF state, for a time corresponding to (1 — D)T, M; and M, are open, and D
and D, are forward biased; therefore, both inductors discharge and capacitors charge. In
this condition:

E=Vn+ Vo + Ve (7)

and
Vio = -V 8)

The relationship for the first inductor voltage is now:

Airip
Li———=——=E—V~ -V,
1 (1 — D)T C1 c2 (9)
and for the second one is: Aj
12D _
LZW - VCZ (10)

Therefore, the current ripple of the first inductor during discharging is given as:

. E—Vo =V, 1-D)T
AZLlD _ ( C1 L1CZ)( ) (11)

and the ripple for second inductor is:

. —Ver(1—D)T
Aippp = CZ(LZ) (12)

Because in the inductor the charge ripple is equal to the discharge ripple,
Airc + Aipp = 0 results in the following expression:

EDT  (E~ Vo~ Vea)(1-D)T

L L =0 (13)

which can by simplified as:

Ver+ Ve = (14)

1-D
By using the same procedure for the second inductor, the following expression

is obtained:
Ve DT n —Ve(1—-D)T

L L =0, (15)
which can by simplified as:
_ Ve (1-D)
Vor = -2 (16)
Finally, as V- = Vp, the voltage gain results in:
Vo D
T =1-D (17)

This expression is plotted and shown in Figure 6. Here, it can be observed that when
0 < D < 0.5, the converter demonstrates step-down behavior because Vp/E < 1, and when
0.5 < D <1, the converter demonstrates step-up behavior because Vp/E > 1.
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Figure 6. Plot of the voltage gain of the converter.

The expressions for the average voltages in capacitors and average currents in induc-
tors can be computed by:

Ve1 =E, (18)
DE
VO = ﬁ’ (19)
D?E
I , 20
L1 (1_D/R (20)
and o DpE o1

The values of inductors and capacitors are computed using the following expressions:

ED

- = 22
N (22)
ED
==, 23
2= Aiofs (23)
D2E
“= (1-D)AVerfsR' 29
and )
=Dk (25)

(1-D)AVofsR’
where fs is the switching frequency, Al;; and Alj; stand for the inductor current ripples,
and AV; and AV, stand for the capacitor voltage ripples. For simplicity, the voltage
drops caused by the switching devices were neglected. To guarantee the operation in CCM,
the inductors must satisfy the following inequalities:

(1-D)*R
Ly > 37D (26)

and (1-D)R
Ly > T 27)

If some of the inductors do not satisfy this inequality or the resistance R changes
considerably, the operation mode of the converter can change to discontinuous conduc-
tion mode.
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Calculating the voltage and current stress of the semiconductor components is essen-
tial. For example, the voltage stress in the active and passive switches are computed by:

E
= = = = ———— 2
Vi =V = Vp1 =Vp2 = ——, (28)
Meanwhile, the current stresses are given by:
D’E
Im = ——>=, (29)
(1-D)?R
D’E
Ivo = ——=
M2= 1-D)R’ (30)
D’E
ID] - ml (31)
and DE
Ipp = — 2
P2 = (32)

2.2. Component Selection

When designing a converter, specifications must be met regarding the values of the
voltage ripple in the capacitors and the output voltage, as well as the current ripple
in the inductors; these specifications are expressed as percentages. The voltage ripple
percentage for the capacitor voltage is given by the relationship €% = (AV(;/2V(;) - 100
with a typical value in a conventional converter [22] between 1% and 2%, and the inductor
ripple percentage for the current that flows through them by €% = (AIp;/2I;;) - 100 with a
typical value between 15% and 30%.

By using the expressions given in (18) to (21) and (22) to (25), it is possible to calculate
the corresponding values for the inductors and capacitors. The resulting expressions are
shown in Table 1.

Table 1. Expressions to design the components of the converter.

Component Relationship
(1-D)*R
L 2eDfs
(1-D)*R
Ly 2¢efs
D2R
G 2e(1-D)Rfs
D
G 2eRfs

As stated in Section 2.1, inductors L and L, must satisfy inequalities (26) and (27) to
guarantee CCM.

3. Modeling and Dynamical Analysis of Step-Down/Up Converter

The dynamical behaviour of the converter is described through mathematical models.
It allows for designing a control strategy so the converter can regulate fluctuations in the
input voltage and output load and compensate for the parasitic uncertainties.

First, a bilinear piecewise model is obtained. It uses the electric circuits formed with
the ON and OFF states of the active switches shown in Figure 4. Then, equations that
describe these circuits are calculated and put together through a binary switching function
denoted by g, where q = 1 represents the ON state while g = 0 represents the OFF state.
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The capacitor voltages and the inductor currents are the four state variables. The resulting
model is given by:

; I e/ R S/

1 0 0 Ly Ly 71 %

: 0 o0 £ Ll 0

2| = |0 Lz L 204 e (33)
i)Cl Tj - Cil 0 0 oc1 0

: 1—q  1-

Y 1q 149 _1 | Llvo 0

o o 5 0 OR

Now, the nonlinear average model can be derived [36] using the average value of each
state variable represented by a superscript “—" and the average value of the variable g
represented by the duty cycle d. Here, the state variables are multiplied by the duty cycle;
therefore, the resulting system is nonlinear:

ir1 0 0 Ly Ly ir1 Llfl

i |0 0 & Thm ||| |0 (34
- 1a 1d o _ 1|5 0

00 Cy Cy CyR

Finally, linearization techniques are applied to describe the dynamics of the converter.
Model (34) is linearized around the operating point corresponding to the steady-state
values given by (18) to (21). The control signal and four state variables are decomposed
into two parts: the nominal average values, which are denoted by upper-case letters, and
their corresponding deviations, which are denoted by letters with a superscript “~”. The
resulting linearized model is:

E
* 1-D __1-D7 _~ =D)L

?Ll 0 0 - DLl - 1L 111 ( E) !

= o o L2 _1rDpj|i7 DL |-
2l=11p _p L02 0L2 5L2 +|___ e |d (35)
oc b 1B 1 o (1-D)°RCy

~ 75 76 0 —GR 00 ___ED

UO 2 2 2 (1—D)2RC2

Using the Laplace transforms in the average linear model (35), the transfer function
of the input current i;; and the output voltage vp with respect to the duty cycle d are
computed for control purposes:

ir1(s) _ b3S3 + b252 + bis + by (36)

d(s) st +a3s3 + axs2 4+ a5 +ap’

and

Uo(s) 38+ 8?4154 ¢ 37)

d(s)  s*+azs®+axs? +ags+ap
L1 _ (1=-DY(C1L1+CiLa+Colp)+CD?Ly  _ L(1-D)*+D?L; _ _ (1-D)* |
where: a3 = GR' 12 = C1G Ly Lo ' = ToGLLR N T TGLLY
_ E _  E(G+CD+GD) _ _ED(Ly+GR?) _ 2ED )
by = by = by = b = Ci1G L1 LR(1I-D)’

L,(1-D)’ CIGLR(I-D) ’ CiGLL,R2(1-D)’
—ED E(Li+Ly). . _ —ED?

€3 = ;02 = 1= ;00 = coir
C,R(1-D)?’ GLiL, C1GoLR(1-D)?’ CGGLiLy"

When the numerator and denominator polynomials of both transfer functions were
analyzed, it was found that all the poles are located in the left-hand side (LHS) of the s-plane.
Furthermore, the transfer function i1 (s)/d(s) has a minimum phase behavior because it

has its zeros in the LHS of the s-plane, and 95 (s) /d(s) has a non-minimum phase behavior
because it has zeros in the right-hand side (RHS) of the s-plane. The non-minimum phase
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behavior makes this converter more challenging to control because a high-gain controller
might cause instability [37].

4. Efficiency Analysis

One of the most important features of power converters is their efficiency. High
efficiency leads to a more reliable converter with a reduced cost and size. The power losses
of each converter component are caused by their parasitic elements. The main parasitic
element of the step-down/up converter is shown in Figure 7. The corresponding equivalent
series resistance of L1, Ly, C1, Cp, M1, and M, are represented by Ry1, Rz, Rc1, Rea, R,
and Ry, respectively. The voltage drops caused by diodes D; and D5 are Vrp; and Vrp;.

CI IE RE‘I
L, R,
M, Ry,
D C
R

'[:"rJJT

Figure 7. Step-down/up converter with parasitic elements.

Based on the expressions given in [38], the power losses of the step-down/up converter
are derived in Table 2. The effective currents Ic1 rps and Icr rpyrs are used to compute the
power losses of C; and Cy; their values are given by:

2D’E
Ic1 Rms = Ic2 RMs = m (38)
Table 2. Individual power loss equations.
Component Power Loss Equation
Lq P11 =12Rpy
Ly Py 1o =12,R»
G PL_Cl = IélRMsRG
G PL_CZ = I%2RMSRC2
D, P1, p1 = Vep1lp1
D, P, p2 = Vrp2Im2
IZ
M Prvi = B Ryt + 3V 5 (trrl + tffl)fs
IZ
Ma Py = PRy + 3V 42 (trrz + fff2>f5

The values of t,,1 and t,2 are the turn ON times of M; and M, respectively. The
values of f¢r) and f ¢, are the turn OFF times.
The sum of the individual power losses is the total power loss P;_7 given by:

Prr=Pr1+Pri2+Prc1+P.co+Prp1+Pr_p2+ Pr_mi+ Pr_mo. (39)

If the output power P and the total power losses P 7 are defined, the estimated
efficiency 7., can be computed by:

P
Neal = m (40)
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The purpose of estimating the efficiency is to obtain a good approximation of the true
efficiency of a regulator.

In addition to the losses due to parasitic resistances, in the case of inductors, the
losses in the magnetic core must be considered. Therefore, the Ridley—Nace equation given
in [39] is used to calculate the magnetic flux in each inductor employing the relationship
B = (LAIL)/(zSf.), in which z is the number of turns and S, is the cross-section area of
the core [40].

A comparison of the proposed converter with converters for similar applications given
in the references of the introduction is provided in Table 3. In addition, the efficiency of the
proposed converter is obtained experimentally and shown for different loads in Section 6.
The proposed converter has better efficiency than the converters [9,12]. Conversely, the
converter [10] has better efficiency but was computed using a software simulator. Moreover,
it has a higher total device count, a limited voltage gain range, and a more complex control
scheme because it uses six active switches. The efficiency of the converter described
in [24] was also obtained using only simulation. Regarding references [24] and [25], these
converters have a pulsating current and are unsuitable for the proposed application. Still,
they also have a lower efficiency even though, in [25], two efficiencies are obtained, the first for
a circuit based on conventional devices and the second using GalN devices, which are used to
improve it. Furthermore, quadratic buck-boost converters [30] and [31] are unsuitable for the
intended application, and, given their voltage gain, they are used as buck or boost converters
exclusively. Finally, it is important to notice that the power managed for the proposed
converter 500 W is higher than that handled by all the previously mentioned converters.

Table 3. Comparison between proposed converter and other configurations.

Reference Voltage Gain Number of Efficiency Continuous Input

Components Current
Switches 4 n =855
Diodes 2 E=25-45V

9] b/(1 -D) Inductors 1 Vo=33V No
Capacitors 1 P=1W
Switches 6 n =957
Diodes 0 E=27-42V

(10] b/(5-D) Inductors 3 Vo=33V Yes
Capacitors 1 P=1W
Switches 1 7 =90%
Diodes 2 E=175-24V

[12] D/2(1 - D) Inductors 2 Vo=21V Yes
Capacitors 3 P=120W
Switches 4 n =957
Diodes 1 E=48V

23] D/(1 - D) Inductors 1 Vo =575V Yes
Capacitors 1 P=35W
Switches 4 n =88/94
Diodes 1 E=90V

[24] b/(1 - D) Inductors 5 Vo=90V No
Capacitors 5 P=100/350 W
Switches 4 7 =88.7/90.4
Diodes 0 E=44-60V

[25] b/ - D) Inductors 3 Vo=48V No
Capacitors 3 P=60W
Switches 2 n=92%
Diodes 2 E=25V

_ Dy

[30] D/(1 - D) Inductors 3 Vo =100V Yes
Capacitors 3 P =100 W
Switches 2 n =91.4%
Diodes 2 E=36V

_ D)y

[31] D/ - D) Inductors 2 Vo =215V Yes
Capacitors 2 P =250 W
Switches 2 7 =90.5%
Diodes 2 E=40-56 V

Proposed b/ -D) Inductors 2 Vo=48V Yes

Capacitors 2 P =500 W
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5. Control Design

The dynamic behavior of switching converters is non-linear; however, linear models
can be used for the controller design. Furthermore, the implementation of linear controllers
is more straightforward and less expensive than non-linear controllers [41]. Therefore, a
linear control scheme is selected.

As described in the previous section, 7(s)/ d (s) has a non-minimum phase behavior
but i71(s)/d(s) has a minimum phase behavior. Therefore, a current-mode controller is
appropriate for this converter. This control scheme is shown in Figure 8, where the input
current is feedback in the inner loop and the output voltage in the outer loop [42]. The
controller design procedure is based on loop-shaping techniques applied to outer loop gain,
which is obtained by the product of its transfer function.

Ks) GE) F(s)

Veer 1] e G.[3te: Oy 1 Step-up/down >
27| —— e — i
Kp| T+ " 2 s+, converter n

o ; - P
|
N =
|

-

I
L

=

Figure 8. Block diagram of the current-mode controller.

The following conditions should be satisfied for robust stability: 1. The slope at or near
crossover frequency must be not more than —20 dB/dec; 2. The gain at low frequencies
should be high to enhance steady-state accuracy; and 3. Appropriate gain and phase
margins are required.

The procedure to design each loop, select the gain values [42], and therefore allow to
choose the components of the controller circuit, are described below:

5.1. Inner Loop

This loop produces a faster transient response and uses a high-gain compensator G(s),
a low-pass filter F(s), a sensor gain N, and an oscillator ramp V),. Here, the average input
inductor current follows the reference current.

The expression for this loop is given by:

-1 wz 1 ~ -
d= VP(GP(l‘FS))(H(S/wP)) (iref — NiL1). (41)
G(s) E(s)

For good results, the zero of compensator G(s) has to be placed at least a decade below
half of switching frequency fs, whereas the low-pass filter pole should to be placed either
at half of fg or above. The relationships with controller circuit elements, shown in Section 6,
are given by wz = 1/RpzCrz and wp = (Crz + Crp)/RrzCrzCrp.

The compensator gain is designed so that the inner (current) loop gain has a value
close to 10 at frequencies around the zero of G(s). The above criterion is satisfied with the
following compensator gain:

5VpR(1—D)?
STEDN

As noticed, the gain G, has to be robust to changes in the output load. This condition
is reached if the G, value is multiplied by a factor of 8 to 10. In the physical circuit, G, is
adjusted through the relationship of resistances Rrz/Rir.

Gp (42)
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5.2. Outer Loop

This loop is used for output voltage regulation and is designed once the inner loop has
been tuned. It uses a PI-controller K(s) and a sensor voltage gain H, so the output voltage is
followed by the reference voltage v,.r. The expression of this loop is given by:

irer = Kp(141/(T;8)) (Tpef — HOp). (43)

K(s)

The purpose of K(s) is to provide a high gain to the controller at low frequencies;
thus, integrative time T; is selected to place the pole of K(s) a decade below f;, while the
gain is selected to obtain the appropriate gain and phase margins of the voltage loop. The
expressions for the controller shown in Section 6 are T; = RpcCrc, and the gain K, is
given by:

2ND

Kr < Hri-D)

(44)

This gain is adjusted in the controller circuit by Rpc/Rjc. It is important to notice that
expressions (42) and (44) provide a first approximation of inner and outer loop controller
gains; subsequently, an iterative tuning process has to be carried out to guarantee the
appropriate robust stability of the regulator.

6. Experimental Results

As mentioned in the introduction, new applications have increased power require-
ments. The battery requirement of 12 V or 24 V is changing to 48 V. Thus, a prototype
designed in the laboratory to validate the theoretical analysis of the step-down/up con-
verter regulates a nominal 48 V output voltage at 500 W, which could come from an LIB
pack. The photo of the experimental prototype is shown in Figure 9. Next, the converter
parameters are shown in Table 4. Then, using the expressions derived in Section 2, the
component values of the converter parameters are chosen and listed in Table 5.

Figure 9. Prototype of the step-down/up converter built in the laboratory.

Table 4. Parameters of the converter.

Parameter Value

E 40-56 V

Vo 48V

fs 100 kHz

p 500 W

R 4.6 Q)

D 0.5
Alpy 0.2111 (20% peak to peak ripple)
Alpp 0.311 (30% peak to peak ripple)
AVeq 0.02V(1 (2% peak to peak ripple)

AV 0.02V¢; (2% peak to peak ripple)
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Table 5. Component values.

Component Value Serial Number

Ly 120 uH 1140121KRC

L 82 uH 1140820KRC

Cq 56 uF RNU1J560MDN1PH
C 56 uF RNU1J560MDN1PH
Dy Ip1 =52A, Vp1 =96V DSSK30018A

D, Ipp =52 A, Vpp =96V DSSK30018A

M; Iyt =52A, Van =9V IRFP4668

M, Inp =52A, Vap =96V IRFP4668

The selected values were used to compute the transfer functions (20) and (21). The
resulting poles and zeros of both transfer functions are shown in Table 6. The transfer
function input current-to-duty cycle has a minimum phase behavior because all zeros are
in the LHS. On the other hand, the transfer function output voltage-to-duty cycle has a
non-minimum phase behavior because it has zeros in the RHS.

Table 6. Location of poles and zeros of the transfer functions.

Transfer Function Poles Zeros
?Li(s) —686 + 10188i —7704
d(s) —1327 49544 —174 +£11201:
Bo(s) —686 + 10188i 49407
d(s) —1327 49544 232 + 9864

A current-mode controller is designed for the step-down/up converter, which is
shown in Figure 10. In the inner current loop, the sensor gain is N = 0.25, and the high-gain
compensator has a gain Gp = 1.19 with a pole located at wyz = 17,857 rad/s. The pole of
the low-pass filter is located at wp = 314,259 rad/s. In the outer voltage loop: the sensor
gain value is H = 0.15, and the PI-controller has a gain of Kp = 0.1 with an integrative time
of T; = 350 us. The high inrush current produced when the converter is initially powered
up, can be avoided using an RC circuit to feed the reference voltage vggr.

€
¢
L D, L p
! y Load
w » 1 YY) .
M, R,
+ M, : :
= ! DA A4 v,
E= _’q | G, R o
| M|
[ -

1 -
i .
\
\

Low — Pass Filter

600pF MOSFET
Cn Driver
figh - Gain |, ) 10nF |d S0k
Compensator| ;0K P_ )
R, C. L= - 12kQ)
ol B | IC3™y
arat
bl PI Controller

Voltage Sensor
H=0.15

Figure 10. Circuit diagram of the current-mode controller for the switching regulator.
6.1. Open Loop Test

The converter prototype is tested in an open loop to validate the steady-state expres-
sions, transfer functions, and the behavior to load changes. The steady-state values of
the prototype are computed according to their corresponding expression: I;; = 10.41 A,
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I;p = 1041 A, Vo =48V, and V = 48 V. Now, measuring the steady-state values from
the prototype in the laboratory, the experimental inductor currents are shown in Figure 11.
The average inductor currents are: Ir; = 11.5 A and I;, = 10.41 A with 20% and 30% of
ripples, respectively. The experimental value I} slightly differs from its theoretical value
because of the parasitic elements.

,_—.
=0
L

Tek Deten. |

U

5.00 A P{10.0us| A Ch3 S 54.0V
Chd4[ 5.00AQ

Figure 11. Experimental inductor currents. (From top to bottom) Inductor current ir; (y-axis: 5 A/div)
and inductor current iy, (y-axis: 5 A/div) (x-axis: time 10 ps/div).

The experimental capacitor voltages are shown in Figure 12; they match the calculated
values. A zoom for the voltage vp is measured to watch its ripple (see Figure 13) and it
matches with the required 2% peak-to-peak ripple. These results validate the calculated
design relationships. The experimental voltage values on the semiconductor switching
devices are shown in Figure 14; they verify the expected stress calculated by the expressions
obtained in Section 2.

Tek Deten. i—

L

Dﬁﬁ 20.0 V P[10.04s A Ch3 S 52.4V
Ch4[ 25.0V

Figure 12. Experimental capacitor voltages. (From top to bottom) Capacitor voltage vcq (y-axis:
25 V/div) and output voltage v (y-axis: 20 V/div) (x-axis: time 10 us/div).
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Tek Deten. f Y —

S AAAAAAAAAA

2.00V A P[10.04s A Ch3 S 54.0V

Figure 13. Experimental voltage ripple of output voltage (y-axis: 2 V/div) (x-axis: time 10 ps/div).

Tek Deten. | [ i ]
: ‘ T T v g g
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E"V"‘ [ el -~ g A= it g -

P[10.0us A Ch2 & 125V
@ 500V &
i+~ [0.00000 s

Ch1, 50.0V

Figure 14. Experimental voltage on semiconductors. (From top to bottom) Stress voltage in MOSFETs
(y-axis: 50 V/div) and stress voltage in diodes (y-axis: 50 V/div) (x-axis: time 10 us/div).

The converter is tested in an open loop to step changes in the load. The circuit used is
depicted in Figure 10 inside the block called load. The load changes from R;||R; =4.6 Q)
(500 W) when the MOSFET M is ON to Ry =23 Q) (100 W) when the MOSFET M is OFF
at a frequency of 5 Hz. The output voltage response to those changes is shown in Figure 15.
It can be noticed that the output voltage varies when load changes occur. Therefore, a
controller is needed to attenuate those variations.

Using the Frequency Response Analyzer 300 from AP Instruments, an experimental
response of the transfer function 9 (s)/d(s) is obtained for the prototype. It is compared
with the response obtained from the linear model using MATLAB software, as shown in
Figure 16. The plot of the experimental response (dotted line) is smoother due to the effect
of parasitic elements of the step-down/up converter. The parasitic elements were neglected
in the linear model (continuous line). The similar behavior of these responses validates the
approximation of the linear model of the step-down/up converter.
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Tek Deten. E - ]
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@ 20.0v [Ch2 10.0v Pl100ms A Ch3 S 23.0A
Figure 15. Open-loop response to step changes in the load: (top) output voltage of converter vc, = vo

(y-axis: 20 V/div), and (bottom) V5, gate voltage of the MOSFET M that changes the load from
100 W to 500 W (y-axis: 10 V/div) (x-axis: time 100 ms/div).

T

40 ' RN EEE — ' IR NS —-=Experimental
ik —Linear model

Magnitude (dB)
)
o

' —-=Experimental
—Linear Model

O S
-90 [
o -180
5270
_360 i n " n - | | " L i L i il

102 10° 104
Frequency (Hz)

degrees)

Phase

Figure 16. Bode diagram of the transfer function 95 (s)/d(s) using the linear model and from the
experimental frequency response: (top) magnitude (y-axis: 20 dB/div), and (bottom) phase margin
(y-axis: 90 deg/div).

6.2. Closed-Loop Test

When the voltage loop is closed, it is crucial to guarantee an adequate gain margin,
phase margin, and crossover slope at 0 dB of the voltage loop gain. Using the Frequency
Response Analyzer 300, the experimental frequency response of the voltage loop gain is
obtained and depicted in Figure 17. It exhibits a crossover slope at 0 dB of about 20 dB/dec,
a phase margin of 90 degrees, and a gain margin of 8 dB. Thus, robust stability is achieved
in the switching regulator.

With the controller enabled, the load was again changed from R | IR, = 4.6 3 (500 W)
when the Mc MOSFET is ON to R; =23 () (100 W) when the Mc MOSFET is OFF at a
frequency of 5 Hz. The controller maintains the output voltage regulated despite load
variations, as it is shown in Figure 18. Furthermore, a fluctuation in the input voltage
from 40 V to 56 V is applied to show the behavior of the controller with input voltage
fluctuations, as shown in Figure 19. It can be noticed that the controller maintains the
output voltage regulated at 48 V despite changes in the input voltage.
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Figure 17. Experimental voltage loop gain at nominal load: (top) magnitude (y-axis: 20 dB/div), and

(bottom) phase margin (y-axis: 90 deg/div).
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Figure 18. Closed-loop response to step changes in the load: (top) output voltage of converter vp
(y-axis: 20 V/div), and (bottom) V) gate voltage of the MOSFET M that changes the load from

100 W to 500 W (y-axis: 10 V/div) (x-axis: time 100 ms/div).

Tek Deten. | £ - 1
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Figure 19. Output voltage response to input voltage variation: (top) output voltage vp (y-axis:
20 V/div), and (bottom) input voltage variation e (y-axis: 20 V/div), (x-axis: time 100 ms/div).
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Finally, the estimated and experimental efficiencies for this converter were computed.
The parasitic elements used to calculate efficiency are shown in the second column of
Table 7. These values were obtained from the manufacturer’s datasheet of each component,
whose serial number is shown in Table 4. Then, the individual losses are computed using
the expressions obtained in Section 5. Finally, the results are shown in the third column
of Table 6. Moreover, the power core losses are included (P pic). According to the sum
of the individual losses, the total power loss for the prototype is 49.57 W for a power
output of 500 W. Evaluating the expression (23), the corresponding estimated efficiency is
Neal = 91%. Using a procedure similar to the one developed in Table 7, calculations were
made to obtain the power losses and the estimated power efficiency from 100 W to 500 W;
the results are shown in Table 8. Then, the experimental efficiency is obtained by measuring
the input and the output power from the prototype at different loads, and it is compared
with the estimated efficiency, as shown in Figure 20. It can be noticed that, in a full load
(500 W), the experimental efficiency is 90.5%. Therefore, the estimated efficiency gives a
good approximation of the experimental efficiency. Most of the power losses are in the
active switches. Moreover, as can be seen, the efficiency remains almost the same for the
suggested power range.

Table 7. The power losses of parasitic elements at 500 W.

Parasitic Element Value Power Loss
RLl 28 mQ) PLﬁLl =3W
Pryct = 0.060 W
RLZ 23 mQ) PL7L2 =25W
Prycr = 0.050 W
RCl 25 mQ) PL?Cl =27W
RCZ 25 mQ) PL_CZ =27W
VDt 0.88 V P, p1 =458 W
VD2 0.88V Pp pp =458 W
RMl 9.7 mQ)
trrl 146 ns PL?Ml =147 W
tffl 138 ns
RMZ 9.7 mQ)
tro 146 ns Py =147 W
treo 138 ns

Total Power loss Py, T = 49.57 W

Table 8. Estimated power losses and efficiency.

Power 100 W 200 W 300 W 400 W 500
Power loss 8.55 W 16.95 W 26.9 37.81 49.56
Efficiency (%) 92.1 92.2 91.7 91.3 90.9
100 T '
. 90 :'_;;_-;_-;_-2' === S = - o
X
?? 80 ——Experimental
2 —-Estimated
o 70 —
b=
m
60
50 Il L 1
100 200 300 400 500

Power (W)

Figure 20. The efficiency of the step-down/up converter for different loads.
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7. Concluding Remarks

This paper discusses a switching regulator based on a non-inverter output voltage
converter, consisting of the non-cascading connection of two converters where part of the
energy is processed by only one converter. The converter has two active switches that
operate simultaneously with the same duty cycle. The proposed topology can be used
when stepping up and down characteristics are required. This converter is suitable when
the regulator works as an interface between a lithium-ion battery pack and a load. An
improvement in the lifetime of the LIBs will result due to the non-pulsating input current
of the converter. The expressions to find the values of circuit elements for this converter are
given. For dynamic analysis, the transfer functions of the linear models were derived. A
procedure based on loop-shaping techniques was used to design a 500 W regulator for an
output voltage of 48 V. The prototype was tested in an open loop and a closed loop. Plots of
the steady-state values, output voltage ripple, frequency responses, and input disturbance
rejection were obtained. The experimental results validate the steady-state expressions;
furthermore, they demonstrate the proper operation of the converter. Responses to load
changes and input voltage variations validate the design of the controller. The estimation
of the efficiency of the step-down/up converter approximates the experimental efficiency
quite well.
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