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Abstract — This paper presentsin depth analysis and design
of a bi-directional PWM converter (buck/boost) used to
interface as a critical dc bus and a battery bank. A detailed
design procedure for the power and control circuit is
proposed. With this design procedure, the definition of the
operation frequency of each converter takes into account the
different power and voltage levels at loads in order to reduce
the commutation losses without degrading the specifications
imposed to the converter. Furthermore, it is proposed the
utilization of an appropriate filter to minimize the current
and voltage ripples at battery, leading to an increased battery
life without penalizing the volume and/or the switching
frequency of the converter. Experimental results based on a
580 W prototype are presented to validate the proposed
design procedure and to demonstrate the performance of the
proposed approach. Additionally, a boost preregulator was
included at input stage for power factor correction.

l. INTRODUCTION

Nowadays, the electric power supply quality has become
an indispensable factor for low power systems. Thereby,
the demanding market of uninterruptible power systems
(UPS) has been increasing. This increase in the demand
requires the development of high efficiency, low cost and
compact systems. In uninterruptible power systems, the
cost of the batteries has a major impact in the overall
system cost [1]. The choice flexibility of the battery bank
voltage level makes possible to reduce the number of
batteries that compose it for a desired autonomy, reducing
the cost of battery bank. With this, it is usualy necessary
the adaptation of the battery bank voltage level for that
required by critical load (dc bus).

The life and capacity of the battery depend on severa
factors, such as: charge and discharge mode, maintenance,
temperature and age. Among these factors, the charge and
discharge mode presents the greatest influence in the life
and capacity of the battery [2]. The choice of the most
appropriate charge method depends mainly on the battery
type and its application. For the Valve Regulated Lead
Acid batteries (VRLA), the most appropriate method is the
one current level and one voltage level method (Ul) [3],
[4]. Furthermore, the battery bank must be recharged with
current and voltage with low ripple levels, as in high
frequency (switching frequency) as in low frequency (AC
utility frequency and its multiples). In this manner, the
converters connected to the battery must satisfy these
reguests.

In [5] and [6] are presented battery chargers which have
been designed to reduce the converter losses, their weight
and volume. However, these converters present charge
current with significant low frequency ripple (120 Hz),

which decreases the battery life. On the other hand, in [7] a
battery charger with no low frequency current ripple is
presented. Nevertheless, the volume and/or the switching
frequency of the converters are elevated when a high
frequency small rippleis desired.

This paper proposes a design procedure of the power
devices and the control of bi-directional (buck/boost)
PWM (Pulse Width Modulation) converter used for dc bus
and battery bank interface. The definition of the operation
frequency of each converter takes into account the
different power and voltage levels at loads in order to
reduce the commutation losses without degrading the
specifications imposed to the converter. Furthermore, it is
proposed the utilization of an appropriate filter to minimize
the current and voltage ripples at battery, leading to an
increased battery life without penalizing the volume and/or
the switching frequency of the converter. In this way, the
proposed approach can minimize the disadvantages
previously mentioned. In addition, in the attempt to meet
standard recommendations (like IEC 1000-3-2), a
preregulator converter was included at input stage as
shownin Fig. 1.

This paper is organized as follows. Section |l describes
the converter in study. Design procedure of the bi-
directional converter is proposed in Section Il1. Section IV
presents a design example and Section V shows a
description of the converter control approach. Finally,
Section VI presents the experimental results obtained for a
580 W prototype.

Il. CONVERTER DESCRIPTION

In Fig. 2 is shown the bi-directional converter
considered for an application in which the primary source
come from the rectification of the AC utility. Moreover, it
is necessary to adjust the voltage level of the dc bus by a
boost converter.

The input boost converter (preregulator) is composed by
a bridge rectifier, an inductor (L), a diode (Ds), a switch
(S5) and a capacitor (Cp). An input filter (Cyi,, and Ly,) was
included to the preregulator, as presented in Fig. 2, to
minimize the input current distortion and the
electromagnetic interference (EMI).
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Fig. 1. Power stages of the studied converter.
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Fig. 2. Studied converter.

Additionally, the bi-directional converter (buck/boost)
has two main switches (S, and S), two main diodes (D,
and D,), one battery bank and one T filter composed by
two inductors (L, and Ly) and one capacitor C;. This
converter is part of a stand-by system, which has the
function of charge the battery bank and to supply energy to
the load in the AC utility falls. The operation of the bi-
directional converter depends on the state of the utility. In
Fig. 3(b) is shown that if the AC utility operates normally,
the switch S is operating to charge the battery bank and in
Fig. 3(c) is depicted that when AC utility falls the switch
S will be operating to supply energy to the load.
Therefore, this converter operates in two different ways
and alternately, one as a buck converter (S-D,) and the
other as a boost converter (S-Dy).

I1l. DESIGN PROCEDURE OF THE BI-DIRECTIONAL
CONVERTER

The challenge of the design procedure of the power
devices is in the fact that the bi-directional converter
operates either buck or boost. These two operation states
are different because they process different power and
current levels. Thus, the switches S; and S, and the diodes
D; and D, do not present the same specifications.
Therefore, the design of the converter must consider that
the switch S; and diode D, process low power (80 W) and
S and D, process a high power (500 W). Therefore, to
have an appropriate cost-benefit relationship between the
commutation losses and the volume/weight of the
converter, the switching frequency must be correctly
determined. The converter of greater power (with large
current levels) operates with lower frequency and the
converter of lower power (with lower current levels)
operates at higher frequency. With this, through an
appropriate design procedure, the commutation losses are
reduced without altering the specifications imposed to the
converter.

The specifications to design the bi-directional converter
are;

Py = Output power (W)

Vo = Output voltage (V)

Vpat = Battery bank voltage (V)

A 1 = Current ripple during the battery charge (%)
A = Current ripple in the L, inductor (%)

l,at = Battery charge current (A)

Firstly, it is performed the design of the inductor L, and
of the operation frequency of the switch S, in function of
the battery discharge (boost mode). At last, it is performed
the design of the inductor L;, capacitor C; and of the
operation frequency of the switch S; in function of the
battery charge, when power transfer occurs from input
source to the batteries (buck mode).
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Fig. 3. Operation states of the converter in study: (a) Input boost
(preregulator); (b) Buck; (c) Output boost.

A. Boost Converter

Initialy, the operation frequency of the switch S, must
be defined. So, the value of the inductance L, is given by:

_ Viar” (Vo - Vi 107

Lb ~
ANoPy fs2

)

B. Buck Converter

The value of the inductance L; is calculated from the
relationship shown in inequality (2) and the cutoff
frequency of the T filter is defined as at least ten times
smaller than the operation frequency of the switch S, as
shown bellow:

50£ " £150 )
Lf
fcr £ A (3)
710

Inequality (2) should be attended for the filter T do not
affect the power transfer of the output boost converter.

From the values of L;, L, and fc; the value of the
capacitor C;isgiven by:

_ Ltlg 4
4p2fctL, L, @)
To determinate the operation frequency of the switch S,

it is used the abacus shown in Fig. 4 (Section V), which

relates the charge current ripple of the battery and the
operation frequency of the switch S;.

Cy

IV. DESIGN EXAMPLE

The design specifications of the bi-directional converter
areshownin Tablel.

Table |- Design specifications.

Output power (W) Py =500 W
Output voltage (V) Vo =360V
Battery bank voltage (V) Vpat =48V
Current ripple during the battery charge (%) A=02%
Inductor current ripple Ly, (%) A,=40%
Switching frequency S, fo =40 kHz
Battery charge current (A). IkEl =14A
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The results have been obtained by using four batteries of
the model UNIKOR 12V7AH. To guarantee an appropriate
charge time and an extended battery life, the charge current
must be approximately equal to 1.4 A [4].

The choice of the frequency fy takes into account the
cost-benefit relationship between the commutation losses
and boost diode reverse-recovery related losses, and the
volume/weight of the converter. As shown in Fig. 5, the
frequency fs was defined as 40kHz because at this point
occurs the intersection of the curve AXxA,, with the line of
the Ps+P;, losses.

Fig. 5 was obtained from (5), (6) and (7), varying the
output boost switching frequency from 1kHz to 200kHz.

VLb I Lbrmsl04
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Where: A is the effective cross-sectional area, A,
available window area, K,, factor of use of the area of the
winding, Bpax maximum flux density, Jmx maximum
current density in the contuctor of the inductor, Ps average
power 10ss, tyey turn-on crossover interval, tyqm turn-off
crossover interval, P,, reverse-recovery loss of the boost
diode, t, and t, are subperiods of turn-on time and I, peak
reverse-recovery current value of the boost diode.

From the specifications presented in Table I, it can be
obtained the value of Ly, from the equation (1):

L, =249.6nF .

Defining that the inductance L is 150 times smaller than
the inductance L, (to obtain an inductor of small volume),
and using (3) and (4), the values of L;, f+ and C; are:

Ly = 1.67 nF,
fcr =4kHz,
C =1mF .

By using the abacus shown in Fig. 4 and defining that
the battery current ripple should be equal to 0.2 % of
battery charge current, the operation frequency of the
switch S, corresponds to approximately:

fy @I7kHz.

This abacus was obtained from (8), varying the buck
switching frequency from 10kHz to 300kHz.

Iripple(o/o) —é iLf (0) B_:I_OO (8)
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Fig. 4. Ripple of the battery current x S, frequency.

V. CONVERTER CONTROL

The charge of the battery bank (buck converter) can
present two operation modes: voltage mode (float mode)
and current mode. Block diagrams of these two systems
are shown in Fig. 6 and Fig. 7, respectively, where the
proportiona control has been used for the voltage mode
and the average current mode control [8] has been used for
the current mode.

To obtain the mathematical model of the buck converter
in the voltage and current modes, the battery bank was
substituted by an equivalent circuit shown in Fig. 8, based
on the battery model presented in [9]. The Rs value is
obtained directly from the battery datasheet, and the R and
C values are obtained from the constant time RC, which is
calculated from the battery bank charge time.

In Fig. 6, C,(s) isthe proportional controller, G(s) isthe
plant and Hy(s) is the sensor gain.

The proportional controller Cy(s) and the transfer
function G4(s) are given by:

Ci =Ky, ©)
- Bos” + BiS+B,

Gl(s) VI AOS4+A133+A233+ASS+A4 ! (10)

where
A= LG L,RC, (12)
A =GCiLiLy + GLyRRC, (12)
A=CL,R+ GL,R;+ L,RC+ L4CR, (13)
A;=R.RC+ L+ Ly (14)
Ai=R+Rg (15)
Bo= sCR, (16)
B:= L+ R.RC, 17

and

B.= R+ Rs (18)

The compensator design has been made by using (19),
based on the final value theorem.
K,V Viret - 2D\-/f H
DV H“Vimin
Then, defining that the error of the float voltage must be
smaller than 1%, the K, valueiis:
Kp3 22
In Fig. 7, He(s) represents the switching effect [10],
G,(9) is the plant, Hx(s) is the sensor gain and C,(s) is the
current compensator. These transfer functions are given
by:

(19)
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Fig. 6. Block diagrams of the system in voltage mode.
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Fig. 7. Block diagram of the system in current mode.
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Fig. 8. Equivalent circuit of the battery bank.
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The current compensator can be designed as follows.
The high-frequency pole, w,, should be placed near the
switching frequency in order to provide sufficient filtering
for switching frequency ripple. After, the zero, w,, should
be placed at half of cutoff frequency of the output filter to
maximize current loop crossover frequency. Finaly, the
compensator gain is given by:

& £ Z\/S—I‘fs (26)
R (Vi- VoK

The compensator output may intersect the ramp signal
again in the off-time period if the dc gain is higher than
that defined by (26), leading to switching stability [8].

With this, the current compensator parameters w,, w,
and K¢, for the proposed topology, are given by:

W= 628320 rad/s, w, = 12566 rad/s and K =4300.

The output voltage control is realized by the voltage
loop of the output boost converter, Fig. 9, or by the voltage
loop of the preregulator converter, Fig. 10.

In Fig. 9, Cys is a proportiona-integral (Pl)
compensator, G(s) is the plant and Hs(s) is the sensor
gain. These transfer functions are given by:

V()rd(i' Q( S) _} (33(5) VO(S)§

Hy(9)

Fig. 9. Block diagram of the output boost.
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Fig. 10. Block diagram of the Preregulator.
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(28)

(29)
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> (31)
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(32)

The voltage compensator of the output boost converter
can be designed as follows. The zero, z, should be placed
a most one fifth before the lower frequency pole of the
plant and the gain, Kg, is calculated so that the bandwidth
of the closed-loop system is three times greater than the
bandwidth of the originad system. In this way, the
compensated system has a good dynamic response. Thus,
for the proposed topology, the Ky and z5 parameters are:

Kp =5 and zp = 34.4 rad/s.

In Fig. 10 G4(s) is the plant, C,(s) is a PI compensator
and Hy(s) is the sensor gain. These transfer functions are
given by:

(33)

(34)

The Pl compensator of the preregulator converter can be
designed by using the following equations:

Vin
Zo = Vo
ey (35)

0
1_ in :R()Cb
g Vo o
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(36)
\/ch2 +2p "GH
where
WCC = 2p fCC (37)
and
Lop Rngi' Vi g
_ Vo o
G=V, - (38)
& YnTR,C,
Vo o

The crossover frequency, fe, used to design the PI
compensator is 12 Hz. Any increase in the crossover
frequency would increase the input current distortion and,
consequently, would decrease the input power factor.
Thus, the Kp and z5 values are given by:

Kp| =3.126 and Zp = 14.844 rad/s.

V1. EXPERIMENTAL RESULTS

A prototype of the proposed converter has been built in
laboratory, using the parameters obtained in the design
example, for the verification of the design procedure. In
Table Il are presented the parameters of the implemented
prototype.

Table II- Parameters of the implemented prototype

Input AC voltage Vin =110+ 20 % Vs f = 60 Hz
Output voltage Vo=360V
Battery bank voltage Vot =48V

Prergulator power
Output power

Pp =580 W (PO + Pbal)
Py = 500 W (R, = 259.2 W)

; Cin=5nF
Input filter L. = 375 nH
Buck frequency fq =100 kHz
Boost frequency fo =40 kHz
Preregulator frequency fe=20kHz
Ci=1mF
T filter Li=1,6 nH
L, =250 nH
Boost capacitor C, =680 nF
Boost inductor (preregulator)  Ly,= 166 nH

In Fig. 11 are shown the input voltage and input current
waveforms, presenting a power factor equal to 0.99 and in
Fig. 12 is presented the output voltage waveform.

The proposed system shown in Fig. 1 is classified as a
class D equipment by the standard IEC 1000-3-2. This
standard establishes the maximum limits of low order
current harmonics (3" to 19" for class D equipments).

S0.0Ys 2 10,00/ ;00008 2,008 31 STOP

) -

oy

SA/div

Fig. 11. Input voltage and input current of the preregulator converter
(50V/div., 5A/div., 2mg/div.).

F 9,130 5,000/ 1 STOP

0

T Vaugt1)=380.0 v

Fig. 12.: Output voltage of the preregulator converter
(50V/div., 5mg/div.).
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Fig. 13. Comparison between the current harmonics injected into the
public supply system by the converter with the limits specified by the IEC
1000-3-2.

Fig. 13 presents a comparison between the current
harmonics injected into the public supply system by the
converter with the limits specified by the IEC 1000-3-2.

In Fig. 14 and in Fig. 15 are shows the main waveforms
when the bi-directional converter is operating as a boost
converter, that is, when AC utility fals. In Fig. 14 are
presented the current waveforms in the inductors Ly, and Ly,
proving that the current drained from battery bank presents
low ripple. Fig. 15 shows the output voltage and battery
bank voltage waveforms.

In Fig. 16 and in Fig. 17 are presented the main
waveforms when the bi-directional converter is operating
as a buck converter. Fig. 16 shows the current waveforms
through the inductor Ly, and the batteries (current mode),
confirming that the battery is charged with a current with
low ripple levels. In addition, Fig. 17 presents the battery
bank voltage waveform in the voltage mode.

Fig. 14. Current in the inductors L, and L; of the output boost converter
(5A/div., 20ne/div.)
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Fig. 15.. Output voltage of the output boost converter and battery bank
voltage (50V/div, 5mg/div).

iL(t)
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Tbat

Fig. 16. Buck converter in current mode: current in L, and lps (LA/div.
and 5ne/div.).

Fig. 17. Buck converter in voltage mode: float voltage (50V/div. and
5mg/div.).

Efficiency, THD and power factor of the proposed
topology in function of the output power are presented in
Fig. 18, where it is possible to verify that the efficiency,
the THD and the power factor are, respectively, 91.4%,
12% and 0.99, for full-load.

VI. CONCLUSIONS

The bi-directional converter used in this paper can be
easily adapted to operate in several uninterruptible power
systems. By using the proposed design procedure, the bi-
directional converter can guarantee the specifications
without penalizing the volume of the converter. With
appropriate choice of the switching frequencies of the
switches S; e S, in which the switch of large power
operates with lower frequency and vice-versa, it is
obtained a reduction of commutation losses of the
converter.

100 , ; : 1.0
Power Factor [~ 4« N(float mode)
0 ——== Ly = 0.9
[ h(current mode)
< 80 0.8
o
g 70 0.7
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5 50 0.5
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2 30 0.3
z
S 20— 0.2
i T— ] [THD
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Output Power, (W).

Fig. 18. Efficiency, input current THD and power factor of the proposed
topology (Vin = 110V s, Vo = 360V € Vi = 55V).

Other important characteristic of the bi-directional
converter is that the choice flexibility of the voltage level
of the battery bank makes possible to reduce the number of
batteries that compose it for a desired autonomy, reducing
the cost of battery bank.

Moreover, using the proposed T filter and an appropriate
charge method (IU), the battery bank is charged and
discharged with low high frequency current and voltage
ripple and without low frequency (120Hz) ripple,
maximizing the lifetime and the capacity of the batteries. It
has been experimentaly demonstrated the good
performance of the proposed approach for a 580 W
prototype.
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