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Abstract—Energy storage is the major concern in smart micro
grids like in renewable power generation, electric vehicles and
small scale DC-UPS systems. This paper proposes analysis, and
voltage mode control of coupled inductor bidirectional converter.
Unfortunately, switches of four and beyond in isolated schemes
increase production costs and reduce conversion efficiency, and
non-isolated topologies suffer from high voltage/current stress.
As compared with the counterparts of conventional converter
topologies, the proposed converter has the merits of less
component count, high efficiency, and smaller size. The high
voltage diversity enables a battery module of low voltage to be
interfaced with the high-voltage de¢ bus or the micro grid for
subsequent utilization. The battery fed bidirectional converter
with controller to regulate the DC link voltage and battery
charge voltage is implemented in the Simulink/Matlab
environment. Also, experimental confirmation of the proposed
converter is shown.

Keywords- Bidirectional converter; Coupled inductor; Battery
Storage System;

L. INTRODUCTION

An Electrical Energy Storage (EES) with anticipated unit
cost reductions and hence their practical applications look very
attractive for energy demands. Characteristics of small energy
storage systems using storage batteries include the ability to
install them in proximity to users, the promise of cost reduction
through mass production, the ease of securing installation
space, and the ability to combine UPS functions [8]. For this
reason they are considered prime candidates for peaking
power, standby reserve and load-balancing systems or peak-cut
systems when used in conjunction with traditional sources of
energy [6]. Generally it is more economical for storage
batteries to use a few large-capacity cells than many small-
capacity cells, and for that reason the number of cells used in
small/micro power grid is limited. Usually, inverters used in
DC-UPS (DUPS) systems require comparatively high input DC
voltages of about 240V; which necessitates voltage step up
when discharging batteries, and step down when charging
them. Thus, batteries need high voltage diversity ratio in
discharging, and charging modes. The authors propose a BDC
circuit topology suited to which could be more attractive for
micro/mini power grid in renewable energy conversion
systems. The BDC employed in DUPS system incorporating
battery bank has attracted special interest as promising load
balancing system, and to meet failure situations of the mains
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power. This converter is capable of providing power flow in
either direction while maintaining the polarities of the voltage
on either side unchanged. Also, it proves to be scaled down
energy storage system that replaces the bulk storage devices.
These converters are widely used at vast varying power and
voltage levels in many applications such as in DUPS system
for battery charging/discharging, adjustable speed drives
(ASDs), and AC grid interfacing system’s etc. These BDCs are
categorized as non-isolated BDCs [1]-[5] and isolated BDCs.
The various isolated BDCs converters are reported in the
literature, and also, BDCs with soft-switching techniques in
order to reduce the switching loss and stress problems in [3]-
[5]. However, those isolated and soft switching converters have
the disadvantages such as more complicated, higher switch
stress, instability due to high frequency transformer saturation,
and less utilization of switch due to soft switching. The
aforementioned complexities are not really encouraged to use
in low or medium power applications. This paper mainly
emphasizes on the improved changes of proposed BDC
topology. This paper is includes four sections. Starting with
Section I, the others sections cover the BDC operations and
design analysis in Section-II, performance analysis in section-
111, conclusive observations in Section-1V.

IIL.

The boost converter is a proven topology and is extensively
used in industry as the unidirectional DC-DC converter stage
for many high frequency inverter products, but not yet in bi-
directional manner. Fig. 1 illustrates the conventional boost
derived BDC circuit employed in DUPS system due to its
simplicity, less components count, and simple controls [2, 3].
It is a transformer less type so as to reduce size and weight to
improve economy [7]. The BDC topology operates in two
modes. One is discharge mode during which the BDC is used
to boost the battery voltage to a suitable high level DC bus
voltage. Second is the charging mode during which the BDC is
used to buck the DC bus voltage to a suitable low level battery
voltage. The converter operation in continuous conduction
mode (CCM) is a suitable choice to get a better dynamic
response and also a tight regulation of output voltage for the
entire load variation. In Fig. 1, during forward discharging
mode Low Voltage (LV) side switch (S;) operates and the
converter acts as a boost converter; while during reverse
charging mode, High Voltage (HV) side switch (S,) operates
and the converter acts as a buck converter [1, 2, 3].

CONVERTER OPERATIONS AND DESIGN PRINCIPLES
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conductive voltage drops of the switch and diode are neglected.
3) Delay time (tg) is assumed to be negligible 4) Negligible
battery internal resistance voltage drop. Using this proposed
' bidirectional DC-DC converter topology one can retain all the
DCUPS/ || benefits of conventional boost topology in addition to the high
Inverter | conversion efficiency and reduced switching stress. The
: converter design and analyses procedure in the buck and boost
states are described in the following subsections.

Bidirectional Converter W: A. Forward Boost Mode
Figure 1. Bidirectional DC-DC converter feeding to DCUPS/inverter When the proposed converter Operates in the boost State’

. L . the power flow is from the battery to the HV DC bus. The

For the conventional BDC shown in Fig. 1, the duty ratio  cparacteristic waveforms in the boost state are depicted in Fig.
(81) of Sy for step up, and the duty ratio (3,) of S, for step down 3" ang the topological modes in one switching cycle are
operations are given by illustrated in Fig. 4.
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The currents of S; and D, during discharging mode are
equal to battery discharge current, while the currents of S2 and 0
D, during charging mode are equal to battery charging current, ST
which means that Sy, S,, D, and D, must be able to carry large !
currents. In both charging and discharging modes the applied T |
voltages of S;, S,, D;, and D, are equal to Vg, (i.e. DC bus A I/Pu/seJiudc
high-voltage) and hence all the devices must withstand high 0
voltages. Thus, leads to low conversion efficiency.
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Figure 2. Proposed Bidirectional DC/DC converter " >

The configuration for the proposed bidirectional converter \' \
topology is depicted in Fig. 2. The characteristic waveforms of .
both boost and buck modes are depicted in Fig. 3. This /! /
proposed topology is quite similar to one reported in [1, 2, 3]. . | |
The major symbol representations are summarized as follows. A0 !
Vg, and Vp,,, respectively, denote the voltages at the low- 0 >
voltage (LV) and high-voltage (HV), L;and L, represent \ !\
individual inductors in the primary and secondary sides of the AV i !
coupled inductor respectively, where the primary side is 152
connect to a battery module. The symbols S; and S, are the
low-voltage step-up switch and high- voltage step-down switch
respectively. When the power flows from the HV side to the
LV side (switch S, is active), the circuit works in the buck state
to recharge the battery from HV side or from absorbing ' '
regenerated energy. In the other direction of power flow, only A Vigi | | Ve *NV)
triggering the low-voltage switch Sy, the circuit works in boost 1+N
state to keep the bus voltage at a desired value. The proposed
converter with coupled inductors appreciably reduction in the
voltage and current stress of the power switches. Thus, this
paper discusses the operating and design principles, and other
aspects of the proposed converter shown in Fig. 2. In this Figure 3. Ideal waveforms of proposed BDC in boost mode and buck mode
study, the following assumptions are made to simplify the
converter analyses: 1) All MOSFETs (including their body Mode-1[Fig. 4(a)]: In this mode, the LV side switch (S)) is
diodes) are assumed to be ideal switching elements. 2) The conducting for Toy time. Because the inductor is charged by

Buck Mode

0 >
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the battery, the magnetizing current increases gradually in an
approximately linear way. The primary voltage is given by

b Agoy

The secondary current is zero since diode D, is reverse
biased. The secondary inductor induced voltage is

VLI = VBat =L

()

V,, = NV, and the turns ratio § = 2. Where, n, and n,
nl

are the primary (L) and secondary (L) winding turns of the

coupled inductor.

Mode-2[Fig. 4(b)]: In this mode, the LV side switch (S)) is
turned off for Topr time. Thus reverses the polarities of the
coupled inductors. The diode D, gets forward biased and the
mode begins when the primary current equals the secondary
current. The battery and the coupled inductor are connecting in
series to discharge into the HV DC bus through the Diode D,
by way of a low current type. Since, the inductor is supplied to
the DC bus, the magnetizing current decreases gradually in an
approximately linear way. The primary voltage is given by

(Vus_Va)n AiLl
B—Bllz(Ll +M)——

n +n, SIOFF
Where, Atgjorr= (1-6;)T, T is the switching period and &,
is the duty cycle of switch S1.

Vin= 3)

Average voltage across the inductor L; is zero over a
switching period (T=Tonx+Torr); by simplifying the Eq.(2) and
Eq.(3), the DC gain of the boost mode is developed as follows;

_ VBus _ (1+N5I)

- 4)
Y par (1-46y)
The duty cycle £ can be calculated from Eq.(4).
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(b) When S opr and D,gy (Discharge mode)
Figure 4. Equivalent circuits of proposed BDC for boost and buck mode
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B.  Reverse Buck Mode

The characteristic waveforms of the proposed converter in
the buck state are depicted in Fig. 3 and the topological modes
in one switching cycle are illustrated in Fig. 4. The coupled
inductor in Fig. 2 can be modeled as an ideal transformer
including the magnetizing inductors (L, and L,,;) and leakage
inductors (Ly; and Ly,) those are not shown in the figure. The
coupling coefficients (k; and k) of ideal transformer are
defined as

fm o e
U b (ot Ly

The coupling coefficients is simply set at one to obtain
L=l and | P via Eq(5)

®

Mode 1 [Fig. 4(b)]: In this mode, the HV side switch (S,)
is turned on and the other switch is turned off for a span. Both
the diodes are reverse biased. The secondary current (Ir,) is
from the HV bus by way of the two series windings (L;and L,)
of the coupled inductor to charge the battery in the LV side. At
this time, the series windings (L;and L,) and their mutual
inductance (M) can be taken as a single inductor, and the
equivalent magnetizing inductor (L,,) can be represented as

L=+ NP L=+ L=l +1, 420 ©

Mutual inductance M = K /L]L2 :NLI for 100%

coupling (i.e. K=1) the equivalent inductor (L) is larger than
the value of (L; or L) to limit the ripple and ascendant rates of

the charge current, and its voltage can be described as
di
dlL = (VBu,x‘ - VBaI ) ™

Applying Kirchhoffs voltage law, the voltage Vg, is given
by

m

Vs =Via + Vi vV =V, (I+N)+ V bt ®)

Where, V1 and Vy, are the voltages across the primary and
secondary windings of the coupled inductor.

When S, is conducting, the inductor voltage (Vi) is
described as follows

_ Ai
VL] — (VBuS VB(J[ )nl — (L] +M) Ly (9)
n +n, Algron
Where, Atson=(1-0)T= 6,T and 3, is the duty cycle of
switch S,.

Mode 2 [Fig. 4(a)]: In this mode, the HV side switch (S,) is
turned off and the diode D; is forward biased. The polarities of
the coupled inductors are now reverse. The primary current
(Iry) is flows through the diode D, primary inductor (L;) to
charge the battery in the LV side. The voltage across the
primary winding L is given by
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Ai,
Viv =Vpa = Li——— (10)
AtSZOFF
Average voltage across the inductor L, is zero over a period
(T=TontTorr); by simplifying the Eq.(9) and Eq.(10), the DC
gain of the buck mode developed as follows:

VBal — é‘2
Vu.s (] + N(] - 52 ))

The duty cycle &, of switch S, can be calculated from

G, = (11)

(11), the relationship between 51 and J, must satisfy the

condition &, + &, =1. The device currents are obtained
based on the power balance relation with negligible losses as

follows;
VBatIBAv = VBus IBuAv (12)
Ipg =611 + 1 (1-6)) 13)
I,+=1,(1+N) (14)

Where, Iga, and I, are the average battery current and the
DC-Bus (HV) current respectively.

By simplifying the equations (12) to (14) Peak current
through S;/D, and S,/D; are obtained as follows;

]l :]BAV+NIBuAv (15)
_ Ipp+ Nlg, 4 (16)
: 1+ N)

According to the voltage-second balance, from Fig. 4(b)
and Fig. 5(a), voltage applied to the switch S;and the diode D,
in their OFF states is obtained as

Ve + NV g,0)
Visi =V +Vpy =2 (N + 1)3 -

Similarly, from Fig. 4(a) and Fig. 5(b), voltage applied to
the diode D, or the switch S, in their OFF states is obtained as

Visa =Via+ Vi = Viuy + NVigar ) (18)
Table-1 describes the comparative study of conventional

and the proposed BDCs in terms of the switch voltages,
currents and duty ratios calculated theoretically.

a7

TABLE-I. CONVERTERS PARAMETER COMPARISONS

BOOST MODE | BUCK MODE | CONVENTIONAL | PROPOSED
S1 VOLTAGE | D; VOLTAGE 200V 82.67V
S; CURRENT | D; CURRENT 16.67A 20.67A
S VOLTAGE | D, VOLTAGE 200V 248V
S, CURRENT | D, CURRENT 16.67A 6.89A

s,pury | - 88% 71%
----- S, DUTY 12% 29%

C. Design Considerations and Analysis
In continuous current conduction the minimum current
carried by the inductor L, is represented as

_Aiy (19)

Ipimin = L pay )
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Using, Eq.(3) in Eq.(19) under boundary current conduction
mode (i.e. I7jmin = 0); the minimum  value of inductance
(L) can be obtained as

_ VBaI RBm (VB

Imin —

us VBal )(1 - 5])T
2V (N +1)

For continuous current conduction the selected value of

(20)

Ll >>> lem and vice versa for discontinuous current

conduction. Finally equivalent inductance (L) and secondary
coupled inductor (L) can be calculated from Eq.(6). In Fig. 2
the filter capacitors C; and Co are used on the LV battery side
and HV DC-bus side respectively to achieve constant voltages.
These capacitors can be calculated based on the desired ripple
voltages. Substituting N= 1 ~ 4 into Eq.(4), the curve of the
voltage gain (G;) with respect to the duty cycle (8,) is depicted
in Fig. 5. As can be seen from this figure, the voltage gain of
the proposed converter with a boost type is higher than
conventional single-inductor-based converter [2], especially for
lower value duty cycle. Also, substituting N= 1 ~ 4 into (11),
the curve of the voltage gain (G,) with respect to the duty cycle
(8,) is depicted in Fig. 6. As can be seen from this figure, the
voltage gain of the proposed converter is regulated via the
conduction rate of the high-voltage switch (S;), and the stable
region of the duty cycle (3,) is from zero to its maximum point.

Hence, according to the manipulation of 0G, -0 the

35,
maximum controllable duty cycle 3. can be obtained. By
analyzing Figs. 5 and 6, the turns ratio of the coupled inductor
is selected as N=2 when the operational conditions are
V=24V and Vp,=200V. Consequently, the corresponding
duty cycles can be obtained as §,=0.71 and 6,=0.29 from
Eq.(4) and Eq.(11). These values are reasonable in practical
applications.

3 Boost voltage galn for various turms vatio(N)
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Figure 5. Voltage gain (G;) with respect to duty cycle (8;) under different
turn’s ratios



2010 International Conference on Industrial Electronics, Control and Robotics
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Figure 6. Voltage gain (G,) with respect to duty cycle () under different
turn’s ratios

III. PERFORMANCE ANALYSIS

The conventional and proposed BDC schematics for
simulation with following specifications are designed to
illustrate the design procedure given in Section-II: LV side

Vga=24£2V, HV side Vg,;=200£18V, HV side power is 400W
and LV side power is 250W. Fig. 7(a) and Fig. 7(b) illustrate
the Simulink models of the conventional and proposed BDC
converters respectively. In these schematics a low-pass filter
capacitors C; and C, of 100 uF are used to in order to maintain
the constant charging voltage and constant bus voltage. For the
realistic ~ simulation of  battery  charging/discharging
application, the other designed parameter values are as follows:
L=50puH for the conventional BDC and for proposed BDC
L;=29uH L,=116pH with coupling coefficient (K) of 0.98. Fig.
8 and Fig. 9 illustrate the steady-state simulation results of the
conventional BDC for varying loads. Fig. 10 and Fig. 11
illustrate the steady state response of proposed BDC. Simulated
result has a close agreement with the theoretically designed
parameter values. Fig. 12 illustrates the experimental
validations of the proposed coupled inductor BDC converter
that confirming the improvements of the proposed topology
providing with minimum current and voltage stresses.
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Figure 7. Simulink schematics (a) Conventional BDC, (b) Coupled BDC

e LEE ]

[=="Puise Buck |

o s ko

&
4
1
4

o

|
i =
=m0
i
|

P — (=i
e 1
150 1
I%l 1
ok 1
0. . [ Ll
Ak
204 :
Loy 1
P I— B . |
a0 ; [ i3y
o |

e e ]
0712 00M2 DOTI2 QOTIZ GOTI3 OOTI3 00713 DO7E3
i st T2 e TS

00712 0071 0ATIY Q0TI 00713 0OTLS 00TLY
Wi s RFEES s AT s
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Figure 9. Waveforms of conventional BDC: Inductor (L) voltages and Load
voltages in Buck Mode (signals with Marker) and Boost Mode (Signals

without Marker)
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Figure 10. Waveforms of coupled BDC: Vpuge, Iswiteh, Vswieh and Tj, in Buck
Mode (signals with Marker) and Boost Mode (Signals without Marker)
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Figure 11. Waveforms of proposed BDC: Inductor (L;) voltages and Load
voltages in Buck Mode (signals with Marker) and Boost Mode (Signals
without Marker)
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Figure 12. Steady state experimental performances of proposed BDC
converter (a) boost mode at full load; Ch1:20v/div, Ch2:100v/div, C3:10A/div
and Ch4:100V/div, (b) buck mode at full load; Chl1:20v/div, Ch2:100v/div,
C3:10A/div and Ch4:20V/div

IV.  CONCLUSION

The theoretical design analysis has been made, and also
design considerations are discussed. The steady-state analysis
of conventional and proposed BDCs has been made in
Simulink environment. Also, experimental validation of the
proposed BDC is given. The results and analysis reveals that
the one third reduction in LV side switch (S1) voltage stress,
HYV side switch (S2) current stress, and also switch utilization
factor of the proposed BDC than that of conventional BDC.
Thus, the proposed BDC assures superior than that of the
conventional BDC. The newly designed converter circuit offers
the following improvement over those reported elsewhere. 1)
This topology adopts only two switches to achieve the
objective of bidirectional power flow. 2) The voltage gain and
the utility rate of the magnetic core can be substantially
increased by using a coupled inductor with a lower turn’s ratio.
Hence, the coupled inductor BDC converter provides high
voltage diversity than that of the conventional BDC converter.
Therefore, the proposed coupled inductor BDC is the good
choice where isolation is not the critical issue like in DC-UPS
systems.
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