IJFANS INTERNATIONAL JOURNAL OF FOOD AND NUTRITIONAL SCIENCES

Research paper © 2012 IJFANS. All Rights Reserved, [[e8[gatBAY4e] (F]yq =0 g o =Tope 021

Closed Loop Control of Bidirectional Buck-Boost Converter in a
Smart Grid Using Photovoltaic and Energy Storage Systems

Prof.S.M. Bang?, Dr. S.L. Haridas?, Mr.M.S.lIsasare?, Mr.Swapnil Dangre*

!Associate Professor, Department Of EEE J D College of Engineering & Management,
Nagpur
23Assistant Professor, Department Of EEE J D College of Engineering & Management,
Nagpur
“Student Department Of EEE J D College of Engineering & Management, Nagpur

ABSTRACT

This paper proposes a new closed loop control bidirectional buck-boost converter, which is a
key component in a photovoltaic and energy storage system (PV-ESS). Conventional
bidirectional buck-boost converters for ESSs operate in discontinuous conduction mode
(DCM) to achieve zero-voltage-switching turn-on for switches. However, operation in DCM
causes high ripples in the output voltage and current, as well as low power-conversion
efficiency. To improve on the performance of the conventional converter, the proposed
converter has a new combined structure of a cascaded buck-boost converter and an auxiliary
capacitor. The combined structure of the proposed converter reduces the output current ripple
by providing a current path and the efficiency is increased. The proposed Closed loop control
converter has a maximum efficiency of 98%, less than 5.14 Vp.p of output voltage ripple, and
less than 7.12 Ap.p of output current ripple. These results were obtained at an input voltage
of 160 V, switching frequency of 45 kHz, output voltage of 80 ~ 320 V, and output power of
16 ~ 160 W. The experimental results show that the proposed converter has improved
performance compared to the conventional converter.

INDEX TERMS: DC-DC Power Conversion, Energy Storage, Pulse Width Modulated
Power Converters.

1. INTRODUCTION

SMART grid (Fig. 1) is future electric energy system that has been studied to reduce
mismatching between sources of electricity (such as renewable energy and power plants) and
electricity consumers (homes, vehicles, factories, etc.). However, the energy production of
renewable energy depends on environmental conditions. Therefore, an energy storage system
(ESS) is needed in a smart grid to provide stability and efficiently manage the renewable
energy [1-3]. An ESS consists of a battery that stores electric energy and a bidirectional DC-
DC converter that transfers energy from the battery and renewable energy source in both
directions [4-9].
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Fig. 2. Block diagrams in case of (a) Viv < Vo, (b) Vv > Vovand (¢) Vv < Vo &
Vo> Vo

A conventional bidirectional DC-DC converter uses a half-bridge converter with two
switches based on a buck or boost DC-DC converter. In the buck mode of the converter,
electric energy is transferred from a high voltage (HV) port to the low voltage (LV) port. In
boost mode, the electric energy is transferred from the LV port to the HV port. The
conventional bidirectional converter has a limitation in that it can only be operated in buck
mode in one direction and boost mode in the other direction (Fig. 2(a) and Fig. 2(b)) [10-12].
Therefore, when the input is a photovoltaic (PV) module and the output is battery cells in a
smart grid, a half bridge converter based on a buck or boost converter cannot be used because
of the following reasons: 1) The battery cells repeatedly perform charging and discharging
operations, resulting in large voltage variation [13, 14]. 2) The PV module has a large voltage
variation that depends on the module temperature and the solar irradiance [15-17]. Thus, the
ranges of the input voltage and output voltage can overlap [18, 19].

(b)
Fig. 3. Circuit structures of (a) Cor h -“l alf-Bridge (CHB) ¢ rer and
<h|( aSCid !\IB kH Host (( BB) co

Bidirectional buck-boost converters (Fig. 2(c)) were introduced for use in cases of
overlapping input and output voltages [19-28]. They can operate in both buck and boost
modes in both directions. A combined half-bridge (CHB) converter (Fig. 3(a)) is the most
basic bidirectional buck-boost converter and has a symmetric structure with respect to the
storage capacitor CS [20, 21]. There is one inductor at the input port and one at the output
port, which results in low voltage ripples in the input and output. However, because the CHB
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converter uses two inductors of the same size, it is large and has a low power-conversion
efficiency me due to the DC-offset current of each inductor. Cascaded buck-boost (CBB)
converter (Fig. 3(b)), along with the CHB converter, has been commonly used in ESSs.
Compared with the CHB converter, CBB converter is smaller and has higher ne because it
uses only one inductor L [19, 22-28]. Recently, research has been actively conducted on
bidirectional buck-boost DC-DC converters in discontinuous conduction mode (DCM)
because this mode can achieve zero-voltage-switching (ZVS) turn-on of the switches [19, 26-
28]. However, operation in DCM increases the current ripple of L, which affects the output
current ripple and increases the output voltage ripple. In this paper, an enhanced CBB
converter is proposed to improve on the performance of the conventional CBB converter. The
proposed converter is targeted to a PV-ESS system that uses a micro-inverter, which has been
widely used in a smart grid [29, 30]. The converter has a new combined structure of a CBB
converter and an auxiliary capacitor. This structure can reduce the output voltage ripple and
increase ne by effectively reducing the output current ripple.

Dc-Dc Converters

A DC-DC converter with a high step-up voltage, which can be used in various applications
like automobile headlights, fuel cell energy conversion systems, solar-cell energy conversion
systems and battery backup systems for uninterruptable power supplies.Theoritically, a dc-dc
boost converter can attain a high step-up voltage with a high effective duty ratio.But,in
practical, the step-up voltage gain is restricted by the effect of power switches and the
equivalent series resistance(ESR) of inductors and capacitors.

Generally a conventional boost converter is used to get a high-step-up voltage gain with a
large duty ratio. But, the efficiency and the voltage gain are restricted due to the losses of
power switches and diodes, the equivalent series resistance of inductors and capacitors and
the reverse recovery problem of diodes. Due to the leakage inductance of the transformer,
high voltage stress and power dissipation effected by the active switch of these converters. To
reduce the Voltage spike, a resistor-capacitor —diode snubbed can be employed to limit the
voltage stress on the active switch. But, these results in reduction of effiency.Based on the
coupled inductor; converters with low input ripple current are developed. The low input
current ripple of these converters is realized by using an additional LC circuit with a coupled
inductor.

Project Discription and Control Design

Proposed Dc-Dc Converter
A. Circuit Structure
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The proposed converter (Fig. 4) consists of a conventional CBB converter and an auxiliary
capacitor (Ca), and has a symmetric structure with respect to Ca and L. The CBB converter
consists of two capacitors (CIN, CO), four switches (S1, S2, S3, S4), and an inductor (L).
Four switches (S1, S2, S3, S4) and an inductor (L) control the direction of energy transfer
and the ratio between the input voltage and output voltage. Four switches are turned on in the
ZV'S condition by operating in DCM. Two capacitors (CIN, CO) reduce the output voltage
ripple and noise, and an auxiliary capacitor (Ca) reduces the output current ripple by
providing a current path.

B. Principle of Operation

The proposed converter operates with a fixed switching period TS and controls the voltage
gain by changing the duty ratio D of the switches (S1, S2, S3, S4) from 0 to 1. Each switch
has four states in six operating conditions created by the energy transfer directions between
VIN and VO and the types of operation (buck, boost, and buck-boost), as shown in Table I.
Due to the symmetric structure with respect to Ca and L, the operations are separated by only
the types of operation in one direction of energy transfer (VIN — VO). To simplify the
analysis of the operation, the following assumptions are made: 1) the inductor and all
capacitors are lossless, 2) the voltage ripples of CIN, Ca, and CO are small enough to assume
that VIN, VCa, and VO are constant voltage sources, and 3) the converter operates in steady
state. (1) Buck mode When the proposed converter operates in buck mode, it has four distinct
operating modes (Mode 1 ~ 4). The equivalent circuits and operating waveforms are shown
in Fig. 5 and Fig. 6.

Mode 1 (Fig. 5(a), t0 <t <tl) starts when S2 is turned on. At t = t0, S2 achieves ZVS turn-on
because the body diode DS2 of S2 is turned on before t = t0. Then, the voltage vL of L
becomes VIN — VO, and the current iL of L is expressed as

Vi =V,
i (6)=i;(e)+ I.\L O (t-1,). (1)

The current is; of S5 is equal to iz, so is2 is expressed as

Vi =V,
isz(t):iL(t())+%(r—r“).

In this mode, the current iCa of Ca, the current iCo of CO, the output current iO, and the load
current 10 have the following relations: iO =iCo + 10, iCo = iCa -CO/Ca, and iO = iL - iCa.
Therefore, iCa and iO can be derived as
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10(’):(1 +OC)IL(I)+C +a(“3 Iy. (2)
- = - !

The voltage v, across the auxiliary capacitor C, is expressed as
Vea (1) =Vea + Aveg ac(2)

where Ve, and Av, 4, represent the DC voltage and the AC

ripple voltage across the .. respectively. Because
Vea > AV, 4c - Voo €an be approximated as

Vea(8) =Vea =Vo =V -

Mode 2 (Fig. 5(b), t1 <t <t2) starts when S2 is turned off. At this time, S1 remains in the off
state to prevent a shoot-through problem with S1 and S2. In this mode, the output capacitor
CS1 of S1 discharges from VIN to 0, and the output capacitor CS2 of S2 charges from 0 to
VIN. Shortly after the discharging of CS1 and charging of CS2 are finished, the body diode
DS1 of S1 is turned on. Mode 3 (Fig. 5(c), t2 < t < t3) starts with the ZVS turn-on of S1
because DS1 is turned on before t = t2. Then, vL becomes -VO, and thereby iL is expressed
as

fL(’)=fa[fz]—%[f—fz)- 3)

Because iO =iL —iCa, i0O =iCo + 10, and iCo = iCa-CO/Ca, iCa and iO are expressed as
The current iS1 of S1 is equal to -iL, so iS1 is obtained as

iy (1) =i, (1, } (f 5).

Because iO =iL —iCa, i0O =iCo + 10, and iCo = iCa-CO/Ca, iCa and iO are expressed as

ica(t) = li(e)-1o] )

C,+C,

a

fa{f)- LU { lo. (5)
'f -

Mode 4 (Fig. 5(d), t3 <t <t4) starts when S1 is turned off and S2 remains in the off state. In
this mode, CS1 charges from 0 to VIN, and CS2 discharges from VIN to 0. Shortly after the
charging of CS1 and discharging of CS2 are finished, DS2 is turned on. At t = t0, iL has an
initial value of iL(t0), and iL(tO) is obtained as follows: By inserting t = t2 into (1), the
current ripple AiL of iL is obtained as

Vo =V,
Ay =f1(f‘1}—fi(fu}=%m"5- (6)

Where DTS = t2 — t0. The average current of L for one TS is obtained as = 10 by applying
the ampere-second balance law for capacitorsto L () () () Ca Co ++= ltititi O . Then, iL(t0)
= - AiL/2 is represented as
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Fig. 5. Circuit diagrams for the operation of buck: (a) Moade 1, (b) Mode 2. (c)
Mode 3, and (d) Mode 4.

Vel M| M (Moo
DT, e
7
Fig. 6. Operational waveforms in the operation of buck

Vie =Vo niae
'l{’uL/n’%/"\- N
and iz(r:) = <i¢> + Ai/2 is expressed as
Ve =Vo o
i (r:);/,,n—"u 2.DTs . (8)

(2) Boost mode
The boost operation also has four distinct operating modes (Mode 1 ~ 4), and the equivalent
circuits and operating waveforms are shown in Fig. 7 and Fig. 8, respectively. Mode 1 (Fig.
7(a), t0 <t < tl) starts when S3 is turned on. At t = t0, S3 achieves ZVS turn-on because the
body diode DS3 of S3 is turned on before t = t0. Then, vL becomes VIN, and iL is expressed
as

*L(f)=f1(fo)+%{f—fo)- ©)

The current iS3 of S3 is the same as iL, so iS3 is expressed as

is(t)=i; "0}+IT(" ).
Because iO =-iCa, i0O =iCo + 10, and iCo = iCa -CO/Ca, iCa and iO are expressed as
I(’u("]

iolt)= C C Iy

The voltage vCa across the auxiliary capacitor Ca is expressed as
Ve (1) =Vey + Ay act).-

Because Ca Ca AC >> AvV , , this expression can be approximated as
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Vea () =V =Vo =Viy
Mode 2 (Fig. 7(b), t1 <t <t2) starts when S3 is turned off and S4 remains in the off state. In
this mode, the output capacitor CS3 of S3 charges from 0 to VO, and the output capacitor
CS4 of S4 discharges from VO to 0. Shortly after the charging of CS3 and discharging of
CS4 are finished, the body diode DS4 of S4 is turned on. Mode 3 (Fig. 7(c), t2 <t <t3) starts
with the ZVS turn-on of S4 because DS4 is turned on before t = t2. Then, vL becomes VIN -
VO, and iL is expressed as

I

:‘L{r)=i£(r_w_]+[,”%{r—t2}. (11)

The current iS4 of S4 is equal to -iL, so iS4 is obtained as
f_sq(f):—’i(fz]—%(f—"2)-
Because iO =iL - iCa, i0 =iCo + 10, and iCo = iCa -CO/Ca, iCa and iO are expressed as

. C, 1
icalt)= =15 liL(6)-1,] (12)
- -0}
c

ip(t)= Cﬁ’(j_ﬂ ip(t)+ c :(.__G 1,. (13)
Mode 4 (Fig. 7(d), t3 <t < t4) starts when S4 is turned off and S3 remains in off-state. In this
mode, CS3 discharges from VO to 0 and CS4 charges from 0 to VO. Shortly after the
discharging of CS3 and charging of CS4 are finished, DS3 is turned on. By inserting t = t2
into (9), AiL for boost operation is obtained as

Aip =iL(f2)_i1_(’«))=‘lT'VDT‘s- (14)

where DTs =t — ty. Because <i;> = I;y and ir(ty) = <ir> - Air/2,
ir(to) 1s expressed as

Viv .,
iL(’())=[l.\'_%DIS- (15)

ir(t2) = <i;> + Ai;/2 is expressed as

. Vi,
’L(tl):IL\'+ﬁDIS' (16)
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Fig. 7. Circuit diagrams for the operation of boost; (a) Mode 1, (b) Mode 2, (c)
Mode 3, and (d) Mode 4,
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Waveforms are shown in Fig. 9 and Fig. 10, respectively. Mode 1 (Fig. 9(a), t0 <t <tl) starts
when S2 and S3 are turned on. At t = t0, S2 and S3 achieve ZVS turn-on because DS2 and
DS3 are turned on before t = t0. Then, vL becomes VIN, and iL is expressed as

;L(;):;L(fuh%(;_;o]. (17)
Both iS2 and iS3 are same as iL, so they are expressed as
is2(t)=is3(r) =i, (1) + T(r fo).-
Because i0O =-iCa, iI0 =iCo + 10, and iCo = iCa -CO/Ca, iCa and iO are expressed as

O
h 9. Circuit diagrams for the operation of buck-boost: (3) Made 1, (b) Mode
%) Mode 3, nd (&) Mode 4

ic,(t)=- ‘(J
C,+C

—lo (18)
o

c
iplt)= ely. (19)
0 (.J (.“ o

veu(7) 1s obtained using the equation (18) as

L[ =Clo )
c,lc,+c, "

l it
Vea (f}= Vea [10 ) + C_.[ Irg [l' }if = Vea

=["0—"}_\'—(.. T C (1)
“atCo

Mode 2 (Fig. 9(b), t1 <t <1t2) starts when S2 and S3 are turned off and S1 and S4 remain in
the off state. In this mode, CS2 and CS3 charge from 0 to VIN and from 0 to VO,
respectively. CS1 and CS4 discharge from VIN to 0 and from VO to 0, respectively. Shortly
after the charging and discharging processes are finished, the DS1 and DS4 are turned on.
Mode 3 (Fig. 9(¢c), t2 < t < t3) starts with the ZVS turn-on of S1 and S4 because DS1 and
DS4 are turned on before t = t2. Then, vL becomes -VO, and iL is expressed as
"L{")“'L(f:]—%{f—fz}- (20)
IS1 and iS4 are equal to -iL, so they are obtained as
i 0)=i53(0) = =i 1)+~ e 1)

Because iO =iL - iCa, i0O=iCo + 10, and iCo =iCa -CO/Ca, iCa and iO are expressed as

ica(t)= Cﬂ e [: (1)-1o] @1
_ Co . c,

t)= t I,. 22
iolt) C.+C, ‘L( }+ C. +C, 0 (22)

vCa is obtained using equations (20) and (21) as
1

Ca _[I ica ()t +ve, (1)
[ 1) 1o Je—1,)- L" ;]}L‘.(‘G(IE]_

vel (1) =

( +({rJ
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Mode 4 (Fig. 9(d), t3 <t < t4) starts when S1 and S4 are turned off and S2 and S3 remain in
the off state. In this mode, CS2 and CS3 discharge from VIN to 0 and from VO to 0,
respectively. CS1

7] vesy (Fves2) ” vess (Fves1) ”“l
Vo

"Co ! T -1
is.\(=is:)—] e \—’ >
isq(=ig;) L—-‘ g L'l

t non not
Mkt (M3 M) [t d
D T ]
T
Fig. 10. Operational waveforms in the operation of buck-boost.

And CS4 charge from 0 to VIN and from 0 to VO, respectively. Shortly after the discharging
and charging processes are finished, DS2 and DS3 are turned on. By inserting t = t2 into (17),
AiL is obtained for buck-boost operation as

Aip =ig(t)-ir(ty)= %m‘s, (23)

Where DTS =2 —t0. Because = IIN + 10 and iL(t0) = - AiL/2, iL(t0) is expressed as
ilty)=1In +1, —‘;}—-L"m;s. (24)

And iL (t2) =+ AiL/2 is expressed as
if(ty)=1In+1o +%Dr_§- : (25)

ot sensing (7. F¥ o and I, (b) Block disgram of the digital contrller for the

Where IC,rms is the RMS value of the capacitor current, and RC is the ESR of the capacitor.
The voltages and currents of the key power components for calculating these power losses
have different values for the different operating modes (Table I1). The theoretical efficiency
of the proposed converter can be calculated by inserting voltage and current values into the
equations (43 ~ 49) related to the power loss calculations.
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C. Operation of the Controller

The proposed converter is controlled by pulse width modulation (PWM) signals (vgl ~ vg4),
which are generated by the voltage-mode control (Fig. 11(a)). Two voltages (VIN and VO)
are sensed to implement the voltage-mode control and protect the over voltage. VO is used as
an output voltage for generating the PWM control signal of the main switch in the energy
transfer direction from VIN to VO, and VIN is used as an output voltage in the opposite
direction. The current of inductor is sensed to protect against over current.

Fig. 11(b) represents a block diagram of the digital controller for the proposed converter.
When the energy transfer direction is expressed by the demand of the system, the direction
selector determines the sensing output voltage (VIN or VO) needed for the voltage mode
control. The voltage-mode PI controller then generates the duty ratio D of the main switch by
comparing the sensed voltage with the reference voltage. The mode selector informs the
PWM modulator of the operating mode of the proposed converter determined by the sensed
VIN and VO. Finally, using the information from the mode selector and voltage mode
controller, the PWM modulator and the switch selector generates four gate signals (vgl ~
vg4), which control the proposed converter.

VOLTAGE AND CURRENT OF THE KEY POWER COMPONENTS FOR
CALCULATING FIVE MAIN CAUSES OF POWER DISSIPATION

Five main Operating modes
counes of
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2. Simulation Results

Fig: Circuit Diagram of BOOST Converter
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Fig.: Circuit Diagram of BUCK-BOOST Converter
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Fig.: CircuithDiagram of CLOSED BUCK Converter
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Fig.: Circuit Diagram of CLOSED BOOST Converter
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Fig.: Simulation Results for CLOSED BOOST Converter
3. CONCLUSION

A new closed loop control of bidirectional buck-boost converter was proposed in this paper.
The proposed converter effectively had lower output current ripple than the conventional
CBB converter, which was achieved by providing a bypass path for the output current. The
reduced output current ripple enabled lower output voltage ripple and higher power-
conversion efficiency compared to the conventional converter. The proposed converter had a
maximum efficiency of 98% at VIN = 160 V, VO =80 ~ 320 V, PO =16 ~ 160 W, and fS =
45 kHz, and the output voltage ripple was less than 5.14 Vp.p. These results show that the
proposed converter is suitable for PV-ESS in a smart grid, which requires a closed loop
control of bidirectional buck-boost converter with high efficiency and low ripples in the
output voltage and current.

Future Scope

The Fuzzy based bidirectional buck-boost converter enhances the stability of the system and
improves the dynamic response of the system operating in a better way and it has also
effectively enhanced the damping of bidirectional buck-boost converter simulation results.
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