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Reduced Rule Based Fuzzy Logic Controlled Isolated
Bidirectional Converter Operating in Extended Phase
Shift Control for Bidirectional Energy Transfer
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Abstract—Bidirectional energy transfer capability with high
efficiency and reduced cost is fast gaining prominence in the central
part of a lot of power conversion systems in Direct Current (DC)
microgrid. Preferably, under the economics constraints, these systems
utilise a single high efficiency power electronics conversion system
and a dual active bridge converter. In this paper, modeling and
performance of Dual Active Bridge (DAB) converter with Extended
Phase Shift (EPS) is evaluated with two batteries on both sides of DC
bus and bidirectional energy transfer is facilitated and this is further
compared with the Single Phase Shift (SPS) mode of operation.
Optimum operating zone is identified through exhaustive simulations
using MATLAB/Simulink and SimPowerSystem software. Reduced
rules based fuzzy logic controller is implemented for closed loop
control of DAB converter. The control logic enables the bidirectional
energy transfer within the batteries even at lower duty ratios.
Charging and discharging of batteries is supervised by the fuzzy logic
controller. State of charge, current and voltage for both the batteries
are plotted in the battery characteristics. Power characteristics of
batteries are also obtained using MATLAB simulations.

Keywords—Fuzzy logic controller, rule base, membership
functions, dual active bridge converter, bidirectional power flow,
duty ratio, extended phase shift, state of charge.

[. INTRODUCTION

N modern times, the requirement of an energy efficient

power electronics conversion system having inherent
bidirectional energy transfer capability, low weight and
reduced switching loss has increased considerably. Isolated
Bidirectional Converters (BDCs) [1], [2] are fast becoming the
core of common power electronics and industrial applications
such as renewable energy systems, transportation vehicles
industry, HVDCs [3], portable electronic equipment’s, and
microgrids [4], [5] which require an intermediate energy
storage system [6]. For fulfilling the requirements of such
systems, DAB converters were introduced in 1990 [7].
Advanced versions [8] of DAB like three phase DAB [9],
multilevel DAB [10], [11], dual bridge resonant converters
[12] are also developed for complimenting energy conversion
purposes. Later different control techniques like EPS [13],
dual phase-shift control (DPS) [14], [15] and triple phase-shift
control (TPS) [16] were introduced and investigated in detail.
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In recent times, SiC [17] based DAB is also being developed
and is leading to better efficiency and smaller size of the
overall converter system [17]. Fuzzy logic controller is also
being used with higher number of rules for control of DAB
converter.

Some of the intrinsic attributes of DAB converters are
inherent soft switching capability [18], high power density,
galvanic isolation and reduced number of passive elements.
Subsequently zero voltage switching operating range [19] was
extended for the improvement in system efficiency. Dual
active converters are also used in custom power devices like
Unified Power Quality Conditioner (UPQC) [20], [21],
Dynamic Voltage Restorer (DVR) [22] for facilitating
bidirectional power flow and mitigation of various power
quality problems. Also prior to DAB some soft switched
converters have been implied in electrical vehicles [23] and
studies on energy management in fuel cells have been carried
out [24].

In this paper, modeling, designing of DAB and comparison
based on power absorbed and power delivered by DAB in the
EPS mode having battery on both the ends is performed.
Reduced rule based fuzzy logic controller has been developed
for the DAB system. Linguistic variables along with their
membership functions are also shown along with their
corresponding outputs. Sugeno fuzzy inference is used in the
present work. Advantages of fuzzy logic controlled system are
also discussed along with the benefits of having reduced rule
base. Also a comparative analysis of EPS and SPS control
modes of operation is carried out with respect to stability of
operating zone and efficiency of the overall system.

Optimum duty ratio is identified from the operating zone by
carrying out extensive simulations and noting the efficiency of
battery converter system at desired voltage level. 3D curve of
power transfer capability in EPS mode is plotted. State of
charge, current, and voltage of battery are also shown in the
corresponding battery characteristics. Power developed and
power absorbed by batteries are also shown in power
characteristics of batteries. Variation of efficiency with respect
to duty ratios in EPS mode is obtained along with its power
plots. By extensive simulation studies in MATLAB/Simulink
and SimPowerSystems software, the above converter working
in the two control modes is tested and results are obtained for
a comprehensive comparative evaluation.
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II. MODELLING AND OPERATING PRINCIPLE OF DAB

A DAB consists of two DC-AC converters connected back-
to-back through a high frequency transformer as shown in the
schematic diagram of a single phase dual active bridge
converter in Fig. 1. The inductor is a combination of primary
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side inductance plus the secondary side inductance referred to
primary side.

A. Modelling of DAB Converter in SPS Mode
For modelling of DAB, Fig. 2 is considered.
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Fig.1 Power circuit diagram of single-phase DAB converter
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Fig. 2 Power circuit diagram of single-phase DAB converter for modeling

Converter modeling is done by applying KVL around the
converter in the transformer loop: Vy,=Vp,;, and V=V, Vi, =
Voltage on the high voltage side of transformer, V,= Voltage
on the low voltage side of transformer.

V=32V~ Ruin(D-L5 (D=0 (1)

i;= Inductor current, R;= Resistance of leakage inductance, L=

Leakage inductance, N,= Number of turns in the Primary Side
Winding. N,= Number of turns in the Secondary Side
Winding.

Now the bridge output voltages are expressed in terms of
their corresponding converter switching functions as,

Vi) = Vin(®) {Dy (1) — D> ()} 2

VilD)=Voul){D3(1) = Da(1)} 3)
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Here, V;,(£)= Input side voltage, V,,(f)= output side voltage,
D,(t)= Switching function of switch one, D,(f)=Switching
function of switch two, Ds(f)= Switching function of switch
three, D4(f)= Switching function of switch four. The square
switching waveforms are expressed in sinusoidal terms by
means of Fourier transform as in (4),

sin([2n+1]{wst—g}),
1 [2n+1]

D= + =0 Gy k=012 (4)
where, wgis the switching frequency of the square wave and
o, is the phase delay of waveform with respect to a reference
phasor.

Now for simplification of whole calculation, the infinite
Fourier series is truncated to first ‘N’ harmonics. Thus, the
switching function becomes

1 sm([p fost— °<k})N> 0. k=123,
[p]

p=2n+] (5)

Dk(t)’ += Z

As DAB has four switches, four switching functions are
required to be formulated. Thus following assumptions have to
be made.

a) Switch D; is taken as reference phasor.

b) The phase difference between complementary pair of
switches is 180°.

c) The phase difference between primary side voltage and
secondary side voltage is @.

Thus, the following switching functions are obtained:

1 sin([pl{wst})
) [p]

(t);+ Z p=2n+1 (6)

n= integers representing the number of harmonics

1 t
Dy (=5 + 2 Bty D ™)

1 sm(

H{wst—0} (8)

D3(t)_ += Z o]

1 sin([pi{wst-@-n} )

D4(l‘)’ +- Z wl ]

Substituting the values of Vp,; and V.. from (2) and (3) in

(1), we get:
Ryiy(6)+LGH0=Vin(0){D: ()~ Do)}~ /= Vour(){Dy(1)~Da(2)}
(10)

Now substituting the values of Dy, D,, D;, Dy in (10), we
get:

Ryiy(1)+LA0y=Vin(1) /2 EN_ ““’E]%}—%_ir/out(t){

Z sm( E:;st—q)})} (11)

Now for determining the value of N, analytical power flow
expression and harmonic power summation are compared.
— NpVinVaut@(n_Q))_
NswsL IT ?
here @ is phase shift between the two bridges, and L is the
inductance between the bridges.
Harmonic power flow summation is given by,

Analytical power flow is given by, P

8 Np

1_sin([p]@)
Beec = ;Vin outN_S

n=0p13 " Wl

p=2n+1

For N= 3, the difference between the analytical power flow
and harmonic power flow summation is less than 0.01%.
Therefore, N=3 is used for the analysis.

Expressing (11) in phasor domain:

Ryig(t) + Ld“(t) {RE + jplws Ly
Vp,l[2n+]]+ V = {VanO NeVoutz— [p]@}
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Fig. 4 (a) Primary voltage (b) Secondary
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Fig. 5 (a) Simulated Primary voltage, (b) Secondary voltage, (c) Inductor voltage, (d) Inductor current for forward power flow

A modified (11) is obtained which is written below:

. 4 1 . N
(R, + 120 + 1wsLi s an 1= T Vim0 =

[2n+ 1]0}(12)

Vouts —

4 1 . Np
Zm {Vinzo —N—SVoutA—[2n+ 1]9}

= Liansyy (R +j[2n+1wsLY Lan+1) (13)

Now this phasor domain expression of inductor current is
expressed in time domain.

. 4 1 (vin .
lL(t)=; N el {z [L:] sin([2n + 1]wst — Gn)} -
Vout Np

A N—ssin([Zn + 1{wst — 0} - 6,) (14)

|Z[n]\=JRL2 + ([2n + 1]wgL)? here Z[n]= Impedance at nth
harmonic.

_1 [2n+1]wsL
Ry,

6, = tan

In SPS mode, transmitted power is given by

p= nV;V,D(1-D)

2LFg (15

where, V= Primary side voltage, V,= Secondary side voltage,
n= Transformation ratio of isolation transformer, D= Duty

ratio corresponding to outer phase shift between the two
bridges.
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The waveform for DAB working in SPS control mode for
forward power flow mode is shown in Fig. 3. Similarly, the
waveforms can be seen in Fig. 4 for the reverse power flow
mode. The conduction of various devices in charging as well
as discharging mode is shown in Tables I A and B. Also the

switch conduction table is made considering Figs. 3 and 4 for
Fig. 1. Also the primary voltage, secondary voltage, inductor
voltage and inductor current are shown in Figs. 5 and 6 for
forward as well as reverse conduction mode respectively.

Time(sec)

Fig. 6 (a) Simulated primary voltage (b) Secondary voltage, (c) Inductor voltage, (d) Inductor current for reverse power flow

The unified transmission power is defined as

nviV,
8LF;

P, = 4D(1 — D) = -~ wherePy = (16)
N
The 3-D graph of this unified transmission power is shown
in Fig. 7. Also backflow power in SPS mode is expressed as:

_nVqV, [a+(2D-1)]?

Por 16f; L(a+1)

B. EPS Control

EPS control mode is applied for overcoming the
deficiencies in SPS control strategy (SPS control mode has
lower efficiency; zero voltage switching operating range is
small and has a higher circulating power). In EPS control, the
switch pairs in one bridge are provided with inner phase shift
while other switch pairs are switched as before with outer
phase shift only. This results in the primary side voltage
becoming a three level wave and secondary side waveform
remains a two level wave having 50% duty ratio. In reverse
conduction mode, the waveshapes of both the voltages are
interchanged. The operating principle and performance of EPS
has been discussed by many researchers [2], [13]. Also the
waveforms for EPS technique in forward and reverse

conduction mode are shown in Figs. 8§ and 9.
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Fig. 7 Relation curve of unified transmission power with duty ratio
D]: D2=D

The conduction of various devices in charging as well as
discharging mode is shown in Tables Il A and B. These tables
are obtained from Figs. 8 and 9.
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TABLEI A
DEVICE CONDUCTION TABLE FOR FORWARD POWER FLOW IN SPS MODE
Time Device conducting in Device conducting in secondary
interval primary bridge bridge
to-t; D1-D4 D5-D8
-ty S1-S4 S5-S8
to-ts S1-S4 D6-D7
ta-ty D2-D3 D6-D7
ty-ts S2-S3 S7-S6
ts-te S2-S3 D5-D8
TABLEIB

DEVICE CONDUCTION TABLE FOR REVERSE POWER FLOW IN SPS MODE

bridge voltage, f=Switching frequency, L=Leakage
inductance of primary plus referred value of secondary side
leakage inductance on primary side.

From Fig. 8, low-frequency average model of the system
can be developed keeping in mind the fact that the average
current of the inductor over one switching period should be
Zero.

TABLEII A
DEVICE CONDUCTION TABLE FOR FORWARD POWER FLOW IN EPS MODE

Device conducting in primary Device conducting in

Time interval

Device conducting in Device conducting in

Time interval

primary bridge secondary bridge
to-t; D2-D3 D6-D7
ti-ty S2-S3 S7-S6
-ty D1-D4 S7-S6
-ty D1-D4 D5-D8
tyts S1-s4 S5-S8
ts-te D2-D3 S5-S8

The unified transmission power in case of EPS control
mode is expressed as

P
P.e =4D,(1 — D,) 4+ 2D;(1 — D; —2D,)] = ™ 17)

where,
A

N L

where V,=Primary side voltage, V,=Secondary side voltage,
n=Transformation ratio of isolation transformer, D;=Inner
phase shift duty ratio in primary bridge, D,=Outer phase shift
duty ratio between primary bridge voltage and secondary

bridge secondary bridge
to-t; D2-D3 D6-D7
-ty S2-S3 S7-S6
-ty D1-D4 S7-S6
-ty DI1-D4 D5-D8
ty-ts S1-S4 S5-S8
ts-tg D2-D3 S5-S8
TABLEIIB

DEVICE CONDUCTION TABLE FOR REVERSE POWER FLOW IN EPS MODE

Device conducting in Device conducting in

Time interval

primary bridge secondary bridge
to-t; D1-D3 S7-S6
ty-t D1-D3 S6-D8
to-t3 S1-S4 S8-D6
t3-ty S1-S4 S5-S8
ty-ts D2-S4 S5-S8
ts-te D2-S4 S5-D7
te-ty S2-S3 D5-S7
ty-tg S2-S3 S7-S6
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Fig. 8 (a) Simulated Primary voltage (b) Secondary voltage (c) Inductor current for forward power flow
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B A. Fuzzy Logic Controller for SPS Mode
Fuzzy logic controller is used in finding solutions for
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Fig. 10 Relation curve of unified transmission power with duty ratio
DI:DZ:D

Values of inductor current at various instances of time are
expressed below: For Fig. 8, corresponding values of inductor
current at different instants of time are as:

iut) =g 2la(l = D) + (2D +20, = D] (18)
iu(t) == 372[a(1 = Dy) + (2D, = 1)] (19)
iL(ts) == [a(2D; + 2D, = 1) +1] (20)

f=1/(2Tys) is switching frequency,a=V,/nV,

il (1) =2 [a(1 = Dy) + (2D + 2D, = D] 1)

The transmitted power is expressed as:

problems in which mathematical calculations are tedious and
lengthy. In systems where the mathematical modeling of
system is complex and a large number of variables are
involved, fuzzy logic can be used due to its simple and
sophisticated nature. Also due to its high sensitivity towards
system variations and a remarkable feature of representing
simple human thinking towards a problem, fuzzy logic
controller is preferred over conventional PI controller.

Sugeno fuzzy model is implied in the present work for
formation of fuzzy logic based closed loop controller. As the
Sugeno fuzzy inference provides a reduced computational
burden and is quite versatile in nature, it is preferred over
Mamdani fuzzy inference. The fuzzy logic closed loop
controller is shown in Fig. 11. From Fig. 11, it becomes clear
that the output voltage is compared with the reference voltage,
thereafter the error and the derivative of error is processed
through the fuzzy logic controller. A square wave of
frequency 20 KHz and duty ratio of 50% is generated and is
given along with the output of fuzzy logic controller to phase
shift modulator. As the scheme consists of two batteries, two
fuzzy logic controllers are required for closed loop control of
the whole system.

The fuzzy logic system consists of three major components;
namely fuzzification, decision making and defuzzification.
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Fig. 11 Fuzzy logic based closed loop controller

Fuzzification: Under the process of fuzzification, input
variables (error (e) and change in error (de)) and output
variables are converted into fuzzified signals with their
recognition done by their levels of membership in fuzzy sets.
The numerical variables are converted into linguistic
variables, and the following two fuzzy levels or sets are
selected:

1. ZE: Zero
2. PB: Positive big

Application of two fuzzy sets reduces the number of rules to
4. This further eases the computational burden on the system.

The fuzzy control implemented here utilises triangular
membership functions for input linguistic variables. The
membership functions for error ‘e’, change in error ‘de’ and
output for both the controllers are shown in Figs. 12 and 13. In
Fig. 12 (a) it is depicted that error ‘e’ has two membership
functions namely ZE and PB. Membership function ‘ZE’
varies from 0 to 6.5 and PB varies from 4.5 to 35. The output
actuating signals ZE and PB are assigned values of 0.1 and
20.5 respectively. This fuzzy logic controller is used for the
battery at the LV (low voltage) side during the forward mode
of operation. The membership grade of each input is assigned
between the range of 0 to 1. The linguistic variable change in
error ‘de’ is same as the linguistic variable ‘e’ and has the
same membership functions.

For the fuzzy logic controller used for the battery on the HV
(high voltage) side during the reverse mode of operation, the
linguistic variables are shown in Fig. 13 (a) where for ‘e’, ZE
varies from 0 to 295, and PB varies from 270 to 304. For
linguistic variable ‘de’ shown in Fig. 13 (b), ZE varies from 0
to 6.5, and PB varies from 4.5 to 35. The output actuating
signals ZE and PB are assigned values of 0.1 and 17
respectively and are shown in Fig. 13 (c).

Decision making: In Sugeno implication method, the output
membership functions are either constant or have a linear
relationship with output. The input is associated to the output
by If-Then principle. As the membership functions are
reduced to two for both error and change in error, a total of
4(2*2) rules are possible. Fuzzy logic control rules are shown
in Table III.

TABLE I1I
REDUCED RULE BASE TABLE FOR Fuzzy LOGIC CONTROLLER
. de ZE PB

ZE ZE PB

PB PB PB

The defuzzifier converts the output of fuzzy logic controller
which is of the form of linguistic variables into crisp solution
variable. Basically it is the reverse process of fuzzification.

1 ZE PB
0.5
0 3 45 65 15 35
Input Variable ‘e’
(a)
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| ZE PB
0.5
0 3 45 65 15 35
Input Variable ‘de’
(b)
E=) ZE PB
= 1
£l
@
=
£
9
=
5 05
@
2
&
=]
0 0.1 20.5
Actuating Signal
©

Fig. 12 (a) Input variable ‘e’ (b) Input variable change in error ‘de’
(c) Actuating Signal for fuzzy logic controller in SPS mode for
battery at LV side

B. Fuzzy Logic Controller for EPS Control Mode

The above discussed Fuzzy logic based closed loop
controller is used in the SPS control mode. The membership
functions of linguistic variables in the process of fuzzification
are changed so that the above controller is implemented in
EPS control mode.

PB
1 ZE
0.5
0 170 270 295 298 304
Input Variable ‘e’
(a)

1 E PB
0.5
0 345 65 15 35
Input Variable ‘de’
(W]
B ZE PB
= 1
Fd
]
2
£
9
=
s 0.5
3
S
&
=)
0 0.1 17
Actuating Signal
(©

Fig. 13 (a) Input variable ‘e’ (b) Input variable change in error ‘de’
(c) Actuating Signal for fuzzy logic controller in SPS mode for
battery at HV side

Fuzzification in EPS mode: The membership functions for
error ‘e’, change in error ‘de’ and output for both the
controllers are shown in Figs. 14 and 15. From Fig. 14 it can
be seen that error ‘e’ consists of two membership functions
namely ZE and PB. Membership function ‘ZE’ varies from 0
to 19 and PB varies from 18 to 50. The membership grade of
each input is assigned value within the range of 0 to 1. For
linguistic variable ‘de’ shown in Fig. 14 (b), ZE varies from -1
to 0, and PB varies from -0.5 to 50. The output actuating
signals ZE and PB are assigned values of 1.5 and 35
respectively.

For the fuzzy logic controller used for the battery on the HV
side during the reverse mode of operation, the linguistic
variables are shown in Fig. 15 (a) where for ‘e’, ZE varies
from -0.8 to 17.5 and PB varies from 2.64 to 350. The
linguistic variable change in error, ‘de’ is similar to the
linguistic variable ‘e’ and has the same membership functions.

The output actuating signals ZE and PB are assigned values
of 9 and 35 respectively shown in Fig. 15 (c).

Decision making and defuzzification for fuzzy logic
controller in EPS mode are similar to that in SPS mode.
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0 12 18 19 30 50
Input Variable ‘e’
(a)
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1
0.5
-1 -0.5 0 30 50
Input Variable ‘de’
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B ZE PB
= 1
]
2
£
Q
=
3 05
3
g
g
=]
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()

Fig. 14 (a) Input variable ‘e’ (b) Input variable change in error ‘de’
(c) Actuating Signal for fuzzy logic controller in EPS mode for

0.5

battery at L'V side
ZE PB
-0.8 2.64 17.5 212 350
Input Variable ‘¢’
(a)
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1 ZE PB
0.5
0.8 2.64 175 212 350
Input Variable ‘de’
(®)
E= ZE PB
= 1
|4
@
S
g
9
=
s 0.5
@
@
-
7
9
[=]
0 9 35
Actuating Signal
(©)

Fig. 15 (a) Input variable ‘e’ (b) Input variable change in error ‘de’
(c) Actuating Signal for fuzzy logic controller in EPS mode for
battery at HV side

IV. IDENTIFICATION OF OPERATING ZONE

A. Operating Zone Selection for SPS Mode of DAB

For SPS control mode of DAB, duty ratio is varied in the
range of 0.02 to 0.958. In the entire range, it can be observed
that the battery voltage attains the value of 35 Volts at duty
ratios of 0.02 and at 0.958 respectively in the forward
conduction mode. But the efficiency is highest at the duty ratio
of 0.02. Also the entire operating range is stable and none of
the duty ratio results in unstable operation. Unstable operation
means that the waveforms of secondary voltage no-longer
remain a square wave having a duty ratio 0.5. The duty ratio
along with efficiency and voltage is shown in Table IV A. The
graph between efficiency and duty ratio is obtained and is
shown in Fig. 16. After this, the duty ratio is varied for reverse
conduction mode. From the table it can be seen that the
efficiency varies widely over the entire operating range (D =
0.032 t00.89). Wide variations in voltage are observed over
the entire operating range. Waveforms are stable at all duty
ratios but best results are obtained at a duty ratio of 0.82. Also
the voltage remains fixed at 313.2 V. The duty ratio variation
with efficiency is shown in Table IV B. Also the graph for
above variation is plotted in Fig. 17. So, the duty ratio of 0.02
is selected for converter operation in forward conduction
mode while the duty ratio of 0.82 is selected for converter
operation in reverse conduction mode.
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B. Operating Zone Selection for EPS Mode of DAB

In case of EPS control mode, the duty ratio is varied in
three range, first inner phase shift is assigned three values
namely, D; = 0.3, 0.5 & 0.75. After this the outer phase shift
(D,) is varied from 0.1 t00.95. The variation of efficiency with
respective duty ratios is shown in Tables V A-C.

TABLEV A
EFFICIENCY AND DUTY RATIO FOR DAB WITH EPS CONTROL IN FORWARD
MODE FOR D=0.3.

Storage

TABLEIV A
EFFICIENCY AND DUTY RATIO FOR DAB WITH SPS CONTROL IN FORWARD
MODE
Storage . Output
DuyRatio  IIPUPONCT  porp,  EMCIency g,
in in VA) (Vouin V)
D,=0.02 64 45.8 71.56 35.09
D,=0.1 230.5 214.5 93.05 45.59
D,=0.25 557 536 96.22 59.12
D,=0.35 716.2 685 95.64 64.14
D,=0.45 782.5 739 94.44 64.71
D,=0.50 792.5 741.8 93.60 64.72
D,=0.75 562.5 489 86.93 57.3
D,=0.85 3525 277 78.58 48.62
D,=0.95 135 65.7 48.66 36.61
D,=0.958 119.5 51 42.677 355
TABLEIV B
EFFICIENCY AND DUTY RATIO FOR DAB WITH SPS CONTROL IN REVERSE
MODE
Duty Ratio Input Storage Efficiency (n in Output
Power (P,  Power (Psin %) Voltage
in VA) VA) (Vouin V)
D,=0.032 42.8 20.5 47.89 307.7
D,=0.5 66.8 44.8 67.0658 310.2
D»=0.82 102.7 83.8 81.59 313.2
D,=0.1 124.2 98 78.90 315.1
D»=0.25 227 193 85.022 323.9
D»=0.35 255.7 217.1 84.90 325.8
D,=0.45 267 223.6 83.74 326.3
D»=0.50 268.5 222.6 82.79 326.5
D»=0.75 232.1 175.2 75.48 3222
D»=0.89 145.1 83.2 57.33 313.7
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Fig. 16 Graph between efficiency and duty ratio for DAB with SPS
control in forward mode with fuzzy logic controller
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Fig. 17 Graph between efficiency and duty ratio for DAB with SPS
control in reverse mode with fuzzy logic controller

Dut Input Power . Efficienc Output Voltage

Fatie (B in VA) POWf,;()l’ din oy Voin V)
D»=0.1 79.422 83.8 94.77 30.68
D,=0.25 21.66 24.45 88.58 32.45 (Reversal)
D,=0.35 20.02 17.41 86.96 34.72
D,=0.45 70.4 66.98 95.14 38.75
D,=0.5 99.10 94.85 95.71 40.76
D,=0.75 252.8 240.5 95.13 49.20
D,=0.85 258.5 242.40 93.77 49.21
D,=0.95 216.21 197.04 91.13 46.85

TABLEV B

EFFICIENCY AND DUTY RATIO FOR DAB WITH EPS CONTROL IN FORWARD
MODE FOR D,=0.5

Input Storage

E;tti}(; quer (Pin quer (P E(erﬁ;:Iie;)(;y Ou(t{)/ut[;/lo\l/t)a 8
in VA) in VA) o

D,=0.1 66.3 72.3 91.70 31.04 (Reversal)
D,=0.25 30.90 26.48 85.69 35.57 (Reversal)
D,=0.35 118.05 113.18 95.875 41.99
D,=0.45 228.2 220.8 96.75 48.18
D,=0.483 267.23 258.7 96.70 50.08
D,=0.5 288 278.2 96.59 51.03
D,=0.75 416.2 391.8 94.13 56.10
D,=0.88 346.6 315.2 90.94 52.53
D,=0.90 275.6 89.48 89.48 50.84

TABLE V C

EFFICIENCY AND DUTY RATIO FOR DAB WITH EPS CONTROL IN FORWARD
MODE FOR D,=0.75.

Storage .
Duty Ratio 12U Pover pow%? i Ecieney  Ouput Voluge
Dy=0.1 42.7 53.5 79.81 31.61
D,=0.25 291.5 282.22 96.81 57.93
D»=0.35 439.28 424.5 96.64 5731
D,=0.45 540.4 517.85 95.827 61.08
D,=0.5 569.5 542.5 95.25 61.89
Dy=0.75 485 438.5 90.412 57.93
D,=0.85 354 304.5 86.01 52.24
D,=0.88 307.5 257.8 83.88 50.04
D,=0.90 275 225.5 82 48.41

It can be easily manifested that EPS control mode definitely
has a wider operating range than SPS control mode (resultant
of inner phase shift). From the tables, it can be observed that
EPS control mode does not have any unstable duty ratios. Also
from the table it can be observed that at some duty ratios (D, =
0.3, D, =0.1), (D, = 0.5, D, = 0.1, 0.25), there is reversal in
power conduction direction happening. Reversal in power
flow direction implicates that the power flow is from storage
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element to the source in case of forward power flow. The duty
ratio D; = 0.5, D, = 0.483 is selected as operating duty ratio as
efficiency of converter operation (96.70%) is highest at this
value and desired voltage level of 50V is achieved. The graph
between efficiency and duty ratios is plotted in Figs. 18 (a)-(c)
for all the duty ratios.

highest at D; = 0.5 and D, = 0.43, and the desired voltage level
of 275 V is achieved. Hence this is taken as the operating duty
ratio.

TABLE VI A
EFFICIENCY AND DUTY RATIO FOR DAB WITH EPS CONTROL IN REVERSE
MODE FOR D; = 0.3

Input Storage .

120 - Duty Ratio Pgwfr (Pin Pf)wer%Ps E(i{lf;e;;y Ou(tl\)/t:li\:lo\lft; 8¢
E in VA) in VA)

100 - D,=0.25 47.75 30.57 64.35 263.66 (Reversal)
f 80 D,=0.35 44 13.52 31.544 264.9
fon 60 A D,=0.45 347 53.88 64.402 268.40
be D=0.5 52.75 73.43 71.83 270.1
¢y 01 D,=0.65 105.5 129.1 81.72 274.9
: 20 ~ D,=0.75 127.2 153.2 83.02 277
€ 0 . . . D,=0.85 121.5 154.8 78.49 275.82

0 03 puty ratio L5 D,=0.95 107.5 138.28 77.75 2753
Fig. 18 (a) Graph between efficiency and duty ratio for DAB with TABLE VIB

EPS control in forward mode at duty ratio of D;= 0.3, D,=0.1 to
0.95
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Fig. 18 (b) Graph between efficiency and duty ratio for DAB with
EPS control in forward mode at duty ratio of D;= 0.5, D,=0.1 to
0.90
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Fig. 18 (¢) Graph between efficiency and duty ratio for DAB with
EPS control in forward mode at duty ratio of D;=0.75, D,=0.1 to
0.90

In EPS control mode for reverse power flow again three
duty ratios are selected namely, D; = 0.3, 0.5 & 0.75. After
this the outer phase shift (D,) is varied from 0.1 to 0.95. The
variation of efficiency with respective duty ratios is shown in
Tables VI A-C.

From Tables VI A-C, it is evident that the EPS control
mode for reverse power flow does not have any unstable point.
Reversal of power flow happens at duty ratio of D, = 0.1 for
D, = 0.5, and at D, = 0.25 for D; = 0.3. As the efficiency is

EFFICIENCY AND DUTY RATIO FOR DAB WITH EPS CONTROL IN REVERSE
MODE FOR D;=0.5

Duty Input Storage Efficienc Output Voltage
Ratio  ToWer (P Power(Pe by ) (Vouin V)
in VA) in VA)
D,=0.1 112 99 88.39 261.9 (Reversal)
D,=0.25 3.5 18.38 19.04 265.3
D,=0.35 65.3 81.7 79.80 271.3
D,=0.43 109.65 128.97 85.02 275.5
D,=0.45 119.5 139.52 85.65 276.3
D,=0.5 142 164.7 86.21 278.4
D,=0.65 178.7 205.75 86.85 281.6
D,=0.75 179.2 207.57 85.508 281.7
D,=0.85 162.5 196.05 82.88 280.3
D,=0.95 126.5 162 7797 276.8
TABLE VIC

EFFICIENCY AND DUTY RATIO FOR DAB WITH EPS CONTROL IN REVERSE
MODE FOR D;=0.75

Storage . Output
Duty Ratio Inqu Power Power (%’5 in Efﬁ-cwon cy Voltgge
(Pi, in VA) VA) (n in %) (Vouin V)
Dy=0.1 17.8 30.8 57.8 266.7
D,=0.25 1453 162.87 89.21 278.6
D,=0.35 191.2 212.93 90.26 282.7
D,=0.45 213.8 239.65 89.21 284.7
D,=0.5 32.8 77.3 42.43 268.2
D,=0.65 212.6 246.275 86.32 284.5
D,=0.75 190.8 228.05 83.66 282.6
D,=0.85 149.2 189.75 78.63 275
D»=0.916 106.75 149.4 71.45 275.2
D,=0.95 79.9 122.95 64.99 272.8

The graph between efficiency and duty ratio is plotted in
Figs. 19 (a)-(c) for all the duty ratios.

V.PERFORMANCE EVALUATION

A. SPS Technique

The proposed, reduced rule based fuzzy logic controller is
simulated for the DAB converter using MATLAB/Simulink.
The simulated system parameters are mentioned in Table VII.
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Fig. 19 (a)Graph between efficiency and duty ratio for DAB with
EPS control in reverse mode at duty ratio of D;= 0.3, D,=0.25 to
0.95

100 4

0 T T T T |

0 0.2 0'Suty Raticf.)v’6 08 1

Fig. 19 (b) Graph between efficiency and duty ratio for DAB with
EPS control in reverse mode at duty ratio of D;=0.5, D,=0.1 to 0.95
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Fig. 19 (c) Graph between efficiency and duty ratio for DAB with
EPS control in reverse mode at duty ratio of D; =0.75, D,=0.1 to
0.90

TABLE VII
SIMULATED SYSTEM PARAMETERS

SPS (forward)

SPS (reverse)

Vin (Input voltage) 302.6 V (HV side) 28.4 V (LV side)
Vou (Output voltage) 35.09 V (LV side) 313.2 V (HV side)
Cin (Input capacitor) 300 pF 4500pF

Cout (Output capacitor) 4500 puF 300 pF
L (Leakage inductor) 450 uH 450 uH
N (Tranformer ratio) 300:100 100:300
SOC (State of charge) 90% 90%
P (VA) 64 102.7
Pout (VA) 453 83.8
Efficiency (%) 71.56 81.59

1. Forward Conduction Mode

During the forward conduction mode, the voltage of battery
on the HV side is maintained at the voltage of 302 V and the
voltage of battery on the LV side is maintained at a voltage of

35.09 V. In forward conduction mode the transformer is
having a transformation ratio of 300: 100. During the forward
mode of operation, the state of charge (SOC) of the battery on
the HV side decreases and it can be seen that the battery is
discharging (battery current is having positive value). The
above mentioned discharge of battery is shown in the battery
characteristics plotted in Fig. 20. During the forward
conduction mode, there is increase in SOC of the battery on
the LV side and the battery is being charged (battery current is
having a negative value). The above mentioned battery
characteristics are shown in Fig. 20, through which power
flow from HV side to LV side is depicted.

2. Reverse Conduction Mode

In the reverse power flow mode, the voltage of battery on
the LV side is maintained at a value of 28.4 V and this serves
as the input voltage in reverse conduction mode, and the
voltage of battery on the HV side is maintained at a value of
313.2 V. The transformation ratio in this mode is kept at 100:
300. During this mode of operation, a decrement in the SOC
of the battery on the LV side can be observed while an
increase in the SOC of the battery HV side occurs, thus
indicating the power transfer from LV side to HV side. Also
the battery on the LV side is discharging (battery current is
having a positive value) while that at the HV side is charging
(battery current is having a negative value). The above
mentioned battery characteristics are shown in Fig. 21, which
depicts power flow from LV side to HV side.

The efficiency in both the modes is shown in Table VII,
Also the power absorbed and delivered by the batteries are
shown in Figs. 22 and 23.

90 —
(a) State of Charge
= 89.999
Q
o
3
89.998
2 (b) Battery Current 1
=
g0
=
-2

300 r—,_——

200
>
100
0 0.1 0.2 0.3

Time(sec)

Fig. 20 Battery characteristics showing (a) State of charge of battery
(b) Battery current (c) Battery voltage on HV side
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Fig. 21 Battery characteristics showing (a) State of charge of battery
(b) Battery current (c) Battery voltage on LV side
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Fig. 22 Power characteristics of battery on the HV side
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Fig. 23 Power characteristics of battery on the LV side

From Fig. 22, the power characteristics of the battery at the
HV side, it is depicted that power is being delivered by the
battery in the forward mode, while it is receiving (absorbing)
power in the reverse mode. Also from the power
characteristics in Fig. 23, it becomes obvious that the battery
at the LV side is absorbing power in forward mode and
delivering power in reverse mode. Thus, it becomes clear that
bidirectional power flow is taking place through the DAB
having two lead acid batteries on both the sides in SPS control

mode.

B. EPS Technique

The DAB converter in EPS mode is simulated with batteries
at both the ends wusing MATLAB/Simulink and
SimPowerSystems software. The system parameters are
specified in Table VIII

TABLEVIII
SYSTEM PARAMETERS
EPS (forward) EPS (reverse)
Vi, (Input voltage) 256 V (HV side) 28.85 V (LV side)
Vou (Output voltage) 50.08 V (LV side) 275.5 V (HV side)
Cin (Input capacitor) 300uF 4500uF
Cout (Output capacitor) 4500 uF 300 puF
L (Leakage inductor) 490 uH 490 uH
N (Tranformer ratio) 300:100 100:300
SOC (State of charge) 90% 90%
Pin (VA) 267.23 128.97
Pou(VA) 258.59 109.65
Efficiency (%) 96.76 85.02

In EPS mode, the voltage of battery on the HV side is
maintained at a value of 256 V and the battery on the LV side
attains a value of 50.08 V while in reverse conduction mode
the voltage on LV side is maintained at 28.85 V and the
voltage on HV side achieves a voltage of 275.5 V. The battery
characteristics are shown in Figs. 24 and 25.

_ 90 (a) State of charge
5
2 89.998
= (b) Battery Current
L
2
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300‘
5200
g (¢) Battery Voltage
100
% 01 rmeoe 0.2 0.3

Fig. 24 Battery characteristics showing (a) State of charge of battery
(b) Battery current (c) Battery voltage on HV side

1. Forward Conduction Mode

From the characteristics, it can be seen that the battery at
the HV side discharges (positive battery current) causing the
SOC of the battery on the HV side to decrease (Fig. 24) and
the battery at the LV side is getting charged (negative battery
current) causing the SOC of the battery to increase (Fig. 25).
The transformation ratio during the forward conduction mode
is maintained at 300:100
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Fig. 25 Battery characteristics showing (a) State of charge of battery
(b) Battery current (c) Battery voltage on LV side

2. Reverse conduction Mode

During the reverse conduction mode, the battery at the LV
side is discharging (positive battery current) causing the SOC
of the battery on the LV side to decrease as this is the input in
reverse conduction mode. The SOC of battery on the HV side
is increasing and the battery is charging (negative battery
current).
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Fig. 26 Power characteristics of battery on the HV side
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Fig. 27 Power characteristics of battery on the LV side

The efficiency in both the modes is shown in Table VII.
Also, the power absorbed and delivered by the batteries is
shown in Figs. 26 and 27.

Fig. 26 shows the power characteristics of the battery on the
HV side; from the characteristics, it can be easily
demonstrated that the battery at the HV side delivers power in
the forward mode, and it receives (absorbs) power in the
reverse conduction mode. Also from the power characteristics
in Fig. 27, it can be clearly manifested that the battery at the
LV side absorbs power in the forward conduction mode and
delivers power in the reverse conduction mode.

VI. CONCLUSIONS

From the analysis of DAB in SPS with reduced rule based
fuzzy logic controlled closed loop controller control, it can be
concluded that DAB with SPS control when controlled with
fuzzy logic controller gives stable operation over the whole
operating zone. In the forward mode of operation, power is
being transferred from the battery at High Voltage bus to the
battery at LV Bus. The maximum efficiency (71.56%) in
forward conduction mode is obtained at a duty ratio of 0.02.At
this duty ratio, power of 45.8 VA is stored in the battery at the
LV side while battery at the HV side is supplying a power of
64 VA while in reverse conduction mode maximum efficiency
(81.59%) for converter operation is attained at the duty ratio of
0.82. At this duty ratio power is transferred from the battery at
the LV side to the battery at the HV side. In this mode 102.7
VA of power is transferred from the LV side and 83.8 VA of
power is stored in the battery on the HV side. After this, the
analysis of DAB in EPS control mode with reduced rule based
fuzzy logic controlled closed loop controller is done, from
which it can be concluded that DAB with EPS control when
controlled with fuzzy logic controller also gives stable
operation over the whole operating zone. In the forward mode
of operation power is being transferred from the battery at
High Voltage bus to the battery at Low Voltage bus. As the
maximum efficiency (96.70%) in forward mode is obtained at
a duty ratio of D;=0.5, D,-0.483.At this duty ratio power of
258.7 VA is stored in the battery at the LV side while battery
at the HV side is supplying a power of 267.23 VA.

While in the reverse conduction mode maximum efficiency
(85.02%) is attained at a duty ratio ofD;=0.5, D,-0.43. At this
duty ratio, power is transferred from LV side battery to the
battery on the HV side. In this mode 128.97 VA of power is
transferred from the LV side and 109.65 VA of power is
stored in the battery on the HV side.

In the present work, the SOCs of both the batteries are
shown along with their respective current. The changes in
SOC’s (increasing while charging and decreasing while
discharging) and the changes in battery current (negative for
charging and positive for discharging) make the bidirectional
power flow evident.

As only two membership functions are required for
linguistic variables in fuzzy logic controller, 4 rule based
fuzzy logic controller is developed. Upon application of
reduced rule based fuzzy logic controller, waveforms are
stable over the whole operating zone and no distortion in
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waveforms is observed. Also the converter is operated at
optimum duty ratios and the requirement of mathematical
model is eliminated. Fuzzy logic controller provides a smooth
closed loop control of the dual battery system containing DAB
converter. Thus bidirectional power flow is achieved with
better efficiency (greater than 85%) for both forward and
reverse modes. Thus for bidirectional power flow with
batteries, the isolated DC-DC DAB converter with EPS
control exhibits a better performance as compared to that with
SPS control.
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