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Abstract: In this paper real time performance
investigation of Dual active bridge (DAB) (300:100,2
KVA) converter with Extended Phase Shift (EPS) is done
with storage element (battery) at the low voltage (LV)
DC-bus and solar photovoltaic cell on the high voltage
(HV) DC- bus .Linear Load connected at the HV bus is
supplied from the source and when the load demand
increases storage element (battery) discharges through
the DAB and energy flows from the LV bus to the HV bus
via the DAB. Dual Active Bridge is operated in Extended
Phase Shift (EPS) mode. A closed loop controller having
load voltage as target variable is used for providing the
required outer phase shift between the H-bridges. Main
contributions of this work are real time performance
investigation of DAB for bidirectional flow of power,
closed loop operation of DAB and its real time evaluation
and obtaining the optimum duty ratio through the
controller. State of charge, battery voltage and battery
current are obtained. DAB waveforms (Primary voltage,
Secondary Voltage, Inductor current and voltage) are
also obtained. Simulation studies for the above mentioned
system is carried out in MATLAB and are aptly verified
with real time simulation results obtained through OPAL-
RT.

Keywords: Dual active bridge converter, extended phase
shift, closed loop controller, operating zone, DC-
Microgrid, OPAL-RT, State of charge, Real time
evaluation

1. Introduction
Microgrids are defined as a local integrated

network comprising of Energy sources, storage
elements and interconnected loads. Based upon the
bus type (AC,DCboth) onto which power
electronics interface is connected the microgrids are
classified as DC,AC or hybrid microgrid[1]. Power
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electronics interface plays a crucial role in providing
stability to dc microgrids by maintaining steady and
bidirectional flow of power and maintaining the load
voltage at the desired value. Various bidirectional
converters along with their control strategies [2]
have been discussed. A boost converter was used in
dc microgrid for boosting the voltage of renewable
source to match the voltage level of DC bus [3].In
[3] the boost converter is used to interface PV
(Photovoltaic) source to dc voltage bus. The boost
converter used in [3] is unidirectional and only the
converter waveforms are shown. In [4] the control of
batteries connected in parallel to a dc-microgrid is
shown. Load division among batteries is done along-
with securing a safe terminal voltage for batteries
and avoiding overload. In [4] a bidirectional buck-
boost converter is implemented for controlling the
charge and discharge of batteries and current
stabilisation. Battery equalisation and current
sharing for both the batteries are also plotted in [4].
In [5] a droop controller for dc-dc converter is
developed, modal and sensitivity analysis of multi-
terminal dc grids is performed for considering the
interactions between the different controllers.

Dual active bridge [DAB] converter is a
bidirectional converter introduced for the purpose of
bidirectional power flow with improved efficiency,
reduced size and low cost [6]. DAB operates in four
phase shifted modulation schemes namely single
phase shift (SPS), Extended phase shift (EPS), Dual
phase shift (DPS) and triple phase shift (TPS). A
comprehensive comparative analysis of DAB
operating in SPS and EPS mode based upon its
application as Solid state transformer is shown in
[7].Also in [7] the comparative analysis of DAB
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based upon peak current stress and transmission
power is carried out. Application of DAB in battery
storage connected PV (Photovoltaic) source is shown
in [8], converter waveforms(primary voltage,
secondary voltage etc) for DAB operating in EPS
mode are obtained, but only simulations results are
presented and none of the battery characteristics are
obtained or discussed. SPS modulation strategy is
the basic technique in which power flow is carried
out depending on the phase-shift between the two H-
bridges as discussed in [9-10]. In [10] the steady
state average model along with small signal average
model are developed for DAB operating in SPS
mode and discussed along with a detailed analysis of
design and control of DAB. After this EPS
modulation strategy was discussed in [11] regarding
its application in aerospace energy storage system.
In [11] the performance of DAB is evaluated based
on its ZVS (Zero Voltage Switching) operating
range and experimental results are obtained for SPS
and EPS mode for light linear load applied at DAB
converter’s secondary side. A detailed study of
backflow power and converter operation along-with
its basic characterization supported by experimental
results for DAB working in EPS mode is shown in
[12].

In [13] a hybrid controller for DAB is
proposed for the converter combining a phase shift
modulation and variable duty ratio over the whole
ZV/S range.

In [14] a controller having the combined
benefits of a conventional phase shift controller and
a burst controller is used for extending the ZVS
range of all switches whenever a variation in either
primary or secondary voltage appears.

Double phase shift modulation strategy for
control of DAB is introduced in [15] and DPS based
mathematical model of DAB is proposed in [16].

TPS based DAB is proposed in [17] and a
generalised small signal linear model of TPS based
DAB incorporating phase shift in duty ratio is
developed. A multi input state space model of TPS
based DAB is proposed in [18].In [19] an accurate
average model of DAB is developed for application
in acausal systems, the developed model
incorporates the switching dynamics thus making
the model suitable for control and power
applications.

In [20] a small signal model of a PFC(power
factor correction) plus dual active bridge converter
topology is studied in detail and a full order state
space model is developed describing the
VSF(Variable switching frequency) control. In the
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proposed topology the bulky DC link voltage is
eliminated. Simulation and experimental models of
the proposed topology are also presented.

Vehicle to grid technology is developed in
[21] and application of DAB as a bidirectional DC
charger for electric vehicle is shown. A charging
control methodology is proposed and simulation
results are presented for the above mentioned
controller.

Based on the above literature survey the
following contributions are made in the present
work:

(@)A study, design and control of DC
microgrid is proposed.

(b)Bidirectional flow of power through DAB
is shown along-with DAB characteristics.

(c) Battery characteristics of battery storage
system connected at the low voltage side of DAB is
obtained.

(d)Controller operation and performance for
regulating load voltage and subsequently providing
the optimum duty ratio for converter operation is
done.

(e)Optimum operating duty ratio for converter
operating in EPS mode is obtained.

(f) Real time experimental results for above
mentioned controller and DAB operating in
Extended Phase shift mode is obtained.

2. DC Microarid

A microgrid in which the power electronics
interface is connected to the dc bus is classified as
DC microgrid. The schematic diagram of DC-
microgrid studied in the present work is shown in
Fig.1. It consists of a renewable energy source (ex.
Solar PV array) connected at the high voltage bus.
The power electronics interface (DAB) is connected
between the HV (high voltage) bus and LV (low
voltage) bus. The load is connected at the high
voltage bus. The solar PV array has a maximum
power rating of 1000VA. The battery storage system
consists of two batteries connected in series each
having a voltage rating of 34V. The closed loop
controller requlates the output load voltage to the
desired level. The PV array feeds the load and stores
energy in battery storage system under normal
operating condition. When the load demand is
increased keeping the input power same, battery
discharges and thus the increased load demand is
met. The closed loop controller regulates the load
voltage as well as the the battery voltage.
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Fig.1.Application of dual active bridge converter in DC
Micro-grid

2(a). System Design and modelling

In this section the whole dc-microgrid is
explicated in details. The design and modelling of
Solar PV system, DAB converter and battery storage
system
(@)PV System design:

The PV system has been modelled previously
and the designed model along-with governing
equations for design of different components are
presented in[22]. Photo Voltaic (PV) energy system
contains PV modules or arrays, which convert solar
energy in the form of solar irradiation into electrical
energy. Photovoltaic cell is the smallest block of a
PV system and they are connected in series and
parallel thus forming a PV module. A PV module
generally consists of 36 or 76 cells. After this PV
modules are combined in series and parallel to form
PV arrays. From [22] the following design equations
are used for the design of Solar PV.

Equivalent circuit of PV cell has a current
source (photocurrent), a diode parallel to it, a
resistor in series describing an internal resistance to
the flow of current and a shunt resistance connected
across it.

The current (1) supplied to the load can be
given as in equation (1).

= 1] o
Where
= current generated by the incident light, 14
= diode current = [e_ 1]

lo cenl = reverse saturation or leakage current of
the diode, q = electron charge = (1.60217646 x
10—19 C), k=Boltzmann constant = (1.3806503 x
10-23 J/K), T =temperature of the p—n junction in
Kelvin, a = diode ideality constant, ls,= current
through shunt resistance
The PV link capacitor in terms of PV voltage
is expressed as (2).
)

(b) Boost converter design
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The duty ratio (D ) of operation for boost
converter having solar PV output voltage (V,,) as

input and HV side DC bus voltage(V ,,) as output is
expressed as:

=1 — 3)

The inductance value for the the boost

converter to operate in continuous conduction mode
(CCM) is:

(4)

ratio of operation, V,,=PV

pr=Minimum ripple allowed in

t=Duty

output voltage,
input current.
(c)Design of DAB and its modelling in EPS mode.

From the power circuit diagram of a Single
phase dual active bridge converter shown in Fig.2, it
can be seen that DAB consists of two back-to-back
connected DC/AC converters connected through a
high frequency transformer.

lin

g} o} g

Vi..—_% Gl || g Cude =

1) ) 2 %

=
I

Fig.2. Power circuit diagram of single-phase dual active
bridge converter depicting input and output voltages.

The inductor is a combination of primary side
inductance plus the secondary side inductance
referred to primary side. Each bridge is operated
with a duty ratio of 50%.

Now modelling of DAB operating in EPS
mode has been earlier discussed [11]. From [11], the
waveforms of DAB operating in EPS mode is
plotted in Fig.3 and used for derivation of average
model.

For Fig.3, various time intervals and various
terms are defined as:

1 = REES B 4
5= 5= B
1= [5]
2= LI [61
P~ [7]



t :Ts [MVin (1=6)+Voue(2d—1)]
B 2(nVin +Vour)

[8]

Here, Vin=Input side voltage, Vout=output
side voltage,n =Turns ratio= §, is the phase shift
between the diagonal devices on primary side or
inner phase shift, d=duty ratio of DAB operation, or
phase shift between primary and secondary side, L=
the inductance of primary winding plus the referred
inductance value of secondary winding, T; =Semi
time period, I,=Peak value of inductor current, Iy =

Ip —Ipq, =lp — I

Fig.3.0Operating waveforms of DAB in EPS mode,
Inductor current (I_), Primary Voltage (Vp), Secondary
Voltage (Vs), Switch Current (Ip;), Switch Current (Ipy),
Switch current (Ip4)

Now the DAB operating in EPS mode can be
expressed in terms of average output current (I,,)

and (Igpys)=RMS value of output current.
8o 502

_NTVinld—d?—d§,+=2 2]

[9]

2
Trms=o + (1, = 6,7, — dT) (L2 + = +

Iale) + 8,7, (1 ( o2+ IT - 1P1f> + %]
(d)DAB parameter design

The design of DAB consists of selection of
Input capacitor and output capacitor which are
discussed in this section.

Cinput = (41, Tsy)/84V, (11)

Cinpur=INput side capacitor value, Al =Peak to
Peak ripple in inductor current

Tsw=Total time period (1/fsy), few=SWitching
frequency

Now taking f,,=20000, AV,=1% of 35V
(output voltage)=0.35V, AI;=<20%(15.6),we get

oa~
[(ILl )(de tB)

[10]
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15.6+1 156
C; = =278.57UF, we are
MpUL=56000+8+35 56000 W

taking it at 300pF for slight less ripples

Coutput=UoDTsw)/ AV (12)
C outpu=Output side capacitor
value, I,=Output current value, D=Duty ratio

corresponding to outer phase shift between the two
bridges, T,, =Total time period(1/fsy), fow
switching frequency, AV,=Peak to Peak ripple in
output voltage.

Now taking f,=20000, A4V,=1% of 35V
(output voltage)=0.35V, AI;=<20%(15.6),we get

17.5¢94%1 16.45
= 175+941 1645 _)569.441F, C
OULPUL™5000040.18 3600 W, Courpur

is taken as 4500F.
In EPS mode, transmitted power is given by
P = NV,V,[D,(1—D,)+1/2D,(1—
D1—2D)1/2f;L (13)

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

(e) Modelling of Battery:

The combination of two lead acid batteries
acts as the energy storage system. Both batteries are
connected in series thus forming the storage system
and are placed at the low voltage bus as shown in
Fig.1. Following are the governing equations of the
used battery.

* Discharge:
Vio =V, —R*i -Pq%it*( K+i*) +x(t) (14)

x(8) = B> [i()] *(—x(t) + A-*u(t)) (15)
X(t) = Exponential zone voltage (V),i(t) = Battery
current (A),u(t) = Charge or discharge mode

Charge:

Voae =Vi —R*i P-4 (K)-PZ= (%) +x() - (16)

Vo= battery voltage (V),V; = battery constant
voltage (V),P = polarisation constant (\V/(Ah)) or
polarization resistance (€2),g= battery capacity
(Ah),K=it = actual battery charge (Ah)

A=exponential zone amplitude (V),B=
exponential  zone  time  constant  inverse
(Ah) ™ R=internal resistance (Q),i = battery current
(A),ix= filtered current (A)

3. Closed loop control Techniques and selection
of optimum duty ratio in operating zone
3.a)Closed loop controller design and operation

Various linear controllers based upon the
target variables (input current, output power, output



current, inductor current etc) had been implemented
earlier for control of dual active bridge converters.
Input current is controlled to ensure equal current
sharing among parallel connected DAB’s
[23].Output current control is effectively used to
charge and discharge a battery load [24].In the
present work output voltage across the load is
regulated by the controller and the required phase
shift between the two bridges is also provided by the
controller. The closed loop controller used for
regulating the load voltage is shown in Fig.4.

From the diagram it is clear that first of all the
controller maintains the load voltage at the reference
voltage level and the power flows from the solar
panel to load and battery storage. This direction of
power flow is the forward power flow direction.
Thus in the forward power flow direction energy is
stored in the battery. Also while maintaining the
output voltage at the reference value the controller
provides the necessary phase shift between the
bridges.

Now, a step change in load is made and load
demand is increased subsequently. Now the battery
starts discharging and power flows from the battery
to the load so that the load demand is met. Thus
reversal in direction of power flow takes place and
power flows in reverse direction. Thus in the reverse
power flow direction power flows from the LV (low
voltage) bus to the HV (high voltage) bus while in
the forward direction, power was flowing from the
HV bus to the LV bus.

Load

P1 controller

A constant
wave of
magnitude
0.5

DC Bus

Phase

Sawtooth
wave at 20
Khz

Modulator

Pulses Comparator

Solar Battery Storage

Panel Bidirectional

DAB

7F

Low Voltage
DC bus

HighVoltage
DC bus

Fig.4.Schematic diagram of closed loop controller for
DC-microgrid control.

Before commencing the discussion of
optimum operating zone for converter operation and
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selection of optimum duty ratio the dependence of
control parameters on various DAB components and
system parameters is discussed.

From the harmonic analysis done in [25] the
harmonic model for DAB is developed which is
represented in (17).

MV;_ztt(t)zAA[/ou#B@ AB+GAijpqqa
(D
Ns

_ 8
Ccm?
_8VinNp

0 cr2 Ng

(17)
N cosfy

N sin(8,-[2n+1]9)
n=0 " 7z [nl(2n+1)2

1
C

Here, Vi (t)=Input side voltage, V,.(t)=output
side voltage, i =Inductor current, R .=Resistance of
leakage inductance, L=Leakage inductance,
N,=Number of turns in the Primary Side Winding.
Ns=Number of turns in the Secondary Side
Winding, » = phase difference between primary

side voltage and secondary side voltage,
Zn]=Impedance at nth harmonic,6,, =
tan~—1 20t es , wg is the switching frequency of

L
the square wave, n=integers representing the number

of harmonics, C=output capacitor, i;,,q(t)= Load
current.

Now the Pl controller parameters are
optimised based on this harmonic model. The
controller bandwidth is kept high for enhancing the
performance of Pl controller. The controller
bandwidth(w.) is the frequency at which the
forward transfer function gain is unity. Also the
transient response of controller is affected by the
phase margin(§,,) of the controller at the crossover
frequency.

The forward path transfer function is stated as:

T (s)=Kp (1 + i) e~ 5Ta % (18)

Kp=Proportional gain

T,=Integrator gain

sz_jl, eSTa=Unity gain delay function.

Maximum  bandwidth is calculated by
equating the phase at this frequency to the desired
phase margin. Upon simplifying

Sm=tan Y (w,.Ty) — w Ty (19)

Now phase contribution of integrator is
maximized for maximizing w,, thus tan™1(w, Tr)=72—t

E_(gm

So, w= ZT— (20)

d
For maximizing phase contribution of
integrator, integrator time constant becomes a

decade below w..



T= (21)
c

Now the forward transfer function gain is
equated to unity at the desired phase margin and
crossover frequency for obtaining the value of
proportional gain constant Kp.

|T(jwc)|: 1
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rest part of power is fed to the load. Thus power
through the DAB flows from the HV bus to the LV
bus. While in the reverse power flow mode battery
as well as solar PV feeds the load thus power
through the DAB flows from the LV bus to the HV

bus.
Table Il

K» :&,Where B(D:BVL"ZH Np y ﬁ:o M (22) Efficiency and duty ratio for DAB with EPS control in forward

By Cm? Ns Z [n](2n+1)2 mode for D;=0.3.

From the above expression it becomes clear [pyy Input Storag | Load | Effici | Output

that the number of turns in the primary as well as Ratio Power( | e Power( | ency( | Voltage(Voyin
secondary winding, the system input voltage, and the Pinin Power( | Pyin n in V)
leakage inductance of the transformer greatly affects VA) P in VA) %)
the value of proportional gain constantKp. Also from VA)
the expression of By it becomes obvious that the [ =01 | 11168 | 173 1270 | 8855 | 112.9(Reversal)
proportional gain depends on the phase shift Bzfg'gg 1(1);3'82 i8215 (1)269'5 (2)2'87 ﬁ;.g(gevergal)
between the primary and the secondary side. Thus a 2= ' : ot r'e\fer‘;gg ary
single value of Kp is not suitable for regulating the D,=040 | 102008 | 162 9916 | 5688 1 9955
output voltage at the reference value and operation D2:0:5 99253 | 282 93108 [ 7843 | 9648
of converter at a high efficiency is not possible in D,=053 | 98381 577 9278 | 8123 | 553
the entire operating range. Thus a trade-off has to be D,=0.75 | 92401 | 1103 | 796.05 | 862 | 89.24
done between the converter efficiency and output [ 5,=085 [ 92085 | 1105 | 790.26 | 846 | 92.83
voltage. This will become evident in the process of [D,=090 [ 927 104 80156 | 8291 | 89.56
duty ratio selection in the entire operating zone. Table 11

Efficiency and duty ratio for DAB with EPS control in forward

Values of proportional and integral gains are
mode for D;=0.5

given in Tablel. Also the error signal input to Pl

: - : Duty Input Storage Load Effici | Output
e oo O™ 1O | | e | rowt. | Pover | eny( | vllogetac
Table I System parameters V')g\l)n in VA) VIAIS E}Ol)n v
Kp 3 D,=0.1 1131 212 1343 815 115.8(Reversal)
K 12 D,=0.25 | 1130 215 1345 84.05 | 115.5(Reversal)
100 : D,=0.35 | 986.24 | 582 917.85 | 8509 | 95.82
: D,=0.40 | 962.42 | 815 869.4 | 87.61 | 93.23
D,=0.53 | 899.6 133.2 752.03 | 90.26 | 86.73
=" OO USROS NS WO D,=0.75 | 860.42 | 155 685 8836 | 82.75
= D,=0.85 | 876.95 | 140.5 712,76 | 85.57 | 84.42
D,=0.95 | 914.32 | 109.5 770.35 | 76.06 | 88.24
oL . Table IV
: : g Efficiency and duty ratio for DAB with EPS control in forward
0 0_65 0:1 0_'15 mode for D,=0.75
Time (s) Duty Input Storag | Load Efficien | Output
Ratio Power( | e Power( | cy(nin | Voltage(Voytin
Fig.5. Error signal to PI controller Pin In Poyver( Piin %) V)
3.b) Duty ratio selection VA) E’;A"; VA)
_In case of EPS control mode, duly ratio IS 5 =5 7395 T30, 1407 | 8852 | 118.6(Reversal)
varied in three range, first inner phase shift is kept at D.=020 198272 638 91052 8336 9510
three values namely, D; =0.3,0.5&0.75.After this the D2:0'30 914'14 12;5 > 778'02 91'98 88'20
outer phase shift(D,) is varied from0.1 t00.95.This DE:O.40 85905 11622 | 683 9202 8264
can be observed in Table 11,1111V, D,=050 | 82404 | 1804 | 62625 | 9120 | 79.14
Input power is the power injected by the solar 5 =053 | 817.6 1834 | 6162 91.06 785
PV. Storage power is the power stored in the battery [p,=075 | 831.65 | 1679 | 63825 | 86.81 79.90
storage system. Load power is the power supplied to | p,=0.85 | 872.88 138 706 82.78 84.06
the linear load. In the forward power flow mode | D,=0.95 | 93375 | 875 | 81418 | 73.17 90.22

some part of injected power is stored in battery and
From the table it can be observed that at some
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duty ratios (D,=0.1,0.25) there is reversal
happening. Reversal means power flow direction
reverses, that implicates power flow from storage to
source in case of forward power flow. The duty
ratios D;=0.75,D,=0.20 is selected as the operating
duty ratio as the efficiency is highest at this value. 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 from0.15 to 0.95.This can be observed in

Table V, VI, VII.
Table V
Efficiency and duty ratio for DAB with EPS control in forward

mode for D,=0.3.
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Unstabl

e)
D.=0.75 | 978.82 | 110 1037.2 53.90 | 94.99(
Unstabl

€)
D,=0.95 | 978.82 | 105 1037.2 55.60 | 94.99(
Unstabl

e)
From the table it is evident that the EPS

control mode for reverse power flow has a large
number of unstable points at various duty ratios
(D,=0.60, 0.75, 0.95 for D,-0.75, D,=0.5, 0.75, 0.85,
095 for D;=05& D,=0.250.750.85 for
D,=0.3).Also sufficient power is not transferred
from LV side to HV side at duty ratio of D,=0.45 for
D,=0.75and D,=0.15 for D;=0.50.As the efficiency

Efficiency and duty ratio for DAB with EPS control in forward
mode for D;=0.75.

Duty Input Storage | Load Efficie | Output
Ratio Power(Pi [ Power(Ps| Power(P; | ncy(n | Voltag
ninVA) | inVA) in VA) in %) e(Voutin
D,=0.15 | 963.83 43.4 1002.5 89.10 93.4
D,=0.18 | 981.2 66.6 1043 92.8 95.25
D,=0.30 | 978.82 100 1037.32 58.8 95.18
D,=0.45 | 898.72 30 862.7 83.28 86.63(
Not
sufficie
nt)
D,=0.6 978.8 110 1037.2 53.90 94.99(

82

Duty Input Storag | Load Efficie | Output LT _ _ ..
Ratio Power( | e Power( | ney(n | Voltageqw | 1S highest at D,=0.3, D,=0.5,hence this is taken as
Piy in Power | P,in iN%) | ouin V) the operating duty ratio.
VA) (Psin | VA) 4 .Performance Evaluation
D,=0.15 | 887.3 21/?33 839.76 | 96.19 | 85.47 4.8) EPS Technique
=0 : , : , : . . .
D205 | 9155 158573 9388 | 83.340unsT o The dual_actlve bridge converter in EPS_mode
able) is simulated with solar PV array at input side or
D,=035 | 94248 | 1354 | 954.76 | 90.66 | 91.14 High Vol_tage (H_V) side and battery at Low voltage
D,=0.45 [ 968.20 | 44.34 | 101253 | 96.39 | 93.85 (LV) side using MATLAB/SIMULINK and
D,=0.5 [ 98043 | 63 1041.07 | 96.25 | 95.17 SimPowerSystems software. Load is connected at
D,=0.75 | 978.83 | 87 1037.4 | 67.31 ggl-gg(””“ the high voltage bus. The system parameters are
D085 [9788 |86 | 10373 | 6802 | 948ounst| SPecified in Table VIII.
able) Table VIII System parameters
D,=005 | 978.75 | 85 10374 | 69 94.98 EPS(forward) | EPS(reverse)
Table Vi Vin(Input voltage) 95.42(HV side) | 65.92V(LV
Efficiency and duty ratio for DAB with EPS control in forward side)
mode for D-=0.5 Vou(Output voltage) 66.92V(LV 95.17V(HV
PR side) side)
Duty Input Storage | Load Efficie | Output _
nin VA) \P/SA) in | inVA) in%) | Vouin V) Cou(Output capacitor) 4500 puF 300 pF
D,=0.15 | 9043 | 276 | 874 89,31 | 87.I9(Not L(Leakage inductor) 450 uH 450 uH
sufficient) N(T ranformer ratio) 300:100 100:300
D,=0.25 | 947.7 21 966.29 8852 | 91.68
D,=035 | 988.02 | 742 | 105924 | 95.98 | 95.09 SOC(State of charge) 90% 90%
D,=0.45 | 978.84 | 96 1037 .4 61 95.14 Pin(VA) 982.72 980.43
D2=0.5 978.82 98 1037.34 59.71 94.94(Un Proad(VA) 910.52 1041.07
stable)
D,=0.75 | 9787 | 98 103735 [ 59.84 | 94.98(Un Storage Power(VA) 63.8 63
stable) Load Voltage(V) 95.42 95.17
D,=0.85 | 978.83 | 97 1037.3 60.27 | 95.1(Uns —
: o) Efficiency (%) 8636 9625
D,=0.95 | 978.8 93 1037.3 62.90 9t5-§l(Un The DAB waveforms are shown in Fig.6
PV stable) and Fig.7 for forward as well as reverse power flow

mode respectively

4.a.1.Forward conduction mode: In the forward
mode, Solar PV-array on the high voltage (HV) side
is at the voltage of 95.42V and the battery on the
low voltage (LV) side is maintained at a voltage of
66.92V. The transformation ratio in this mode is
300:100.
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Fig.6. Waveforms of Primary voltage, Secondary voltage,
Inductor voltage, Inductor current for forward power
flow.
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Fig.7.Waveforms of Primary voltage, Secondary voltage,
Inductor voltage, Inductor current for reverse power flow.

During this mode of operation, the solar
PV array injects a power of 982.72VA. This is
shown in Fig.8.
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Fig.8. Input power of Solar PV array
The load consumes a power of 910.52VA.

63.8VA is stored in battery storage system. Battery
characteristics is shown in Fig.9.It can be shown
from Fig.9 that during forward mode, the SOC of the
battery on the LV side increases, the battery current
is charging(current having negative value), which
depicts power flow from the high voltage (HV) side
to the low voltage(LV) side.

90

89,9998

89,9996

State of Charge (%)

89,9994 1

89.9992

15
10

Battery Current Ib (A)

30

20

10

Battery Voltage Vb W)

0.65 0:1
Time (s)

Fig.9. Battery characteristics showing State of charge of
battery, Battery current, Battery voltage on the LV side

4. a.2.Reverse conduction mode: In the reverse
power flow mode, at optimum duty ratio battery

on LV side is at a voltage of 65.92 V and delivers a
power of 63VA and this is the input in reverse mode,

and the Solar PV on HV side supplies a power of
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980.43VA.The transformation ratio in this mode is
100:300.The power consumed by load after step
variation in load becomes 1041.07VA. Thus a power
of 60.64VA is delivered by the converter. Thus the
efficiency of converter in reverse mode is
(60.64/63=96.25%).During this mode of operation,
the SOC of battery on the LV side decreases, thus
indicating the power transfer from the low voltage
(LV) side to high voltage (HV) side. The battery
current on the LV side is discharging (current having
positive value). Also from the power characteristics
in Fig.10, it is clear that the battery on the low
voltage (LV) side is absorbing power in the forward
power flow mode and is delivering power in the
reverse power flow mode.

60

LV side battery power P (VA)

(?;_1 © 0.I12 0.I14
Fig.10. Power characteristics of battery on the LV (low
voltage side)

Thus it becomes clear that bidirectional power
flow is taking place in DAB having solar PV array at
one end and lead acid battery on the other the side in
EPS control mode.

Also the performance of closed loop
controller in order to maintain load voltage at 95
volts can be seen in Fig.11.
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Output Voltage V,, (V)

Output Current I) (A)

0
0

ui1 D.:IS
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Fig.11. Load voltage (V) and load current (A) vs time (s)
for EPS contol mode in DC microgrid.

From the above figure it becomes clear that

the wvoltage at load terminals remains constant

0.05
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despite the load current has increased.
5.RT-LAB Experimental Results and Discussions
The proposed controller is applied to DAB
and MATLAB/Simulink results are validated with a
real time digital simulator. The laboratory set-up of
real time simulator OPAL-RT along with host PC
and four channel digital storage oscilloscope is
shown in Fig.12. OPAL-RT consists of X11SSM-E-
F-O Supermicro Server Motherboard, Intel Xeon 3.5
GHz processor and Intel Socket H4 LGA-1155
UTAX working under RT-Lab environment. The
output waveforms of OPAL-RT simulated models
are obtained on a 4 channel digital storage
oscilloscope (DSO). OPAL-RT creates real time
conditions by solving the mathematical equations in
smaller time intervals.

Host PC with RT
Lab Environment

Four Channel DSO
(Tektronix, TDS 2014C)

OPAL-RT
(OP-4503)

Fig.12. Laboratory set-up of OPAL-RT with host PC and
DSO.

Simulation waveforms for DAB (primary voltage,
secondary voltage, inductor voltage, inductor
current) and battery(state of charge, battery current
and battery voltage) are well supported by real time
simulation results obtained from OPAL-RT. DAB
converter waveforms in EPS mode are shown in
Fig.13 (a),(b) for forward direction of power flow.
The phase shift between the primary side voltage
and secondary side voltage is evident in real time
simulation  results.  Similarly  the  converter
waveforms for EPS mode in the reverse power flow
direction are shown in Fig.13 (c),(d).

Similarly battery voltage, battery current for
battery at the LV side is shown in Fig.14 (a). Battery
power for the battery is shown in Fig.14 (a)
depicting the bidirectional power flow among the
battery and the source. Input power along with
battery power is shown in Fig.14 (b).
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Conclusions
Inductor VoltTe Ve (V) From the analysis of DAB with EPS control

techniques, it can be concluded that DAB with EPS
4*M control technique is suitable for application as a
power electronics interface in a DC microgrid. It can
B be seen from the above work that bidirectional
) W power transfer in a DC microgrid is feasible for

Inductor Current I; (A) DAB in EPS mode. The efficiency for DAB in EPS
d M 10.0us control mode is 88.36% and it is 96.25% in the

reverse mode.
In the forward direction solar PV supplies the
Fig.13.(a) Waveforms in forward direction showing Primary |oad demand as well as excess energy is stored in the
Voltage, Secondary Voltage and Inductor Current battery. When a step increase in load occurs, the
(b) Waveforms in forward direction showing Inductor Voltage and battery discharges and supplies the increased load

Inductor Current d din th flow directi
(c) Waveforms in reverse direction showing Primary Voltage, emand In the reverse_power Ow direc _'On'
Secondary Voltage and Inductor Current Also the optimum duty ratio for the

(d)Waveforms in reverse direction showing Inductor Voltage and  Didirectional operation of DAB has been obtained by

Inductor Current the closed loop controller in the operating range by
Telk — — M Pos: 176.0ms selecting the output voltage as the target variable.
Battery YVoltage V, (V) In the present work, the SOC of the battery,
N battery voltage and battery current are shown. The
Battery Current I, (A) changes in SOC (increasing while charging and
\ _H — ; i decreasing while discharging) and the changes in
Bl e B e A battery current (negative for charging and positive
e for discharging) make the bidirectional power flow
= I evident.
r 100ms
a
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The above mentioned simulation model along
with simulation results are verified with real time
simulation results obtained on a 4 channel DSO
from the OPAL-RT.

Thus bidirectional power flow in a DC-
microgrid is achieved using a DAB working in EPS
mode.
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