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In this paper, performance analysis of three port full bridge converter based hybrid
photovoltaic (PV)/battery management system is explained. The overall control
system of the three port full bridge converter based PV/battery management system
is created and simulated using MATLAB. Maximum power point tracking of solar
PV system is controlled by perturb and observe method. Load regulation of PV/
battery management system is controlled by phase shift pulsewidth modulation
technique. The system is tested for various real time operating conditions of the
power system such as variation of PV panel voltage, change of battery voltage,
and change of load power. The experimental verification also is carried out for
developed system. Finally, simulation result and experimental result are compared
for the developed system.
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Introduction

Hybrid power resources are the hopeful eco-friendly power sources for the future. Hy-
brid power energy systems (HPES) offer constant and consistent energy supply to the custom-
ers [1, 2]. Advanced power switched converters are the primary power modulating devices in
HPES. But, the traditional HPES use separate power switched converter for each input energy
sources. Therefore conventional HPES consist of several modulators, which derive themselves
the demerits of, complicated system circuits, large number of switching elements, large power
switching losses, bulky and costly. Multi energy source converters (MESC), also known as
multi-port switching converter (MPSC), have been developed to the overcome this disadvan-
tages of the traditional HPES. An MPSC consists of various renewable power energy sources in
a single power modulating structure [3-8]. It offers the merits of compressed structure, simple
circuit network, high stability, universal control and less fabrication cost and size [9-16].

In [3], a common approach to develop the multiport converters has been explained.
First it presents the fundamental DC-DC converter structures such as boost, buck, boost/buck,
cuk, zeta and SEPIC converters. In [4], systematic approach to develop multiport converters
forms the use of basic pulsating sources cells. Using pulsating source cells, two categories of
multiport converters are developed. In the first category of multiport converters, all the input
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energy sources could deliver the load concurrently or independently. In the second category of
multiport converters, only one energy source is permitted to transfer power to load at a time. In
[5], introduces a very general topology of multiport converter with DC link and magnetic cou-
pling. Then a three-port converter is taken as an example and different topologies of three-port
converter are derived from the general topology. The author thus gives a method to derive dif-
ferent topologies like DC link, magnetically coupled, combination of the both, current fed ports
for a typical three-port converter. In [6], presents the static and dynamic analysis of multiport
converters. The continuous averaged model of the multiport converter circuit is also presented.
In [7], discussion on the selection of suitable topologies of multiport converters for any particular
application. It gives set rules to identify the feasible topologies of multiport converters. In [8],
presents the modeling of single diode PV arrays circuit model of a PV cell. It discusses design of
PV with exhaustive equations governing the mathematical model of a PV array in simulink and
explains all the terms regarding the design of the panel. With a practical panel being considered
using the datasheet, it brings out the results on the characteristics of the PV panel model. It also
includes the characteristics due to changes in the surrounding environmental conditions such as
solar irradiation level and temperature level changes. In [9], presents a brief on the modeling of
the single diode PV array model. It brings out the characteristics of the PV panel model due to
changes in surrounding environmental conditions such as irradiation level and temperature level
and also changes in the model parameters such as the diode parameters, variations in panel series
and shunt resistances. It also presents an experimental set-up to validate the characteristics and
an maximum power point tracking (MPPT) based on incremental conductance method. In [10],
presents a typical three-port converter developed from full bridge converter structure. It uses
only one full bridge converter to integrate three ports. The three port converter has been taken
for a typical hybrid PV/battery system. It thus includes two unidirectional and one bidirectional
storage port. Two autonomous control variables are identified to closely regulate flow of power
between two ports and the third port provides power balance. A complete power management
system which includes MPPT at the PV port and voltage regulation at the load port is also dis-
cussed. In [11], describe the new DC link topology of three-port converter for hybrid PV/battery/
fuel cell (FC) application. It provides the complete switching state analysis of the converter
during different operating modes of operation like with and without battery connected. It also
gives a clear procedure to the dynamic modeling of the proposed converter. In [12], a new DC
link topology of four port converter for hybrid renewable energy applications. It discusses the
modeling of the individual components such as the fuel cell, PV panel, battery and the converter.
It presents a structure for the power management system using pulsewidth modulation (PWM)
technique. In [13], presents a new DC link topology of three-port converter employing zero
voltage switching (ZVS). It gives a very useful explanation on the modes of operation of the con-
verter during single and dual power supply situations, with the help of equivalent circuits in each
mode and waveforms. In [14], presents a topology of three port converter employing bidirection-
al half bridge converters at all the three ports and hence the name triple half-bridge converter. It
gives the modes operation of the converter and the control scheme using PWM plus phase shift
control. It also provides the structure for the proposed control system and it presents the exper-
imental validation also. In [15], presents an fully isolated topology of three port converter with
two input ports are current fed. It uses multi winding transformer for fully provides the operating
modes of the current fed converter and also the control principle based on PWM plus phase shift.

In this paper, load voltage regulation of three-port full bridge converter based hybrid
PV/battery power system is analyzed. The three port converter integrates two input points and a
load points. The topology of the three-port converter used in this application is developed from
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full-bridge converter structure, hence referred to as three port full-bridge converter. This topol-
ogy comes under partially isolated classifications of the converter topologies. The transformer
provides isolation to the load port alone and the two input ports are at a common ground. Ob-
jective of this paper is given as follows, simulink model of the three port full bridge converter
which integrates a PV energy, a battery energy device and the load are developed using MAT-
LAB/SIMULINK toolbox. In this work, centralized control structure for the converter which
includes MPPT for the PV source and phase shifting algorithm for load voltage regulation. The
power flow analysis of the converter in close loop with variations in panel voltage, variations in
battery voltage and variations in load condition are explained. Real time hardware implemen-
tation of three port full-bridge converter based hybrid PV/battery management system. Also
comparison of simulation and hardware results for different operating modes are explained.

Power flow analysis of the three port full bridge converter
based hybrid PV/battery management system

In this section power flow analysis of the closed loop control of three port full bridge
converter based hybrid PV/battery management system is presented. A closed loop structure is
developed for load voltage regulation and the power analysis for the system with load regulation
is presented for different cases, such as variations in panel voltage, battery voltage, and varying
load condition. The circuit diagram of three port full bridge converter is shown in fig. 1. Three
port full bridge converter consists of a full-bridge converter, at the primary of the high frequency
transformer, integrating PV source and battery. The full-bridge consists of two switching legs.
The first leg with switches S, and S,, connects the PV source and the second leg with switches
Sg; and Sg, connects the battery to the transformer. The secondary of the transformer feeds the
load after rectification using high frequency diode bridge rectifier and L-C filter.

For the three port full bridge converter shown in fig. 1, we have four switching states
(I-IV) available in a turn ON/OFF cycle. The ON/OFF position of the switches, equivalent
circuit and equations for each switching
state are detailed as follows with respect

to the fig. 2. — — Il SR e
Before to, Sy, and Sy, are turned s bk il x4

ON and S,, and Sg, are turned OFF, el SJLj“’

while iLm freewheels throughqut Sas ok == ok 5 el 4

and Sg,. Atto, S,, in ON and S, is OFF. | o1 Tk rEv

A positive voltage is appeared across the I | -

primary winding of the transformer’s. At sell = . L L = =

t;, Sg, is OFF and Sg, is ON. A positive B L_

voltage is appeared across the primary
winding of the transformer’s. At ¢,, Sy, Figure 1. Topology of three port full bridge converter
is OFF and S, is ON. A negative voltage

is appeared across the primary winding of the transformer. At #;, Sy, is OFF and Sg, is ON. The
voltage appeared across the primary winding is clamped at zero, and 7|, freewheels through S,,
and Sg,. Four switching states/modes possible for the presented topology of full bridge tree-port
converter (TPC), which are summarized:

ModeI:  V,=V,, Sa; and Sg, ON
Mode Il:  V,=V,, =V, S, and Sy, ON
Mode IIl: V=~V Sa, and Sg; ON

Mode IV: 7, =0 Sa, and Sg, ON



Senol, M. A.: Performance Analysis of Three Port Full Bridge Converter for ...
S82 THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 1, pp. S79-S89

A From the topology, it can be deduced

Vasal | | | » that there are three control variables: the

W f duty cycle of switch S,;, the duty cycle

Vasn2 [ | of switch Sy, and the phase shift between

| S, and Sg,. Controlling S,, controls the

Vaspi : | PV port, controlling Sy, regulates battery

voltage/current and controlling the phase

Vosez| | :l | shift between them will control the load
| voltage.

| But, for a TPC converter, the control

| degree of freedom is only two (in general, for

an n-port converter, (n-1) degrees of control

‘[ L s E/,,-—— are possible). That is, only two ports could be
S o NN P OO == il controlled at a time and the third port could

i I_, ---___________'___ provide balance. Generally, the PV power

\ 4

»

\ 4

»

A\ 4

| E : port and the load power port are controlled
[t e, ] e continuously for MPPT at the PV power port

] —— » and voltage regulation at the load port. At the
State] 1 | I | I JIV} same instance, the battery power port pro-
X A vides power balance. In case of critical state
of charge (SOC) of the battery, the control
is transferred from PV power port to battery
power port.

Hence, these four modes can be derived from a simple PWM scheme by introducing
two degrees of control. Here, the two controls are the duty ratio and the phase shift. The duty
ratio D, is controlled to control PV port and phase shift for load regulation. The second duty
ratio Dy, is dependent on D, ;, because to retain the volt-sec stability of the magnetizing inductor
of the high frequency transformer. Thus at any time, the following two controls are possible;

Control 1 (Duty Ratio):

— The D, is controlled to control PV port and Dy, is derived from D,, to maintain volt-sec
balance of transformer or,

— The Dy, is controlled to control battery port and D,, is derived from Dy, to maintain volt-
sec balance of transformer.

Control 2 (Phase Shift):

Phase shift between D, and Dy, controls the output voltage.

Figure 2. Waveforms of FB-TPC showing
switching states

Operation with modes II-1lI-1V

By introducing the duty ratio and phase shift control, it is possible to have all the
four modes or any three modes in a switching cycle. The modes II-III-IV with mode I absent
is obtained by introducing no shift between S, and Sg, pulses, as depicted in fig. 3. The corre-
sponding expression for voltage at output is given in (1).

Vozn[DZ(va_Vb)—’_D3Vb:| (1)

Operation with modes I-II-1II-1V

The modes I-II-1II-IV can be obtained by introducing a small shift between S, and
Sg; pulses, as depicted in fig. 4. The corresponding expression for voltage at output is given in

eq. (2).
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Figure 3. Waveforms for working
modes I-II-ITI-IV
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Figure 4. Waveforms for working

modes II-ITI-I'V

Vy =n| Dy, +D,(Vy, =V,) + D3V, |

Operation with modes I-1I-1ll

)

The modes I-II-11I can be obtained by introducing a larger phase shift between S, and
Sg; pulses, as depicted in fig.5. The corresponding expression for voltage at output is given in

eq. (3).

Vy =n[ DV + Dy (Vy, = Vy) + D3V, |

It can be inferred from the eqgs. (1)-(3)

that introducing phase shift between S,, and
Sg; controls the output voltage. That is,

voltage, and load conditions. The observations and tabulations for each case are presented.

With no phase shift, mode I is absent. It thus
reduces the average output voltage.

With small shift, mode I gets introduced in
the output voltage waveform. Since mode I
voltage (V) is more positive than the mode
Il (V,-V}), the introduction of mode I in-
creases the average output voltage. Hence,
by gradually increasing the phase shift, the
average output voltage can be increased.
With very large phase shift, mode IV van-
ishes. Hence, the maximum possible aver-
age voltage for a given duty ratio occurs in
this case.

)

v,

Figure 5. Waveforms for operating

modes I-TI-11T

(7

— Vh

The power flow analysis in close loop is done to maintain a constant load voltage
(load voltage regulation) for three different cases namely, changes in panel voltage, battery
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Power flow analysis for changes in panel voltage

The tab. 1 shows the observations on power flow between the three ports for changes
in panel voltage. The readings are tabulated for V', =6V, D,, = 0.4 to obtain rated output volt-
age of ¥/, =4.2 V. Since the D, is made fixed, Dy, is dependent on panel voltage variations,
as because the ratio (V,,/V},) = (Dg,/Dy,) need to be maintained for volt-sec balance. Thus to
control the load voltage, the phase shift is controlled.

From the first set of readings, D, = 0.4, Dy, = 0.9333 and hence the range of free-
wheeling period (mode 1V) is (1 — Dg,) = 0.0666 which is 24°. This is the range of phase shift
available to control the output voltage.

But, as the panel voltage increases, Dy, increases and hence the range of shift avail-
able decreases. From tab. 1, as panel voltage increases from 8 V to 12V, the range of phase shift
decreases from 120° to 24°.

Table 1. Power flow analysis for panel voltage variations with D, = 0.4

e I, P, | Vb | I P | M v, 1, P, D Range ¢
[VI | [A] | (W] [[VI]| [A] | [W] | [A] | [V] | [A] (W] Bt ofg[] | []
12| 3.18 |38.16| 6 |-1.44|-438] 233 | 401 | 410 | 16436 | 0.933 24 0
11 ] 279 13069 6 |-0.29]|863| 1.35 | 393 | 402 | 15815 0.866 48 20
10 | 279 1279 | 6 | 0.09|2.84| 1.68 | 3.97 | 405 | 16.092 | 0.800 72 45
9 291 [26.19] 6 | 0.62 | 18.68 | 1.41 | 3.98 | 407 | 16236 | 0.733 96 69
8 276 122.08| 6 | 1.20 [36.03| 1.14 | 393 | 401 | 15772 | 0.666 120 93

The actual phase shift needed to obtain the desired load voltage should be within the
range of phase shift available. For panel voltage variations chosen from 8 V to 12 V, the actual
phase shift required for load voltage regulation is well within the range of phase shift. The
power flow analysis for changes in panel voltage is now repeated for /;, =6 V and D,, = 0.2.
The observations are recorded in tab. 2. From the table, it is inferred that for the same range of
panel voltage variations (from 8 V to 12 V), the actual phase shift, needed to maintain constant
load voltage, is beyond the limit of maximum range of phase shift. It is because of very smaller
duty ratio D,,. Hence for this case, the load voltage cannot be regulated.

Table 2. Power flow analysis for panel voltage variations with D, = 0.2

Vi - L I Py - v, 1 P, D Range é
(VI | [A] | W] | I (Al | [W] | TA] | [V] | [A] (W] Bl | of g [°]

12 1.4 16.8 1.40 | 840 | 1.91 | 3.49 | 3.57 | 12.482 | 0.466 192 -
11 1.16 | 12.76 1.54 | 924 | 1.05 | 3.24 | 3.31 | 10.742 | 0.433 204 -
10 1.14 | 11.4 1.14 | 6.84 | 1.31 | 297 | 3.04 | 9.053 0.400 216 -

0.56 | 3.36 | 2.29 | 2.70 | 2.76 | 7.471 0.366 228 -

9 1.26 | 11.34
8 0.85 | 6.8 096 | 576 | 0.63 | 2.46 | 2.51 | 6.180 | 0.333 240 —

—

Q||| <K N

Power flow analysis for changes in battery voltage

A similar procedure is followed for power flow analysis for changes in battery volt-
age. The readings are tabulated in tab. 3 for ¥, =12V, D,; = 0.4 and V ... = 4.2 V (desired).
The battery voltage is varied from 2 V to 6 V. For a fixed D, and V,,, the duty ratio Dy, varies
with V}, as per volt-sec balance principle (V,,,/V},)=(Dg,/D,,). Hence as the battery voltage de-
creases, the range of phase shift available also decreases. Moreover, very small variations in
battery voltage leads to greater reduction in the range of phase shift. Hence the battery voltage
decides the strength of the system for load voltage regulation. Load voltage is almost regulated

for battery voltage between 4.5-6 V. For V, <4.5 V, regulation is lost.
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Table 3. Power flow analysis for battery voltage variations (D ,, = 0.4)

Vs I, P v 1, Py /- v, 1 P, Range D
(VI | [A] | W] | [V] | [A] | [W] | [A] | [V] | [A] | [W] of ¢ [°] ]
12 | 2.80 |33.60| 6 0.30 | 1.80 | 1.14 | 3.98 | 4.07 | 16.20 | 0.685 113.14 60
12 | 291 [3492] 5 0.21 | 1.05 | 1.36 | 4.01 | 4.10 | 16.44 | 0.727 98.18 55

12 | 298 |3576| 45 | 0.05 | 0.23 | 1.58 | 4.00 | 4.10 | 16.40 | 0.774 81.29 50

12 ] 299 |3588| 4 |—0.09|-036]| 1.68 | 3.97 | 405 | 16.08 | 0.800 72 45
12 | 3.03 |3636| 3.5 | -0.2 |-0.70 | 1.80 | 3.96 | 4.05 | 16.04 | 0.827 62.06 42
12 | 3.12 |3744| 3 |-041|-1.23| 2.05 | 3.97 | 405 | 16.08 | 0.888 40 35
12 | 301 [36.12| 25 |-097]-243| 222 | 3.74 | 3.82 | 14.29 | 0.960 14.4 14

Power flow analysis for changes in load condition

A similar analysis on power flow for changes in the load conditions are observed and
tabulated as shown in tab. 4. The results are tabulated for V,, =70V, 1, =30V, D, = 0.4 to
obtain desired load voltage of ¥, =42 V and for three different load conditions — half, 3/4%, and

full load.

Table 4. Power flow analysis for load variations (D,, = 0.4)

Load Ipv va Vb Ib Pb Imag Vo Io Po
[A] [W] [V] [A] [W] [A] [Vl [A] [W]
Full 3.18 38.16 6 —1.44 —8.64 2.33 4.01 4.10 16.44
Ya 241 28.92 6 —-1.10 —6.60 1.77 4.03 3.09 12.45
Half 1.65 19.80 6 -0.75 —4.50 1.20 4.05 2.07 8.38

Experimental verification of three port full bridge converter
based hybrid PV/Battery management system

The power circuit of the three port full bridge converter consists of a full-bridge con-
verter with switches Sy, Syy, Sg; and Sg,. The power MOSFET switches IRF840 are used to
build the power circuit. At the load end, a diode bridge rectifier is built using high frequency
Schottky diodes 1N5819. Each power switch consists of the MOSFET switch IRF840 along
with Opto-coupler and Driver circuit. As per gating requirement of the MOSFET, each switch
should be driven by a gate pulse with different ground. Hence for each switch, different grounds
derived by using four different DC supplies, op-coupler and driver circuit. Figure 6 shows
the block diagram of the closed loop control of
three port full bridge converter based hybrid
PV/battery management system. In this closed
loop consist of two loop, one is used for load

voltage regulation i. e., output voltage is sensed Three-port -Q
from the load side and it is compared with ref- converter
erence voltage. Then error voltage is processed (sl €= 56 0/25W

via voltage regulation controller and it produc-
es control voltage for pulse generation unit and
then its processed via shift register for produc-

ing desired phase shift for load regulation. Sec- % >

<.
ond loop used for maximum power point track-

ing of PV papel I e., actual current an.d voltage  gigure 6. Block diagram of closed loop control
of PV panel is sensed and processed via perturb  of three port full bridge converter based hybrid
and observe maximum power point tracking PV/battery management system

6V/4.5 AHr

v
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controller. It provides pulse for three port converter to extract the maximum power from PV
panel. The overall control algorithm i. e., voltage regulation and maximum power tracking al-
gorithm has been created using FPGA. Pulse generation for the three port converter via analog
circuit. The simulink model of closed loop control of full bridge three port converter based
hybrid power system is shown in fig. 7.

Discrete,
Ts="1e-065
Powergui e = =«
iéo Diode Diode1
Lk
1 2 J_ Lf
E S | S
nor Transformer l Yo E
= - Scope5
ZEo Diode Diode3
General " PID controller Add
ane urrentof PV muliplecer h?’;m Compaantr2 PID Controller Add
i Control voltage 1—— - Generd shiftregister pa 1 -
T — PID() .
PR Voltage of PV Comparator r{luhl elaavts:i Out (k) < Vi
. MPPTBLOCK
2
Box 1and 2 indicate — Implementation in FPGA Kit § Sawtooth
generator

Figure 7. Simulink model of closed loop control of full bridge TPC based hybrid power system

Hardware prototype for the TPC based hybrid power system is built with pulse
generator developed both using analog circuits and in digital platform using FPGA. In this
section, the detailed implementation of the pulse generation scheme using analog circuits/IC
and its design are presented along with complete waveforms. The pulse generation scheme
implemented using Analog circuits/IC and its block diagram is depicted in fig. 8. The block
diagram consists of a linear ramp generator and two control voltage generators. The control
voltages compared with ramp produces two switching pulses S,; and Sg;. Further, a phase

shift between them is obtained using flip-
Control 5 flops/shift registers. The control voltage and
el - I/ | ; e MPPT algorithm is compared with linear ramp
generated and it produce the pulse for S,, and
S4,. The control voltage from PID controller
is compared with linear ramp generated and it

S produces the pulse for shift register and mul-
S - . L’D_G_>> tiplexer and output of the multi'ple.:xer is pulse
voltage + e Mux Se for Sy, and Sg,. The phase shifting between
S v pulses S,, and Sg, can be produced by using

IC 74273 which is an Octal D-type flip-flop
used as a shift register. Thus it can generate 8
different clock pulse shifts.

VM +

Figure 8. Block diagram of pulse
generation scheme
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Analysis of three port full bridge converter based hybrid
PV/battery management system for various modes of operation

The hardware prototype of the full bridge TPC based hybrid power system is analyzed
for various modes of operation. This is achieved by controlling the duty ratio and the phase
shift. The various output waveforms and tabulation for different modes of operations are dis-
cussed in the following sections.

Analysis for D, = 0.1 and Dg, = 0.2

The duty cycle of switch S,, is made fixed at 0.1 and hence the duty cycle of the
switch Sp is determined based on it by the equation (V,,/V}) = (Dg,/Dy,,). Since the specifi-
cations of the power circuit are chosen such that V,,, = 12 V and ¥, = 6 V, the duty ratio Dy,
is calculated to be 0.2. The tab. 5 gives the observations for different modes of operation with
D,,;=0.1and Dy, =0.2. It is inferred from the tabulation, that the introduction of the mode I by
a small shift increases the average value of the load voltage. As phase shift increases, the dura-
tion of Mode I also increases. A stage is reached where ¢ = D,,. Here, D, is 0.1 or 36°. Hence
when ¢ reaches 360, the Mode II completely vanishes and there are only three modes present,
namely, Modes I-III-IV. Now if the phase shift is further increased, there is no change in the
modes of operation and hence the output voltage. This is because, a large duration of freewheel-
ing mode IV is present and hence a great degree of freedom for phase is available. So, further
increase in phase shift, just displaces the Mode I1I, but does not reduces/increases the Mode I11.

When ¢ <D,, and (¢ + Dg,) <360°: V,.avg INCTrEases as ¢ increases
¢ > D, and (¢ + Dg,;) <360°: V,.avg T€Mains constant as ¢ increases
Table 5. Observations for different modes of operation with D,, = 0.1 and Dy, = 0.2
Phase shift Bridge voltage Load voltage ¢ + Dy, Shift available Modes

Clock | 1o} | Vi [V] Voag [V] [’ [’

pulses
0 0 4.00 1.51 72 288 1I-111-1IV
2 18 5.80 2.18 90 270 [-II-III-IV
4 36 6.62 2.85 108 252 I-1MI-IV
6 54 6.62 2.85 126 234 I-IV-TII-1V
8 72 6.62 2.85 144 216 [-IV-TII-IV
10 90 6.62 2.85 162 198 L-IV-III-1V
12 108 6.62 2.85 180 180 [-IV-ITI-IV
14 126 6.62 2.85 198 162 [-IV-II-IV
16 144 6.62 2.85 216 144 L-IV-III-1V
18 162 6.62 2.85 234 126 [-IV-1II-IV
20 180 6.62 2.85 252 108 I-IV-1II-IV

Comparison between simulation and hardware results

The voltage waveforms and the results presented in the previous sections for different
duty ratios of D,, and Dy, are compared with the simulation results here. A comparison table,
between simulation and hardware results, is given in tab. 6. From the comparison, it is inferred
and justified that the voltage waveforms from both hardware and simulation results are similar
and the readings are matching closely.
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Table 6. Comparison of load voltage values between simulation and hardware results
. Dy, =0.1 D, =02 D, =03 D, =04
PhaS[E]Shlft *D;;‘i 02 _ Doy =04 D = 0.6 D = 0.8
S H S H S H S H
0 1.6 1.51 3.2 2.83 3.6 3.67 4.8 4.55
18 2.4 2.18 4.0 3.00 4.2 3.90 5.4 4.86
36 3.2 2.85 4.8 3.59 4.8 4.45 6.0 5.50
54 3.2 2.85 5.6 4.18 5.4 5.04 6.6 6.16
72 3.2 2.85 6.4 5.25 6.0 5.67 7.2 6.92
90 3.2 2.85 6.4 5.25 6.6 6.56 - 6.76
108 3.2 2.85 6.4 5.25 7.2 6.89 - 6.64
126 3.2 2.85 6.4 5.25 - 6.94 - 6.58
144 3.2 2.85 6.4 5.25 - 7.02 - 6.62
162 3.2 2.85 6.4 5.25 — 6.41 - 6.22
180 3.2 2.85 6.4 5.25 - 5.82 - 5.29

*S — Simulated results, ** H — Hardware results

Conclusion

Hybrid power energy systems (HPES) provide constant and consistent energy supply
to the consumers. Power modulating converters are the most important power processing devic-
es in HPES. In this paper is considered a three port full-bridge converter topology. Starting from
explanation on the topology, principle and modes of operation, PWM generation to the power
flow analysis, a detailed compilation of the theory and results has been presented in paper. De-
tailed power flow analysis in closed loop in order to regulate load voltage, design and results on
pulse generation scheme implemented using analog circuits and using FPGA and the hardware
results validation are presented. The power flow analysis results are presented for three different
conditions, such as variations in panel voltage, battery voltage and load condition. The imple-
mentation of pulse generation scheme using analog circuits is dealt in detail. The maximum
power point tracking and load regulation controller is implemented using FPGA kit and circuits
for pulse generation, their design is presented. The results are presented for different sets of
duty ratio and phase shifts. From the observations, it is justified that the control on phase shift
controls the load voltage.
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