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ARTICLE INFO ABSTRACT

In this paper a TAFB topology connected to a solar plant for power sharing to two grid
networks is introduced. One port of the TAFB is connected to solar plant which is
Revised: 23 Feb 2025 considered to be input port with only unidirectional power flow. The other two ports
are connected to two different grid networks through individual VSCs controlled by
SRF controller. Each grid network is integrated with a charging station which charges
the EV batteries using high rated power electronic circuits. The TAFB circuit is
controlled using PSPM technique which creates phase delay in the high frequency
pulse of the port bridge for transfer of power to the port.For maximum power
extraction from the solar plant FIS-MPPT technique is integrated to the PSPM
control. The system is operated in different operating modes varying the transfer of
power between the ports by changing the phase delay of the high frequency pulse. The
complete power exchange analysis is carried out using Simulink tools in MATLAB
software. The modeling of modules in done using blocks from ‘Specialized
Powersystems’ of the ‘Electrical’ subset in Simulink library browser. All the results are
presented in graphical plotting with time as reference including measurements of
voltages, currents and powers of each module.
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1. INTRODUCTION

For replacing the conventional ways of electrical power generation using fossil fuels renewable source
electrical power generation is adopted. The power from the renewable sources is generated with natural
sources likes winds, solar insolation, bio-gas, tidal waves, hydrogen-oxygen gases etc. Utilizing these
natural sources efficiently is a major hurdle that today’s technology is facing [1]. As the renewable power
generation technology involves many converting and stabilizing components the efficiency drops to very
low value. The power utilization capability from the natural sources also needs to be improved with
advanced techniques and materials [2] [3]. From the mentioned renewable sources, solar insolation
utilizing power generation plants are considered to be very much flexible and easy for installation.

The solar plants include multiple PV (Photo Voltaic) panels arranged in arrays placed in parallel and
series combinations [4]. These array of PV panels convert solar insolation to electrical power using
silicon dopped semi-conductor material. The power generation from the PV panels generates DC
voltage at the output terminals. This DC voltage need to be converted to either 1-ph or 3-ph AC voltage
for utilization by the loads. In conventional methods, for DC voltage stabilization and conversion of the
PV power use ‘conventional DC-DC boost converter’ and ‘6-switch VSC'.
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The ‘conventional DC-DC boost converter’ has very high output voltage ripple, high switching losses
and lower efficiency when operated for higher power rating applications. Along with these drawbacks
the voltage gain is also very less in the range of 2-2.5 times of the input voltage [5]. Therefore, the
‘conventional DC-DC boost converter’ needs higher input voltage which is a difficult task for PV panel
application as the voltage levels of the PV panels are very low. Due to the high voltage requirement of
the ‘conventional DC-DC boost converter’ a greater number of PV panels need to be connected in series.
This increases the failure rate during any fault or discontinue power generation from PV panels as the
series string completely stops conducting. Therefore, the ‘conventional DC-DC boost converter’ must
be replaced with high gain boost converter to avoid these issues [6]. Along with high gain, multi-port
capability also makes it reliable and efficient for power sharing between multiple networks. In order to
achieve these capabilities a TAFB is integrated to the proposed system with PV panels interconnected
to two networks [7]. The proposed outline of the PV panels multiple grid networks connected system
with TAFB sharing powers between networks is presented in figure 1.
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Figure 1: Structure of TAFB integrated PV panel interconnection to multiple grid networks

As per figure 1 the input port 1 is connected to PV panels and port 2 3 are connected to two individual
grid networks for PV panels power sharing. Each port of the TAFB is included with four switch full
bridge converter which converts the DC voltages to high frequency AC voltages [8]. All the full bridges
are operated with same duty ratio however thehigh frequency pulse phases may be different which is
set as per the requirement. The port 1 full bridge high frequency pulse phase will be intact as the PV
panels only deliver power with no requirement of absorbing. The duty ratio of the port 1 is determined
by Fuzzy MPPT for maximum power extraction from PV panels. The port 2 or 3 full bridge might vary
their high frequency pulse phases with respect to requirement of power flow to the port. This phase
shifting method is called PSPM technique used in most of the active full bridge topologies. The power
from PV panels can be completely diverted to either of the ports and the power from port 2 or 3 can also
be directed to the adjacent port using the PSPM technique. Each port 2 and 3 is also connected to
individual EV charging station 1 and 2 respectively connected in parallel to the grid network [9]. The
EV charging station receives power from either PV panels through TAFB or the grid network VSC.

In this paper the section 1 is included with introduction to integration of PV panel source to the multiple
grid networks using TAFB structure. The outline and the techniques using in the proposed system is
mentioned in this section. The following section 2 has the circuit configuration of the PV panels multiple
grid networks interconnected TAFB and the Fuzzy MPPT design. The TAFB operating principle, design
and control structure is explained and presented in section 3. The next section 4 has the simulation
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results of the proposed system with different operating modes presenting the graphs of voltages,
currents and powers of each module. The final section 5 is the conclusion to the paper finalizing and
validating the graphs generated in the simulation results section followed by references.

2. SYSTEM CONFIGURATION

As previously mentioned, the proposed system comprises of four modules which include PV panels
source, TAFB, EV charging station and grid networks. Each module operates at different voltage levels
and powers which exchange power between each other through the TAFB circuit. Initially at port 1 the
PV panels with different series and parallel string arrangement at lower voltage level are connected. The
port 1 delivers power to the port 2 and 3 through the three winding HFTF (High Frequency
Transformer). At the output of the port 2 and port 3 of the TAFB full bridges EV charging station and
grid network are connected. The circuit structure of EV charging station and the grid network connected
to the ports 2 and 3 is presented in figure 2.
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Figure 2: Circuit structure of EV charging station and the grid network

As represented in figure 2 the output of the port 2 is DC terminal which are directly connected to the
‘Unidirectional Buck-Boost converter’ for charging the EV battery. This ‘Unidirectional Buck-Boost
converter’ is included with a MOSFET switch S1 which is controlled by dynamic duty ratio control [10].
Partial power from the port 2 is shared to the EV charging module for charging the battery as per the
SOC (State of Charge) of the EV battery [11]. The control for the EV charging station switch S1 control
is presented in figure 3.
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Figure 3: EV charging station control design
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As represented in figure 3 the CC and CV control subsections have reference battery current and
reference battery voltage values set respectively. These values are given as per the EV battery
manufacturercharging capability rating. The ‘CC control’ mode and ‘CV control’ mode are selected as
per the EV battery terminal voltage which varies as per the SOC of the battery pack [12]. When the SOC
is above 90% the battery needs to be charged by ‘CV control’ mode to avoid damage to the battery with
high rating charging current of ‘CC control’ mode [13]. The ‘CC control’ mode ensures high rating
charging current for the battery pack for fast charging. The selection of the modes as per the voltage of
the battery (Vbat) is given in figure 4.
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Figure 4: CC/CV mode operating currents and voltages

The ‘Tbat reference’ defines the maximum charge current compared to Ibat (measured) generating error
current [14]. The error current defines the duty ratio of S1 with ‘PI controller’ current regulator. The
duty ratio of the S1 is dynamically regulated for maintaining the charge current at the specified reference
value. This duty ratio is compared to ‘Rate Reference’ carrier sawtooth waveform for generation of pulse
to S1 [15] [16]. When the SOC of battery pack reaches 90% the ‘CV control’ is activated which defines
the duty ratio as per the ‘Vbat reference’ value. In the ‘CV control’ the duty ratio of S1 is comparatively
low which reduces the charging current protecting the battery cells from polarization and rupturing [17]
[18].

At the DC output of the port 2 a three phase VSC is connected which interlinks the grid and the TAFB
modules. The VSC operates in both rectifier or inverter modes as per the required power flow direction.
The VSC comprises of 6-IGBT switches (T1-T6) which are controlled by SRF control unit with reference
signals generated as per the DC voltage regulation at the output terminals of port 2. The VSC is
controlled by Sinusoidal PWM (Pulse Width Modulation) technique in synchronization to the 3-ph grid
source connected on the AC side of the VSC.

3. TAFB DESIGN

Each full bridge of the TAFB comprises of four MOSFETs connected in two-legged format. The
MOSFETs are controlled by high frequency fixed duty ratio high frequency pulse for converting DC-AC-
DC voltages [19]. The diagonal switches in the full bridge are operated simultaneously with the
samehigh frequency pulse. The circuit topology with three ports of the TAFB is presented in figure 5.
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Figure 5: TAFB circuit topology

In figure 5 it is observed that the port 1 full bridge has switches (Su — S14), port 2 full bridge has switches
(S21 — S24) and port 3 full bridge has switches (S3: — S34). All these full bridges AC sides are connected to
three winding HFTF [20]. All the ports are electrically isolated and mechanically coupled through HFTF
sharing powers through mutual inductance of the transformer. Each winding ratio(nin2ns) of the HFTF
can be same or different which is set as per each port voltages requirement. In the proposed system as
the port 1is connected to low voltage PV panels the windings on port 2 and 3 must be high for increased
voltage development for the grid networks [21]. The high frequency pulse phase angle of the port 1 full
bridge is fixed at zero as the source connected only delivers power and has no capability to absorb or
store power. The other two ports 2 and 3 full bridges phase angles can be changed as per the required
power exchange between the grid networks. The power possible power exchange operating modes of
the TAFB is presented in figure 6.

~ Port 2 Port 2 Port 2
Port 1 Port 1 Port 1 ; |
- Port 3 Port 3 Port 3
(a) (b) (©
Figure 6: Operating modes (a) Port 1 to port 2 and 3 (b) Port 1 and 3 to port 2 (c) Port 1 and 2 to port
3.

The given figure 6 operating modes can be achieved by shifting the phase angle of high frequency pulse
of port 2 or 3 full bridge. In first mode of operation presented in figure 6a, the phase angle of all the
high frequency pulses of full bridges are maintained same sharing equal power from PV panels (port 1)
to ports 2 and 3 [22]. The figure 6b operating mode is achieved by lagging phase shift created in the
pulses in port 2 full bridge diverting all power from PV panels and partial power from port 3 to port 2.
Similar to 6b the operating mode 6c is achieved by lagging phase shift created in the pulses in port 3 full
bridge diverting all power from PV panels and partial power from port 2 to port 3 [23]. The phase shift
angles of high frequency pulse of each full bridge switches for achieving different operating modes are
presented in figure 7.
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Figure 7: Phase shift of pulses of (a) Port 1 to Port 2 and 3 (b) Port 1 and 3 to port 2 (¢) Port 1 and 2 to
port 3

The switches S1 S4 and S2 S3 of the full bridge in all the ports operate complimentarily with fixed duty
ratio of 50% [24]. The phase shift angle ¢ is created in the pulse of port 2 or 3 as per the power exchange
required in the system. The power from the ports 1 2 and 3 (P, P, and P;)with respect to phase angles of
each full bridge is expressed as:

_ Ve ¢y (m—p2DLlat VaVsds(m—|ds L, (1)
22 f(L1Ly+LyL3+L3Ly)

Py

P, = ViV (=¢2)(m=|d2) L3+ VoVa(Pp3—2)(m—|d3—2)L1 (2)
2 2m2f(L1Lo+LyL3+L3L1)

_ V3(=¢3)(m=|¢p3DLa+ VaV3(p2—h3)(m—Ip2—p3DL1 (3)

P
3 2m2f(L1Ly+LyL3+L3L1)

The ¢, and ¢ are the high frequency pulse phase shift angle of port 2 and 3. L, L, and L5 are the filter
inductances connected in series of each winding of HFTF [25]. As per the phase shift angle imposed in
the pulses of the full bridge switchescreating different operating conditions are implemented. The
graphs of each module measurements are presented in following section.

4. RESULT ANALYSIS AND DISCUSSION

The simulation modeling of the proposed modules of the system is designed using ‘Electrical’ subset
blocks included in ‘Specialized Technology’ of the library browser in Simulink MATLAB. The TAFB
HFTF is considered from ‘Passives’ subset with three windings selected for creating three ports in the
circuit. All the blocks need to be updated with the given parameters in table 1to simulate the model and
generated graphs considering different operating conditions.

Table 1: Configuration parameters

Name of the Unit Parameter values

PV array Vip = 29.42V, Imp = 7.99A, Voc = 36.96V,
Isc = 8.48A, Np = 9, Ns = 10, Ppv= 21.1kW

TAFB Pn = 30kVA, fu = 50kHz, n = 2, Lin = 1000uH
Rp = 0.32Q, Ly = 1pH, Rs; = Rs2 = 0.64Q,
Lsi = Leo = 2uH

EV charging station Viom_bat = 250V, Capacity = 40Ah
Lbuck = 1mH, Co = 1000uF, Right = 0.01Q
Vhat_ref = 300V, Ibat_ref = 20A, Kpv = 0.1,
Kiv = 0.023, Kpe = 0.0075, Kic = 0.0002.

Inverter Rigbt = 1mQ, fc = 5kHz, Vicref = 500V,
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Lf = 250uH, Cf = 10kVAR

Utility grid

Network 1 = 2500MVA 132KV, 50Hz
Network 2 = 2500MVA 132kV, 50Hz

After updating the simulation model with the given parameters, the system is simulated for time of 1sec
with different operating conditions set in the solar irradiation and phase delay. Initially the solar
irradiation is set with constant value of 1000W/m?2 throughout the simulation with no phase delay in
the pulses of the port full bridges. As there is no phase delay the maximum power extracted from the
PV panels is shared to the two networks equally. The graphs of the voltage, current and power

measurements of all the modules are presented in the figures below.

Figure 8: PV source characteristics for constant irradiation of 1000W/mz2

The figure 8 includes the characteristics of PV source when operated with constant solar irradiation of
1000W/mz. It can be seen that the voltage and current of the PV panels is constant throughout the
simulation. The complete power from the PV panels is maximum extracted by the Fuzzy MPPT
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technique and delivered to the HFTF through port 1 full bridge.

The primary and secondary voltages of the three winding HFTF with no phase delay is presented in
figure 9. The voltages are high frequency square waveforms generated by the full bridges. As observed
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Figure 9: HFTF winding voltage with no phase delay
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the primary winding voltage magnitude is 250V and secondary windings voltages are 500V which is

double due to twice winding ratio on the secondary side.
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Figure 10: Active powers of all modules for constant solar irradiation and no phase delay

The active powers of all the modules in the proposed system with constant solar irradiation and no
phase delay condition is presented in figure 10. The total power extracted from PV panels is 16.2kW
which is equally split to 8kW and injected to the port 2 and 3 (Pout1 and Pout2) respectively. From the
8kW of PV panels power 6kW is consumed by the EV charging station of each network (Pev1 and Pev2).
The remaining power of 2kW in each port 2 and 3 is delivered to the grid through the VSC connected
between the full bridge and the grid.

In the next operating condition, the solar irradiation is varied at different time instants of the 1sec
simulation time. However, the ‘no phase delay’ is maintained in the full bridge pulses of the TAFB.
Initially at osec the solar irradiation is set to 1000W/m?2 which is changed to 500700W/mz, 200W/m?
and 800W/m? at 0.2sec, 0.4sec, 0.6sec and 0.8sec of simulation time respectively. For the given solar
irradiation conditions the figure 11 represents the PV panels characteristics.
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Figure 11: PV source characteristics with variable solar irradiation
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As presented in figure 11 the PV panels voltage remains almost stable at 300V with negligible
fluctuations but the current magnitude varies linearly as per the solar irradiation. As per the current
change in the PV panels the power generated by the panels also changes. The PV panels power changes
from 16kW to 8kW, 8kW to 12kW, 12kW to 4kW and 4kW to 14kW at 0.2sec, 0.4sec, 0.6sec and 0.8sec
simulation time respectively. All active powers of the modules for the ‘variable solar irradiation’ and ‘no
phase delay’ in full bridges is presented in figure 12.
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Figure 12: Active powers of all modules for variable solar irradiation and no phase delay

As per the change in PV panels powers the power delivered to the port 1 and 2 is also changed with half
split power delivered to the ports. The power delivered to each port (2 or 3) changes from 8kW to 4kW,
4KkW to 6kW, 6kW to 2kW and 2kW to 7kW at 0.2sec, 0.4sec, 0.6sec and 0.8sec simulation time. In any
given solar irradiation condition each EV charging station consumes power of 6kW which is either
compensated completely by PV panels or the grid (during lower PV panels power condition).

In the next operating condition, the solar irradiation is maintained at 1000W/mz2and a lagging phase
delay is created on port 2 full bridge for power transfer from port 1 and 3 to port 2. The figure 13
represents the winding voltages of the HFTF with phase delay in the port 2 winding.
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Figure 13: HFTF winding voltage with phase delay in port 2

As per the given constant solar irradiation and phase delay in port 2 the active powers of all the modules
are presented in figure 14. The PV panels power delivered is 14kW which is completely delivered to port
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2. Along with PV panels power from port 1, the power from port 3 of 43kW is also delivered to port 2
due to the phase delay caused in port 2 full bridge. A total power of 50kW from PV panels and port 3
grid network is delivered to port 2 grid network. From the combined power of 14kW and 43kW which
is 57kW, there is a power loss of 7kW during the conversion between the TAFB and VSCs.
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Figure 14: Active powers of all modules for constant solar irradiation and phase delay in port 2

Irrespective of the power exchange between the ports, the power consumed by the EV charging stations
is 6kW individually. The power to the EV charging stations is compensated either by the PV panels or
the grid networks as per the availability.
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Figure 15: Efficiency comparison with different MPPTs and converters

An efficiency comparison graph is presented in figure 15, including resonant converter operated with
Incremental conductance MPPT, resonant converter operated with Fuzzy MPPT and TAFB operated
with Fuzzy MPPT. As per the comparison it is clear that the efficiency of the TAFB is near to 100% as
compared to conventional resonant full bridge converter operating with any MPPT technique.

5. CONCLUSION

The system with PV panels connected to two individual grid networks with power sharing through TAFB
topology is modeled and simulated. The proposed test system is operated in different operating
conditions to validate the performance of the TAFB circuit topology. It is determined that in any given
solar irradiation condition with no phase delay in the full bridges, the PV panels power is equally shared
between the ports 2 and 3 of the TAFB. In other condition when a lagging phase delay is created in one
of the ports (port 2) full bridge, complete power from the PV panels and also partial power from grid
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network 2 (at port 3) is shared to grid network 2. From the active power graphs presented in section 4
it is validated that the TAFB circuit can be utilized for power diversion between the three ports as per
the requirement. Also, the efficiency of the TAFB topology surpasses the efficiency of the conventional
full bridge resonant converter proving effective performance of the proposed system.
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