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Abstract

Cascaded H-Bridge (CHB) inverter configuration is most suitable for high power solar inverters. In this
work, various energy storage system (ESS) configurations suitable for CHB inverters such as AC side coupled ESS,
Dual active bridge based ESS, and buck-chopper and bi-directional chopper based ESS configurations are discussed.
Comparison of these configurations on the basis of cost, control complexity, controller hardware requirements are
carried out and the advantages of Buck-chopper based ESS systems are listed. Operation and the dynamic response of
the buck-chopper based systems are explained in detail with the help of simulation results.
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1. Introduction

To meet the huge power requirements without harming the environment, large scale solar power
conditioning systems are required. By incorporating the feature of energy storage, this system can be
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made operational during night time also. Due to high demand in the solar energy, a cascaded H-Bridge
inverter based PV power condition systems are preferable for higher power applications. CHB inverter is
having the following advantages in large scale PV applications. (a) Independent MPPT control of PV
arrays can be achieved through CHB inverter (b) Due to higher number of levels in the output voltage of a
CHB inverter; good THD and power quality can be achieved (c) System can be extended to higher power
levels by adding additional H-Bridge units (d) Size of output filter can be reduced [1]-[4]. Since the CHB
inverter is modular in construction, Design of CHB inverter is also simpler compared to other multi-level
inverter configurations. A PV Inverter system will be in idle state during night time since the PV array is
not able to feed the power to the grid. For continuous supply of power to the load, incorporation of energy
storage is the best alternative. In such systems, Solar PV array provides power to the grid and the power
required for charging the batteries. When the irradiation is weak, Batteries supply the power to the grid.
When there is a fault on the grid side, still the system can supply power to the local load by working in
standalone mode by isolating the grid connection. In the next section, various ESS configurations suitable
for CHB inverter based systems are explained and compared.

Nomenclature

CHB  Cascaded H-Bridge

DAB  Dual Active Bridge

ESS Energy Storage System
MPP  Maximum Power Point
PCC  Point of Common Coupling
PV Photo-voltaic

2. ESS configurations for a CHB based PV-Inverter

Fig. 1(a) shows AC side coupled energy storage system for a CHB MLI based PV inverter. In a CHB
based system the PCC voltage is usually at higher level, hence an additional transformer may be required
to match the battery voltage with the voltage at point of common coupling (PCC). A bidirectional AC to
DC converter is used as a battery charger in this configuration.
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Fig. 1. (a) AC side Coupled Energy Storage System for a CHB based PV-Inverter (b) DAB based ESS for CHB Inverters
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Fig. 1(b) shows DAB based ESS configurations for CHB inverter. In this system, each H-Bridge
is connected to the battery through independent DC-DC converter. DAB based DC-DC converter
comprises of Two single phase H-bridges isolated by high frequency (HF) transformer. DC Terminals of
one H-Bridge are connected to independent DC links of CHB inverter and the DC terminals of second H-
bridge are connected to a common battery bank. AC terminals of each H-bridge are connected to the
primary and secondary windings of HF transformer. The Power flow through DAB converter is controlled
through the phase shift control [5]-[12]. For systems having a single battery bank, AC coupled ESS, and
the DAB based ESS configurations are suitable. In DAB based system can be operated with single battery
bank since there is an isolation transformer available in the DAB, but the chopper based systems cannot
be used, as there is no isolation transformer in DC-DC converter and CHB needs isolated DC links [8]-
[12]. Cost of the DAB based system is also more due to more number of components [8]-[12]. If multiple
independent battery banks are available in the system, then the chopper based configurations are more
suitable. Fig. 2(a) shows a bidirectional chopper based ESS configuration for CHB inverter in which, the
battery can feed power to the grid along with PV. In this system, each H-Bridge of CHB inverter is
connected to the battery through independent DC-DC converter. The DC terminals of this DC-DC
converter are interchangeable; hence the battery voltage can be selected higher or lower than the PV
voltage levels. The block diagram of each bidirectional DC-DC converters is also shown in Fig. 2(b).
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Fig. 2. (a) Block diagram of Bi-directional Chopper based ESS for CHB Inverter (b) Electrical Scheme of Bi-directional Chopper
(c) Block diagram of Buck-Chopper based ESS for CHB (d) Electrical Scheme of Buck-Chopper
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A Buck-Chopper based ESS configuration for CHB inverter which can reduce the cost and
control complexity of the system is shown in Fig. 2(c). In this system, each H-Bridge of CHB inverter is
connected to the battery through independent Buck-Chopper based DC-DC converter. Maximum battery
voltage should always be less than the minimum operating PV voltage in this system. PV voltage is
stepped down to match with the battery voltage during charging operation. When the irradiation is weak,
the PV voltage becomes less than the battery voltage. Then the Diode D3 shown in Fig 2(d), starts
conducting and Battery provides power to the grid through diode D3. D3 needs to be rated for rated

battery current.

Table 1. Comparison of Different ESS Configurations suitable for CHB inverter

Parameter AC-Side Coupled DAB based ESS Bi-directional Buck-Chopper
ESS Chopper based ESS based ESS
Requirement of Independent Not required Not Required Required Required
DC Sources
Isolation between PV and Isolated Isolated Not Isolated Not Isolated

Battery

Components required for ESS

Rated Current of Charger

Cost

Control Complexity

Controller Hardware
Requirement

Limitations

Isolation Transformer
and DC-DC converter

Equal to Battery
Current

More due to
Additional
Transformer

Simple

Less

Not suitable for High
power Applications

Independent DAB with
HF Transformers

Equal to Battery
Current

More due to more
number of components

Complex

More

Controller hardware
requirement is more

Independent DC-DC
Converter

Equal to Battery
Current

Comparatively less

Moderate

Moderate

Independent DC
sources are required

Independent DC-DC
Converter

Equal to Battery
Charging Current

Comparatively less

Moderate

Moderate

Not Preferable for
Standalone system

From Table.1., it is observed that, the Buck-Chopper based ESS configuration is having the following
advantages over other ESS configurations in a grid connected PV applications

1. Each Buck-Chopper needs only one gate pulse hence the controller hardware requirement is less

2. Other ESS configurations need to be designed for rated battery power where as the buck-chopper
based system needs to be designed only for the rated charging current of the battery. Hence cost of the
buck-chopper based system is comparatively less.

3. Other ESS configurations need to be controlled both in charging and discharging modes of operation
where as buck-chopper control is required only during charging mode and discharging is through

Diode D3.
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From the above discussions, It is observed that the Buck-Chopper based ESS configuration is more
suitable for grid connected PV applications. The main components in this system is Buck-chopper and the
PV-Inverter. In the next section, the controls and the dynamic response of the Battery charger and the PV-
inverter are explained.

3. Battery Charger and PV-Inverter

In this section, Controls for the battery charger and the dynamic response is explained. A current
control shown in Fig.3(a) is used regulate the battery current during charging mode. Battery voltage and
currents are monitored for obtaining the battery charging current reference. State of charge (SOC) of the
battery is obtained by integrating the battery current [7].

% SOC =100 X {1- [(I*T)/Q]} -------- (1)

Where ‘I*T’ is the discharged capacity (Ah) (Obtained by integrating current ) and ‘Q’ is
ampere-hour rating. Based on SOC, the reference charging current is adjusted. A hysteresis controller
based current controller is used which compares the actual battery current with the reference current and
releases gate pulses to the battery charger accordingly. Fig.3 (b) shows the response of battery current
with the change in reference current. A change in reference current for every 0.5 second is applied and the
actual current is observed. The actual current follows the reference current within the band of hysteresis.
The response of the battery current can further improved by reducing the band of hysteresis controller.

Ba“ery current —> 7001 Battery Actual Current Vs Battery Reference Current

SocC
Battery Voltage CALCULATOR

—_—
LOOK-UP
TABLE
Reference
Battery Current
v
Actual Hysteresis 100}
Battery current Controller Gate Pulse
For Chopper ‘ ‘
0 0.5 1 1.5 2 2.5
Time
(@) (b)

Fig. 3. (a) Battery Charger Current Control (b) Change in Battery Actual current with the change in battery reference current

In a PV-Inverter, current controllers are used for active and reactive power control through the PV-
inverter as shown in Fig.4(a). Direct axis current of Inverter (Id Inv) is controlled for the active power
and the quadrature axis current of Inverter (Iq_Inv) is controlled for the reactive power flow through the
PV inverter. Three phase inverter currents are converted into dq currents. Reference Id and Iq currents are
obtained from the reference active and reactive powers respectively.
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Fig. 4. (a) PV-Inverter Current Control (b) Change in Actual Inverter Id current with the change in Inverter 1d reference current

In this system the reference reactive power is maintained Zero, since the reactive power compensation
is not considered. Reference Id current is obtained from MPP of PV array. For analyzing the dynamic
response of the system for different reference active powers is simulated. Fig.4(b) shows the response of
inverter Id current with the change in reference active power i.e. reference Id current of inverter. The
dynamic response of the system is good and can be improved further by tuning the PI controller

parameters.

4. Results and Discussions

For better understanding of a buck-chopper based system, a single phase CHB based PV inverter fed
from independent PV arrays is simulated for the specification shown in Table.2. Three independent
battery banks are connected to the DC link through the Buck-chopper based battery charger as shown in
Fig.5. A purely resistive local-load is connected across the Grid. In this work, Power rating of the
batteries selected is lesser than the local load to study two cases of system operation.

Table 2. Electrical specification for the Buck-chopper based ESS Configurations suitable for CHB based PV- inverter

Electrical parameter Value Units Description
Inverter AC Voltage 690 \Y% Single Phase
Frequency (F) 50 Hz
PV array Power 1000 kW
PV array Nominal voltage 600 \Y%
Battery Power 750 kW Three Battery Banks each of 250 kW
Back Up Time 2 Hour
Battery Nominal Voltage 500 A%
Battery Nominal Current 500 A Power rating of each battery/ voltage
Battery Ah Rating 1000 Ah Battery Current X Backup time

Case 1: When the irradiation is maximum (During Time Interval 0 to 0.1 Second in Fig.6.)
1. In this case PV arrays supply power to the Battery, Load and the Grid.
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2. Since the PV array supply power to the Load/Grid through the inverter, inverter current and voltage

Sridhar Vavilapalli et al. / Energy Procedia 145 (2018) 534-541

and are in phase with each other.

3. Since the battery is taking the power, the battery current is Negative and it is in charging mode of
operation. Since the Grid is receiving the power, Grid current is 180 degree out of phase with the Grid

Voltage.

4. Since the number of H-Bridges is three, the Number of levels in the Inverter phase voltage is Seven and

the each step in the PWM voltage is equal to the PV voltage.

Case 2: When the irradiation is Zero (During Time Interval of 0.1 to 0.2 Second in Fig.6.)

1. In this case Power from the PV arrays is Zero and Batteries provide power to the Load but the

magnitude of current is less since the batteries are rated for lesser value.

2. Since the Batteries supply power to the Load/Grid through the inverter, inverter current and voltage

and are in phase with each other.
3. Since the battery is supplying the power, the battery current is positive.

4. Since the Grid is providing additional power required for the load, Grid current is in phase with the

Grid Voltage. Each step in the PWM voltage is equal to the Battery voltage.
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Fig. 5. Single Phase Seven-Level buck-chopper based ESS for CHB Inverter
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5. Conclusions

In this work, various configurations of ESS for CHB inverters suitable for large scale PV applications are
discussed. Advantages of the buck-chopper based ESS are explained. The buck-chopper based ESS
configuration is simple to control, needs lesser controller hardware and the controls is required only
during charging mode. The change over time from PV source to the battery is instantaneous as the
discharging of battery is through the Diode. From the presented results, it is observed that good dynamic
response can be achieved with this system. To verify the performance of the control algorithm in real
time, Hardware In loop Simulations can be carried out by interfacing the real controller card with the
simulated power circuit with the help of real time digital simulator (RTDS). Operation of this system can
also be analyzed in standalone mode.
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