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Stand-alone power system provides a solution for the user in rural areas that
are disconnected from the utility grid which requires power electronics
device for the power conversion. This work proposes a design of 5-level
cascaded H-bridge inverter with energy storage to realize DC-AC power
conversion for such system. The DC-DC bidirectional converter is designed

to control the charging and discharging of current into/from the battery

during the buck and boost mode of operation. At the DC side, dual-loop
Keywords: control strategy using PI controllers is designed to control the current and
voltage. The inner loop current controller controls the recharging/discharging
of current for the battery, while the outer voltage controller controls the DC
link voltage at 200 V for each of the H-bridge unit. At the AC side, multiple
feedback loop control strategy regulates the inverter output voltage at 240
Vrms under various load change. The modelling and design of the system is
implemented under Matlab Simulink environment. From the results, the
battery storage unit works well with the DC link voltage to achieve a balance
power transfer within the system between the PV source, load and battery
storage under variation of PV power and loading condition.
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1. INTRODUCTION

The stand-alone power system is a solution for the user in some rural areas that are disconnected
from the utility grid. Solar system harvests electrical energy from sun irradiance and provides power to
appliances. The system typically consists of solar photovoltaic, inverter and the energy storage unit. The
power source is from the solar photovoltaic panels which produce DC power to the system. As the power
supply from the photovoltaic are very unstable due to dependency on the irradiance and temperature, the
battery must be able to support the load when the photovoltaic unable to provide sufficient electrical power.
In reverse, the photovoltaic must be able to charge the battery when there is abundant power available. In a
standalone power system, the inverter requires a stable DC power from the photovoltaic source to convert
direct current (DC) to alternating current (AC) power.

The use of bidirectional DC-DC converter (BDC) for integrating the DC source to the AC system
has been investigated previously, for instance in [1]-[4] for various application such as renewable energy
system, electrical drive and power supply. Apart from regulating the voltage levels, the main attraction is on
its ability and flexibility to realize a bidirectional power between the source and load in the system. In
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particular for interfacing the energy storage unit to the inverter, various control methods for controlling the
voltage and current has been explored such as in [5]-[8] with the objectives to achieve better response of DC
link voltage regulation, low voltage and current stress, good ripple performance as well as improving the life
cycle of the energy storage.

The bidirectional converters in general can divided into two types, isolated and non-isolated type.
The application of non-isolated kind of topology topology such as the widely used buck/boost converter [9]
and the more advance high step-up three port DC-DC converter [10] able to transfer power without magnetic
isolation. The model and method are simpler and cheaper than the isolated topology. Meanwhile, isolated
bidirectional converter converts DC voltage to AC voltages which passes through high frequency transformer
and then rectified to DC waveform. Therefore, isolated converter has higher step up voltage gain ratio as
shown in [11] with galvanic isolation. The gain of the converter is added with additional degree of freedom
causes it able to perform with wide ranges requirement of input voltage and load regulation [12]. The
disadvantages of isolated bidirectional converter are the magnetic interference and higher weight compared
to non-isolated bidirectional converter.

The control methods for bidirectional converter are also divided into two main categories which are the
general control schemes and the switching strategies. The control methods depend on the control problem and
topology of the bidirectional converter. Control method for non-isolated bidirectional converter is simple where
there is no transformer implementation. Isolated topology provides advantages of easy realization of soft switching
control when isolation between load and sources is needed. This is mainly used in high power application, where it
controls the energy flow and protect the operators and equipments from damage and danger.

Apart from the conventional two-level inverter, the application of multilevel inverter (MLI) in PV
system has gained a huge interest due to its many advantages, such as a lower rating component usability,
better quality of output waveform and higher efficiency [13]. Several types of multilevel inverter are
available and among them, the cascaded H-bridge MLI with much simpler topology has been widely
discussed and applied such as in the optimization of component number and voltage supply [14], utilization
of multicarrier modulation technique [15] and modified phase-shift PWM scheme [16], as well as application
in standalone PV inverter system [17]. Compared with other types of ML, it requires the lowest number of
semiconductor devices, and its modularity character contributes to simplicity of control.

In stand-alone PV application, one of the important aspects is on the control of the output voltage
for feeding the load. The objectives are to produce a pure sinusoidal output voltage with low harmonic
distortion and rapid dynamic response. The change in loading condition must be constantly monitored to
prevent overvoltage condition. Among the available control techniques, the dead-beat control technique can
produce a low THD value and a quick transient response to the inverter [18]. The feedback signal of the
fundamental of rms value of the output voltage is compared with the reference voltage and the difference
between the two signals are sent to the PI controller to get the appropriate modulation index. Although this
control technique can provide the fastest dynamic response to the output voltage, it is sensitive to the parameter
variation of the filter modeling [19]. The multiple feedback loop control technique such as in [20]-[22] provides
a good dynamic response to a low total harmonic distortion (THD) output voltage. The multiple feedback
loop control has two control feedback signals, where the internal loop is the filter capacitor's current control
and the external is the output voltage control loop. This technique improves the THD of the output voltage
and current which is near to a constant sinusoidal output load voltage. Thus, this control technique is suitable
for stand-alone inverter due to its feasibility and has good performance to produce almost pure sinusoidal
output waveform.

In a rooftop PV installation, shading problem caused by building layout and other obstacles such as
trees and surrounding objects is commonly observed and potentially reduces the maximum power that can be
harvested from the array. In such condition, among the solutions available is to group the shaded modules
into separate strings with dedicated module level power electronics (MLPE) to maximize its performance.
Each separated group can have its own power electronis device configuration and implementation of MPPT
with different maximum power point voltage and current output. In this context, the use of cascaded H-bridge
multilevel topology has an advantage of producing a higher sinusoidal output based on the several lower
input voltages as proposed in this paper. No literature so far has discussed specifically on this area plus with
the integration of energy storage element which is necessary for the standalone PV system. It thoroughly
discusses the configuration and modelling process of the system including the design of the voltage and
current controllers.

The rest of contents of the paper are structured as follow. In the next Section 2, the modelling and
design of the stand-alone H-bridge MLI is presented. Section 3 discusses on the simulation conducted to
verify the workability of the proposed design before the work is concluded in Section 4.
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2. SYSTEM MODELLING AND DESIGN

Figure 1 shows the configuration of a cascaded H-bridge inverter for stand-alone PV inverter system
with energy storage. Each H-bridge unit has its own PV source with array of modules with specifications in
Table 1 based on the commercial product of Sunpower SPR-225-series [23]. Due to shading problem, the
modules in the array are sepated into two groups. The first array is configured in 4-parallel strings of 3-series
connection with Vigp at 123 V and Inpp at 22 A to produce approximately 2700 W power at maximum
irradiation. While the second array is in 3-parallel strings of 2-series connection with Vimp at 82 V and Iy, at
16.5 A to produce approximately 1350 W. Combination of both configurations produces approximately 4 kW
of power. The power curve corresponds to both configurations is shown in Figure 2(a) and (b).

A boost DC-DC converter before the inverter functions to increase the voltage at the DC link to 200
V as well as for maximum power point tracking (MPPT) implementation. With the output of the converter at
the DC link regulated at costant value, the MPPT algorithm based on the Pertube and Observation (P&O)
method is used to vary the PV arrays terminal voltage according to the power curve of the two PV array
configurations as shown in Figure 2(c). The voltage and current from the PV array are continuously sampled,
where their product power P is compared with the value from the previous sampling. Then decision is made
whether to increase or decrease the voltage by regulating the duty cycle d for switching the converter switch.

The output of the two H-bridges are cascaded in series to produce a larger 5-levels output voltage.
An LC filter is used to mitigate the harmonics to produce a low harmonics sinusoidal waveform across the
load. As for the energy storage unit, a lead acid battery is used and connected to the DC link capacitor of
each inverter via the bidirectional DC-DC converter. The controller unit functions to control the sinusoidal
output of the inverter, the DC link voltage and charging/discharging operation of the battery storage. Table 2
lists the related parameters of the system.

The bidirectional converter (BDC) consists of two switches, a capacitor and inductor. The two
switches S, and Sy, are operated accordingly, enabling the converter to control the power flow bidirectionally
in buck and boost mode. It discharges the battery in the forward mode (boost) during high load condition and
recharges the battery pack in reverse mode (buck) when the load is in low demand and power is abundantly
available from the PV source.
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Figure 1. Configuration of cascaded H-bridge stand-alone PV inverter with energy storage
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Figure 2. Power curve based on Sunpower SPR-225-series (a) 3x4 PV array configuration,
(b) 2x3 PV array configuration and (c) P&O algorithm for MPPT implementation

Table 1. Specifications of PV array configuration

PV Array 1 PV Array 2
Parameters Values Parameters Values
Peak power, Pmay (+/- 5%) 2700 W Peak power, Ppax (+/- 5%) 1350 W
Rated Voltage, Vinpp 123.0V Rated Voltage, Vimpp 82V
Rated Current, lnpp 22A Rated Current, lnpp 16.5A
Open Circuit Voltage, Vo 1455V Open Circuit Voltage, V. 97V
Short Circuit Current, s 23.5A Short Circuit Current, Is 1761 A

Table 2. Parameters of the circuit configuration for the five-level cascaded H-bridge inverter

Parameters Values Parameters Values
PV power, P, 4 kW Battery storage (at nominal) 96 V, 42 Ah
DC link voltage, Vi 200V bidirectional converter C, L 260 uF, 1.25 mH
Switching frequency, fo, 10 kHz Filter inductor, L¢ 6.7 mH
Load voltage, Vi« 339.6 V Filter capacitor, C¢ 2.8 uF
maximum inverter output load 4 kW

2.1. DC link voltage control

For a proper operation of the inverter, the voltage of the DC link Vc; and Ve at each H-bridge inverter
must be controlled at a constant value. For that, a dual loop control strategy for the bidirectional converter with the
current and voltage controller as discussed in [20] is applied as shown in Figure 3. At the outer loop, the voltage
controller is used to control the DC link voltage (Va1 and Vaez). The PI controller generates the reference current
I for controlling the inductor current I, in the inner loop. With the voltage output at the DC link is designed to
maintain at 200V, the inverter output able to achieve 240Vms output across the load. The I is the reference
current for the current controller. In boost mode, the inductor current is controlled to discharge the battery current,
while in the buck mode it is controlled to recharge the battery. The proportional gain, k, and integral gain, k; for
both controllers are designed based on the derived transfer function of voltage-to-inductor current and inductor
current-to-duty ratio as in [24]-[25]. By using PID Tuner Apps in Matlab Simulink, the bode plot frequency
response analysis is conducted to verify the stability of the designed controllers as shown in Figure 4.
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Figure 4. The closed loop bode plot frequency analysis for (a) voltage controllerand,
(b) current controller in PID Tuner Apps

2.2. Inverter output voltage control
Figure 5 shows the circuit configuration of the single-phase H-bridge inverter with the second order LC
filter (Lt, Cs) and a resistive load Rieag. Based on the circuit, the differential equations can be derived as in (1) to (4).
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Figure 5. Configuration of single-phase H-bridge inverter
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Based on the circuit and the equations, the linear model of the H-bridge inverter shown in Figure 6
can be obtained [26]. V. is the DC input voltage, Vi is the peak voltage of the triangular carrier wave, Vi is
the inverter AC output voltage, V, is the output load voltage, i is the inductor current, ic is the capacitor
current, i, is the load current, Ry is the filter resistance, Ls is the filter inductance, Cs is the filter capacitance
and Z, is the resistive load.

The control circuit for controlling the output voltage across the load uses two feedback loops; the
inner current loop which increases the speed response of the controller and reduces the total harmonic
distortion of the output AC voltage, and the second loop is the outer voltage loop, which has a slow response
but regulates the output AC voltage. The transfer functions for the inner current controller and outer voltage
controller can be derived by referring to the (1) to (4). An approximate linear model of the single-phase
multilevel H-bridge inverter with the current and voltage controller is constructed as shown in Figure 7. In
the Matlab environment, the control circuit is constructed as shown in Figure 8. The inner current feedback
loop is connected in series to the capacitor current measurement and the outer voltage feedback loop is
connected in parallel to the output load voltage measurement.
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Figure 6. Linear model based on the H-bridge inverter in Figure 5
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Figure 7. The linear model of the H-bridge inverter with current and voltage controller
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Figure 8. Construction of multi-feedback loop for the H-bridge inverter current and voltage controller in
Matlab environment

3. SIMULATION RESULTS

Verification of the proposed design of the cascaded H-bridge inverter with energy storage is
conducted using the Matlab Simulink software. A typical scenario of solar insolation and daily residential
household power consumption as shown in Figure 9 is created as a reference for the simulation. The solar
insolation is basically low in the morning and as the sun comes out and climbing higher, the insolation is
gradually increasing and reach the maximum point at noon. Then it gradually decreasing as the sun going
down until the sunset. On the power consumption, the load is minimum between 10.00 pm to 5.00 am, and
high in the morning when the daily routines start between 7.00 to 9.00 am, as well as between 5.00 pm to
8.00 pm when everybody is back at home. A moderate power consumption is expected when minimum
people are at home between 9.00 am to 3.00 pm. Due to computation burden constraint, the simulation time
is normalized to 21 seconds to represent the 17 hours consumption behaviour in Figure 9.

Figure 10 shows part of the results that firstly shows that the overall system according as expected.
Looking at the generated PV power Py, in top-left figure, both groups of arrays achieved approximately 2700
W and 1350 W power at maximum irradiation. In the bottom-left figure, the DC link voltage at both input of
the inverter terminal is well controlled at 200 V. The top-right figure shows the inverter output voltage before
the filter which is at 400 V., and lastly the zoom-in waveforms of voltage and current (15 times magnified)
at the load side after the filter at the bottom-right figure. The successful control of the DC link voltage
guarantees the output voltage to be stable at 240 Vrms.

Figure 11 shows the results on the power management between the PV arrays, battery storage units
and the loads. The top-lef figure shows the discharged and recharged current of both batteries, the bottom-left
figure shows the amount of power discharge/recharged from/into the batteries Pyat, the top-right figure shows
the relation between the total power output of the inverter Pi,, with the power consumed at the load Pjeaq and
lastly the bottom-right figure shows the state of charge (SoC) of both batteries over the simulation. Between 0 to
4s when the Py, is lower than P, the difference is compensated by Pua Which is the amount of power
discharged by the battery. Then gradually the P,y increases and surpass the load demand and extra power flows
to recharge the battery between 4 to 15s. After 15s of simulation, P €xceeds the Py, and as a result, the
batteries start to discharge again up to 3 kW of power at maximum. From the top-right figure, it can be seen the
total output power Pin, always matches with the consumed power Py at the load side. From the SoC curves in
the bottom-right figure, as expected they are proportional with the battery current curves in the bottom-left
figure where battery 1 is charged more compared to battery 2 based on the higher charging current. In overall it
shows a balance power transfer between the PV sources, load and the battery storage units.

The top-left figure of Figure 11 also proves the satisfactorily working current control by the
bidirectional DC-DC converter. The I tracks the reference current Iy satisfactorily to discharges and
recharges the right amount of power from/into the battery. Positive value indicates the current is flowing out
from the battery and negative values indicates the current flows into the battery. Both batteries’ currents are
controlled to discharge at approximately between 2 to 8 A when the Py, is low between 0 to 4s, and between 4
to 15s, they are controlled to recharge the battery and reach a maximum value of 18 A when the Py, reach its
maximum of 4 KW. As the Pjoqq Starts to increase from 15s and Py, is gradually decreasing, the Iy is controlled
to discharge and achieve a maximum value of 15 A at 19s. The results verify that the control of the inductor
current works according to the requirement by the BDC. With the successful control of the inductor current, the
dual loop voltage control for the DC link voltage is also verified as shown in Figure 10 (bottom-left). On the
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inverter AC side, the output voltage controller successfully maintains the output across the load at 240 Vrms
(339.6 V) as the load current is varied throughout the simulation as shown in Figure 12. This is also
contributed by the constantly controlled value of 200 V DC link voltage at the inverter input.

4500

4000

3500

3000

2500

2000

1500

PV power generation
average power consumption

1000
500

o
5.00 am

power generation & consumption (W)

8.00 am

12.00 pm

3.00pm 6.00 pm 10.00 pm

Figure 9. Typical daily PV power generation curve and the residential household power consumption
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4. CONCLUSION

In this work, the design of cascaded H-bridge inverter for stand-alone PV system with energy
storage is proposed. The bidirectional DC-DC converter is used for realizing a bidirectional power flow
between the battery energy storage and the inverter with the dual-loop voltage and current control. At the
inverter AC side, the multiple feedback loop control is applied for controlling the output voltage. Based on
the simulation results under Matlab Simulink environment, the proposed design works accordingly to
satisfactorily manage the power flow between the PV source, load side and the energy storage. By connecting
the H-bridge units in cascaded configuration, a higher output voltage with good harmonics performance can
be achieved thus compensating the constraint of low voltage at the inverter input such as in PV application.
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