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Abstract: This paper presents a deadbeat-based proportional-integral (PI) controller for a stand-alone single-phase

voltage source inverter using a battery cell as the primary energy source. The inverter system is simulated in MAT-

LAB/Simulink. It consists of a lead acid battery, third-order Butterworth low-pass DC filter and AC filter, H-bridge

inverter, step-up transformer, and a variety of loads, as well as its sinusoidal pulse-width modulation (SPWM) deadbeat-

based PI controller. In this paper, 2 simulation case studies are carried out, which are the abrupt load changes from

a 400 W resistive load to a 500 W resistive load, and from a 400 W resistive load to an inductive load of 500 W 0.85

power factor lagging. From the simulation results for both cases, the state-of-charge of the battery decreases due to

supplying power to the loads, yet the battery voltage remains constant at about 36 V and the battery current exhibits a

smooth ripple despite the current spikes produced by the H-bridge inverter, which will prolong the lifespan of the battery.

This shows that the DC filter performs satisfactorily to isolate the current spikes generated by the SPWM controller

and H-bridge inverter. Moreover, even though the load varies for both cases, the sinusoidal inverter output voltage can

be tracked and maintained at 230 Vrms with a 50 Hz frequency within a few cycles from the instant that the load is

changed, as well as a low total harmonic distortion voltage (THDv) content of 1.53% and 2.78%, respectively. This

indicates that the controller proves its robustness and stiffness characteristics in maintaining the output load voltage at

the desired value to supply the power for a variety of loads with a minimum THDv .

Key words: Stand-alone, single-phase inverter, deadbeat, battery cell, low-pass filter, sinusoidal pulse-width-modulation,

PI controller, Butterworth filter

1. Introduction

In the last few decades, the traditional power generation methods of burning fossil fuels has affected the

environment, causing an increase in the greenhouse gas emissions that lead to global warming. Consequently, this

has become the driving force for the growing interest in alternative energy [1,2]. In order to reduce environmental

pollution, sustainable energy electricity generation systems are gaining popularity, and the development of

distributed generation (DG) power systems, as well as stationary power generation stand-alone application

systems, has become more significant [3,4]. DG power systems can be operated as uninterrupted power systems

and dynamic voltage restorers, which maintain high-quality electrical power to critical load installations in the

event of voltage sags due to system faults [4]. These systems usually consist of inverters that interface with the

loads or sources.
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However, a battery inverter system is more preferable and more flexible to operate in stand-alone mode

applications. The single-phase inverters in stationary battery cell power generation systems have been installed

worldwide in case of utility power failures and are widely used in delivering backup power to critical loads,

such as for computers and life-support systems in hospitals, hotels, office buildings, schools, utility power

plants, and even in airport terminals, as well as in communication systems [5]. In industry, the total harmonic

distortion voltage (THDv) should not exceed 5%, as per the guidelines given in IEEE Standard 519-1992. The

inverter must be efficient and comply with the requirements of the harmonic control, interconnection, and safety

standards, according to IEEE 1547.

In general, there are many methods for producing a low-distortion output voltage. One of these methods

is the optimum fixed LC compensator, which is designed to minimize the expected value of the total THDv ,

while it is desirable to maintain a specific value of the power factor (PF) [6,7]. Alternatively, series and shunt

compensation or hybrid series active power filters can be employed for the elimination of harmonics when

nonlinear loads are connected to an inverter [8,9]. However, the appropriate use of reactive shunt compensators

and filters may increase the harmonic current content, as well as the voltage distortion in the feeders of

the systems [10]. Moreover, the use of pure capacitive compensators combined with source harmonics would

degrade the PF and overload the equipment. In [11], it was shown that series active filters in 2-level pulse-

width modulation (PWM)-based inverters have the disadvantages of high-order harmonic noise and additional

switching losses due to high-frequency commutation.

In previous research work, there are many control techniques for producing pure sinusoidal output voltages

with low THDv and fast dynamic responses. First, the conventional proportional-integral (PI) or PI-derivative

(PID) controllers for the single-phase inverter were presented in [12]. In addition, a proportional-resonance (PR)

controller was employed in grid-connected converter systems in [13,14]. Many discrete-time methods developed

by low-cost microcontrollers have been designed, such as repetitive-based control [15], sliding mode control

[16], and deadbeat-based control [17,18], to enhance the characteristics of the inverter systems. Additionally, a

variety control approaches for inverter systems have been reported, including, for instance, neural network-based

control [19], fuzzy logic-based control [20], composite observer control [21], internal-model control (IMC) [22],

and multiple feedback loop control [23]. The dynamic performance of repetitive control methods is low and

requires the accurate values of the filter components, as well as the system stability staying within a narrow

operating range. The odd harmonic repetitive control scheme also has a drawback, in that the even harmonic

residues occur in the tracking error. In addition, the sliding mode control has been proven to cope with

uncertainty, but a chattering problem will occur during hardware implementation. In addition, the IMC-PID

controls and multiple feedback loop controls require the sophisticated frequency response analysis of open and

closed loops.

Furthermore, several complex control approaches that are difficult to implement have been presented,

such as using composite observer control, resonant and PR controllers, neural network-based control, or a phase-

shifted PWM algorithm. Additionally, selective harmonic eliminated PWM control and fuzzy logic control in

inverter systems were discussed in [24], which are highly dependent on the availability of the memory space of

a microcontroller during implementation. In fact, deadbeat control is one of the most attractive techniques for

discrete-time control since it is able to reduce the state variable errors to zero in a finite number of sampling

steps and provides the fastest dynamic response for digital implementation.

In previous research work, most of the inverters are used in DG power systems for grid-connected

applications, but the investigation of stand-alone applications is lacking. In this paper, a stand-alone voltage
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source inverter system using a battery cell as the primary energy source is proposed using a deadbeat-based

PI controller to produce a quality sinusoidal output voltage. This proposed inverter system illustrates a simple

structure with only an output voltage sensor on the load side and demonstrates excellent performance. The

proposed single-phase inverter is suitable for residential power generation, especially for stand-alone applications.

The control technique also has strong robustness and excellent dynamic and static characteristics. In order to

prolong the lifespan of the battery, a capacitor-inductor capacitor (CLC) DC filter should be used to mitigate

the ripple currents in stand-alone power generation systems, instead of using the DC active filter.

2. Stand-alone single-phase inverter system

2.1. System configuration

In this paper, a low-voltage harmonic single-phase voltage source inverter system using a lead acid battery as

the primary energy source and being controlled by a deadbeat-based PI controller is proposed. Figure 1 shows

the schematic circuit and the block diagram of the stand-alone single-phase inverter system, which includes

a lead acid battery that is the primary energy source, third-order Butterworth low-pass DC filter, H-bridge

inverter power metal oxide semiconductor field-effect transistor (MOSFET), step-up transformer, third-order

Butterworth low-pass AC filter, and loads. This inverter system will be simulated in MATLAB/Simulink, and

most of the components used can be found in the MATLAB/SimPowerSystems simulation software.
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Figure 1. Schematic circuit and block diagram of the stand-alone single-phase inverter system.

In general, the power delivered from the lead acid battery to the loads passes through a few stages. First,

the battery injects the power into the CLC DC filter instead of the H-bridge inverter in order to isolate the

high peak ripple current created by the switching of the inverter. Next, the DC input voltage is converted to

an AC output voltage using a sinusoidal PWM (SPWM) switching scheme for the H-bridge inverter, and the

output voltage is then boosted up via a step-up transformer with a transformer ratio of 1:9.6. The secondary

AC voltage contains many harmonics due to the switching frequency of the inverter and should be filtered

out using a CLC AC low-pass filter to produce a 230 Vrms pure sinusoidal output voltage for loads in the

stand-alone application system. The magnitude and the frequency of the output voltage are controlled by the

deadbeat-based PI SPWM controller, with the feedback signal of the fundamental root mean square (RMS)

value of the output voltage.

2.2. Third-order Butterworth low-pass DC filter model

Essentially, the input current ripples will shorten the lifespan of the electrolytic capacitors, batteries, and fuel

cells that act as primary energy sources. Therefore, the lead acid battery needs to be connected to a third-

order Butterworth low-pass DC filter in order to protect the battery from damage. The DC filter components
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constitute 2 capacitors and an inductor. These components have a transfer function that can be realized using

a Cauer 1-form. The k th elements of the filter components can be expressed as:

C
′

k = 2 sin

(
2k − 1

2n
π

)
, k = odd, (1)

L
′

k = 2 sin

(
2k − 1

2n
π

)
, k = even, (2)

where n is the number of passive components, C
′

k is the k th capacitance value of the prototype, and k is an

odd number. Meanwhile, L
′

k is the k th inductance value for the prototype and k is an even number [25]. Next,

the DC capacitance and inductance values, Cdc1 , Ldc2 , and Cdc3 , as indicated in Figure 1, can be calculated

with the aid of a frequency and impedance scaling technique, as expressed below:

Z =
V 2

P
, (3)

Ck =
1

Zωc
C

′

k, (4)

Lk =
Z

ωc
L

′

k, (5)

where Z is the terminating impedance in Ω, ωc is the cut-off radian frequency with ωc = 2 πfc , and fc is

the cut-off frequency (100 Hz) [26]. In the simulation model, the capacitance and inductance values for the DC

filter for Cdc1 and Cdc3 are 872 µF and Ldc2 is 5.8 mH.

2.3. Single-phase inverter model

In [27], an overview of single-phase inverter topologies developed for small distributed power generators was

discussed. There are many types of inverter topologies. However, the traditional buck inverter with a line

frequency transformer exhibits robust performance and greater reliability in a circuit, as shown in [27], and is

in total agreement with [28], as depicted in Figure 1. It indicates a simple H-bridge voltage source inverter that

can be used for conversion from DC to AC voltage, supplying the power to the loads. It is used to produce

and regulate the sinusoidal output voltage at 230 Vrms , with 50 Hz frequency to various types of loads in

stand-alone power generation systems. The output voltage and output current depend on the method of the

switching scheme.

2.4. Step-up transformer model

As shown in Figure 1, a linear 2-winding step-up transformer is connected after the H-bridge inverter to increase

the primary voltage in order to maintain the output voltage at 230 Vrms . The transformer turn ratio in this

simulation is 1:9.6 using the following expression:

Vs

Vp
=

Ns

Np
, (6)

where Vs is the voltage in the secondary winding, Vp is the voltage in the primary winding, Ns is the number

of turns in the secondary winding, and Np is the number of turns in the primary winding. This approach of

using a transformer is preferable because it can act as an isolation transformer to protect the inverter system

from the surge and to reduce harmonics [29].
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2.5. Third-order Butterworth low-pass AC filter

After boosting the primary voltage using a step-up transformer, the secondary output voltage consists of many

distortions as well as harmonics. Therefore, a third-order Butterworth low-pass CLC AC filter should be

connected before sending power to the loads, so as to filter out the unwanted harmonics. The calculations for

Cac1 , Lac2 , and Cac3 , as indicated in Figure 1, are based on Eqs. (1) to (5). In the simulation, the capacitance

and inductance values for the AC filter that have been used for Cac1 and Cac3 are 31 µF and Lac2 is 0.339 H.

The total harmonic distortion of the output voltage can be estimated using:

THDv =
1

Vo1

( ∞∑
n=2,3,...

V 2
on

)1/2

, (7)

where Vo1 is the RMS value of the fundamental voltage component and Von is the RMS value of the nth

harmonic voltage component [30].

3. Proposed deadbeat-based PI controller with the SPWM switching control scheme

In order to maintain and regulate the output voltage at 230 Vrms for different types of loads with a 50

Hz constant frequency, a deadbeat-based PI controller with a SPWM switching control scheme is proposed

and employed in the single-phase inverter in the stand-alone power generation system, as shown in Figure 2.

Furthermore, the Simulink model developed for this controller is illustrated in Figure 3. Basically, the controller

is a 3-level PWM inverter with sinusoidal modulation, in which a control signal at a desired output frequency

is compared with multilevel triangular waveforms [31].

Figure 2. Block diagram of the deadbeat-based PI controller with SPWM switching technique.

In the proposed control scheme, the fundamental RMS value of the output voltage at 50 Hz at the

terminal load, Vrms 01 , will be fed back to the controller and compared with the reference signal of 230 Vrms .

The difference between the 2 signals is then input into a PI controller to obtain the corresponding and appropriate

modulation index, in which the Kp value is 0.0021 and the Ki value is 0.01. The coefficient values of Kp and

Ki are computed using a heuristic tuning method, i.e. the Ziegler–Nichols method. In general, the deadbeat

controller plays the important role of producing the output voltage to the steady state in finite time steps or dead

time after the input signal is applied to the system. Hence, the previous modulation index will be sampled after

a delay time of 0.04 s in the model and simulation case study. Subsequently, the modulation index generated

by the PI controller will summate with the previous modulation index and send this to the reference sine wave

generator. Next, the product of the modulation index and the 2 sinusoidal signals, which are 180◦ out of phase

from each other, will be compared with the triangular signal carriers in order to produce the SPWM switching

waveforms used to trigger the 4 power MOSFETs, S1 , S2 , S3 , and S4 , of the H-bridge inverter. The sinusoidal

signals used as reference waveforms have a constant frequency of 50 Hz, while the triangular signal carrier is at
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Figure 3. Simulink model of the proposed deadbeat-based PI controller with SPWM switching control scheme.

5 kHz. Therefore, the RMS output voltage can be varied by changing the modulation index, M .

M =
Ar

Ac
(8)

Here, Ar is the amplitude of the reference signal and Ac is the amplitude of the control signal. The RMS

output voltage, Vo rms , also can be expressed as:

Vo rms = Vs

(
2p∑

m=1

δm
π

)1/2

, (9)

where Vs is the input voltage, δm is the width of the mth pulse, and p is the number of pulses per half-cycle.

Hence, using this simple controller triggering the MOSFETs as shown in Figure 1, a smooth sinusoidal output

voltage of 50 Hz can be regulated and maintained.

4. Simulation results and discussion

The deadbeat-based PI controller is proposed here in order to produce and maintain a constant RMS output

voltage of 50 Hz, 230 Vrms with negligible harmonic content. A simulation model of the stand-alone single-

phase inverter system has been developed, as shown in Figure 4. The Table lists the system configuration and

simulation parameters.

Figures 5 and 6 show the SPWM gate signals of S1 and S4 , as well as the SPWM gate signals for

S2 and S3 that have been produced by comparing the 50 Hz reference sinusoidal waveforms and the 5 kHz

triangular waveform, whereby 1 of the sinusoidal waveforms is 180◦ out of phase from the other, assuming that
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the modulation index is 1.00. In fact, the modulation index of the inverter system keeps changing due to the

existence of the deadbeat-based PI controller.
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Figure 4. Simulink model of the stand-alone single-phase inverter system.
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Table. System configuration and simulation parameters.

Battery supply voltage 36.0 V
Rate capacity 120 Ah
Initial SOC 50 %
Cdc1 = Cdc3 872 µF
Ldc2 5.8 mH
On resistance, Ron 0.0075 Ω
Linear transformer ratio 1:9.6
Line frequency 50 Hz
Cac1 = Cac3 31 µF
Lac2 0.339 H
Switching frequency 5 kHz
Nominal load voltage 230 Vrms

Nominal load frequency 50 Hz
Load R1 400 W
Load R2 500 W
Load R3 500 W, 0.85 PF lagging
Kp 0.0021
Ki 0.01
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Figure 5. SPWM gate signals S1 and S4 , produced by

comparison of sinusoidal and triangular waveforms.

Figure 6. SPWM gate signals S2 and S3 , produced by

comparison of sinusoidal and triangular waveforms.

Figure 7 shows the output voltage and output current when the resistive load is connected to the inverter

during the time from 0 s to 1.2 s. The simulation results show that the output voltage and current reach a

steady state after 0.5 s onwards. Initially, the resistive load of 400 W is connected to the inverter. This load is

then changed to 500 W at 1 s. The performance characteristic of the controller during this load change will be

described and discussed further, with several of the simulation results occurring between 0.95 s and 1.2 s.

In the simulation, the performance of the system is tested under 2 types of load change, i.e. a purely

resistive load and an inductive load. First, Figures 8–14 show the simulation results for the case where the

resistive load changes from 400 W to 500 W. Figures 8–10 show the state of charge (SOC), battery voltage, and

battery current, respectively, when the load changes. During the simulation, the SOC of the battery decreases,

so the battery is linearly discharging from the start of the simulation. Meanwhile, the battery voltage is almost

constant at 35.7 V with significant ripples, and on the other hand, the battery current is in the range of 18 A

to 26 A. It shows smooth ripples instead of spiking voltages and currents produced by the H-bridge inverter

MOSFETs, as shown in Figures 11 and 12, due to the components of the DC low-pass filter. Moreover, Figure
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13 shows the output voltage and output current at the load terminal when the load changes. During the step

response of the load changes, the output voltage, which initially stays at 230 Vrms , experiences a sudden

decrease in magnitude and slowly ramps up to 230 Vrms within 4 cycles. Furthermore, Figure 14 shows that

a good sinusoidal output voltage can be realized after the sudden change in loads, whereby the THDv of the

last 2 cycles of the inverter output voltage is about 1.53%. This indicates that the AC filter exhibits good

performance in filtering out unwanted frequency components. The phase of the output voltage is the same

as the phase of the output current since the step change occurs within a purely resistive load. Hence, the

deadbeat-based PI controller is operating satisfactorily to maintain the inverter output voltage magnitude at

230 Vrms with low-voltage harmonics.
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Figure 7. Output voltage and output current when the

resistive load changes from 400 W to 500 W at 1 s (voltage:

65 V div−1 , current: 1.0 A div−1) .

Figure 8. SOC of the battery when the resistive load

changes from 400 W to 500 W.
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Figure 9. Terminal voltage of the battery when the re-

sistive load changes from 400 W to 500 W.

Figure 10. Terminal current of battery when the resistive

load changes from 400 W to 500 W.

Secondly, Figures 15–21 present the simulation results for the case where the connected load is changed

from a resistive load of 400 W to an inductive load of 500 W with 0.85 PF lagging. Figures 15–17 illustrate

the SOC, battery voltage, and battery current during the load change, respectively. It can be clearly seen that

the battery is in discharge mode in order to deliver power to the load by observing that the SOC is decreasing

linearly, which is almost the same as in Figure 8. In the meantime, the battery voltage is kept constant at about

35.7 V with negligible ripples and is similar to that in Figure 9. Before the step load change takes place, the

ripple waveforms are similar to those in Figures 9 and 16; however, after the load changes, in both cases, the

ripple waveforms are different due to the connected inductive load. As can be observed, the terminal current of
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Figure 11. Output voltage after the low-pass DC filter

when the resistive load changes from 400 W to 500 W.

Figure 12. Output current after the low-pass DC filter

when the resistive load changes from 400 W to 500 W.
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Figure 14. THDv of the output voltage when the resistive load changes from 400 W to 500 W.

52



TIANG and ISHAK/Turk J Elec Eng & Comp Sci

the battery exhibits smooth ripples instead of the spiking voltage and current indicated in Figures 18 and 19,

which proves the excellent performance of the low-pass DC filter. In addition, the output voltage and output

current of the load during the occurrence of the abrupt load changes can be seen in Figure 20. Initially, the

output voltage is 230 Vrms , and during this transient, the magnitude of the output voltage decreases, but it

ramps back up to 230 Vrms within 4 cycles. Similarly, the inverter output current shows the same transient

pattern as that of the output voltage during this load change. Moreover, the magnitude of the inverter output

current is increased due to the higher load and lower PF. Furthermore, a smooth sinusoidal inverter output

voltage can be seen, although the inverter system is subjected to sudden load changes. Based on Figure 21,

the THDv of the last 2 cycles of the inverter output voltage is about 2.78%, indicating the high quality of the

filter components. With a resistive load, the voltage and current waveforms should be in phase, as shown in

Figure 13, whereas the current should be slightly lagging the voltage, as shown in Figure 20, when the load

is partially inductive. From these results, the proposed deadbeat-based PI controller shows the evidence of

its robust characteristics in maintaining the inverter output voltage magnitude at 230 Vrms with low-voltage

harmonics, even when the load is inductive at 0.85 PF.
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Figure 15. SOC of the battery when the load changes

from a resistive load of 400 W to an inductive load of 500

W with 0.85 PF lagging.

Figure 16. Terminal voltage of the battery when the load

changes from a resistive load of 400 W to an inductive load

of 500 W with 0.85 PF lagging.
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Figure 17. Terminal current of the battery when the load

changes from a resistive load of 400 W to an inductive load

of 500 W with 0.85 PF lagging.

Figure 18. Output voltage after the low-pass DC filter

when the load changes from a resistive load of 400 W to

an inductive load of 500 W with 0.85 PF lagging.
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Figure 19. Output current after the low-pass DC filter

when the load changes from a resistive load of 400 W to

an inductive load of 500 W with 0.85 PF lagging.

Figure 20. Output voltage and output current when the

load changes from a resistive load of 400 W to an inductive

load of 500 W with 0.85 PF lagging (voltage: 65 V div−1 ,

current: 1.0 A div−1 ).

Figure 21. THDv of the output voltage when the load changes from a resistive load of 400 W to an inductive load of

500 W with 0.85 PF lagging.

5. Conclusion

A low-voltage harmonic stand-alone single-phase voltage source inverter using a battery cell as the primary

energy source and being controlled by a simple deadbeat-based PI controller has been simulated in MAT-

LAB/Simulink software. The simulation results show that a proper SPWM control switching scheme associated

with the deadbeat-based PI controller has been generated to control the H-bridge inverter MOSFETs, where its

modulation index can be changed according to the feedback signal of the fundamental output voltage. More-

over, in the simulation of the load changes within a purely resistive load, the battery discharges to supply the
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power while the battery voltage is kept constant, and the battery current presents fewer spikes due to the good

performance of the DC filter, which will extend the battery’s lifespan. The output voltage also shows a good

sinusoidal waveform of 230 Vrms with only 1.53% THDv after the load changes, proving that the controller

exhibits fast dynamic performance as well as effective filter components. The output currents are in phase with

the output voltage due to a purely resistive load. Furthermore, in the case of load changes from a resistive

load to an inductive load, the inverter is still able to produce sinusoidal waveforms with 2.78% THDv , and the

voltage is maintained at 230 Vrms within a few cycles of being subjected to abrupt load changes. This proves

that the deadbeat-based PI controller demonstrates very good performance and possesses robust characteristics

in tracking the output voltage at the desired value.
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