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Standalone operation of Distributed Generation 

Systems with Improved Harmonic Elimination 

Scheme 
Mohammed Ali Khan, Student Member, IEEE, Ahteshamul Haque, Senior Member, IEEE, V S Bharath 

Kurukuru, Student Member, IEEE, Huai Wang, Senior Member, IEEE and Frede Blaabjerg, Fellow, IEEE

Abstract- Improvement in the efficiency of distribution 

generation (DG) inverters is a concern and challenge for 

researchers across the globe. To address the concern an inverter 

control technique is developed. Inverters have issues with 

voltage regulation and harmonics when operating in the grid-

connected (GC) and stand-alone (SA) mode. This paper 

proposes a control strategy capable of operating DGs in both SA 

and GC environments. The GC operation of the inverter is 

achieved by the current control mode and the SA control 

features a voltage control loop capable of overcoming the 

drawbacks due to load shedding or load switching. Besides, the 

harmonics due to various conditions of transition and load 

switching are eliminated by adapting a harmonic elimination 

pulse width modulation (PWM) scheme. To enhance the 

performance of the inverter and eliminate the problem of 

flexibility associated with conventional and offline switching 

angle calculations in the PWM technique, a Bio-Inspired 

Intelligent algorithm is adapted. The developed system is 

verified for various reduced total harmonic distortions (THD) 

by performing simulations and experiments. The results depict 

that the output voltage is regulated for varying load conditions, 

and the THD is observed to be 2.4% under varying load 

conditions.  

Keywords - Distributed Generation (DG), Stand-alone (SA) mode, 

Selective harmonic elimination, Pulse width modulation, Voltage 

regulation, Total harmonic distortion. 

I. INTRODUCTION 

The advancements in distributed generation systems (DGs) 

and the decreasing investment costs have encouraged grid 

integration of DGs. For efficient operation of these systems 

with the existing power systems, power electronics-based 

converters are utilized [1]. In general, most of the DGs 

generate DC power or convert generated power to DC, and 

then convert it to AC using a full-bridge inverter. This full-

bridge inverter achieves integration between the DC bus and 

the utility through a controller, to provide the benefits as 

improved power quality, voltage support, diversification of 

power sources, and enhancing the utility. 

Apart from the advantages, the integration of DGs needs to 

address some issues and concerns regarding the design and 

support of power delivery during grid-connected (GC) and 

stand-alone (SA) modes of operation. While operating in a 

GC mode, the DG injects pre-set power to the grid through a 

current control mode in a stiff synchronization with the grid 

[2], [3]. When the DG system is disconnected from the grid 

due to unplanned faulty events or for planned maintenance, it 

needs to operate with the local loads in a voltage control mode 

(SA operation) [4], [5]. In this mode, DG should address the 

issues of voltage and frequency regulation and maintain a 

balance between load and supply.  

Conventionally, while operating in SA mode, the usage of 

carrier-based pulse width modulation (PWM) [6], [7], space 

vector PWM [8], and repetitive control techniques [9] has 

offered accurate but slow voltage regulation and harmonic 

compensation in the system. Apart from these, a wide 

literature is available [10], [11] regarding the voltage 

regulation in SA systems. Many researchers have been 

working with a dual-loop control strategy being implemented 

in the hybrid frame of reference [12]. It aims at better 

efficiency and optimum performance of the system under the 

delay caused by the controller. Further, a forced switching 

sliding mode control was presented in [13] to achieve 

efficient control of dual inverters in SA operation of single-

stage PV systems. The control scheme maintains the desired 

voltage at the DC link capacitor using a PI-based vector 

control along with the forced switch-based vector control. In 

[14], [15], the model predictive control is used as a voltage 

control strategy for a single-phase inverter operating in SA 

mode. The developed controller predicts the output voltage of 

the system on each sampling interval for each possible 

switching state. Then a cost function is utilized for selecting 

and applying an appropriate switching state during the next 

sampling interval.  

From the above study, it is observed that the conventional 

control methods fail to optimally suppress selective 

harmonics, and the response for voltage regulation during 

load changes is very slow. To overcome this a voltage 

regulation technique through current compensation along 

with selective harmonic elimination (SHE) PWM technique 

[16] is proposed. The proposed controller adapts voltage 

compensators for generating the current references in the SA 

operation of DGs. Further, SHE overcomes the losses due to 

the absence of fast switching devices. There is a trade-off 

between switching speed and power handling. With this 

method, it is possible to eliminate several harmonics, which 

are directly proportional to the frequency modulation ratio. In 

the conventional SHE, the sequence of switching angles that 

define a PWM waveform is calculated by solving a set of 

transcendental equations [17]. This generally depends on the 

number of harmonics to be eliminated, which is related to the 

ratio of the switching frequency to the output frequency of the 

inverter. The desired amplitude of the fundamental 

component of the output waveform appears as a parameter in 

the set of equations. Consequently, the set of equations must 
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be solved for each desired amplitude. In [18], the Fourier 

series analysis based SHE is implemented for undesired 

harmonic minimization in multi-level inverters. Besides, the 

Newton Raphson approach is adapted to estimate the possible 

solutions for transcendental, and highly nonlinear equations 

in the modulation range. The results showed dynamic 

solutions for different modulation indices and achieved 

elimination of lower order odd harmonics from the output 

voltage. Similarly, the SHE-PWM along with an advanced 

derivative free numerical technique is used in [19] to achieve 

optimum switching for multi-level inverter and reduces THD 

in the output voltage. Further, in [20], a Jacobian estimate 

based SHE-PWM approach is developed to overcome the 

drawbacks of singularity for complex calculations of SHE. 

The developed approach achieved the elimination of non-

triplen lower order odd harmonics for the output voltage of 

multilevel converters. In [21], the particle swarm 

optimization based SHE-PWM is developed for estimating 

the switching angles of the power converter operation. The 

BAT-SHE discussed in [22] suggested by the reviewer 

mainly focussed on problems while determining optimal 

switching angles for SHE while eliminating undesired 

harmonics with multilevel inverter.  From the literature it is 

identified that, the use of Fourier transforms-based Look-Up 

Tables for solving the arbitrary changes in output voltage 

amplitudes resulted in slow dynamic responses for the system 

operation. 

Considering the problems with voltage regulation, and 

harmonics, this paper develops an optimized controller to 

improve the performance of the system. The major 

contribution of the developed inverter control scheme is: 

• The proposed approach is capable of operating the 

distributed generation systems (DGs) in both standalone 

(SA) and grid-connected (GC) environments with less 

voltage harmonics and without any requirement for 

additional compensating devices.  

• The Bat-selective harmonic elimination (SHE)-pulse 

width modulation (PWM) scheme eliminates the 

harmonics due to various conditions of transition and 

load switching. 

• The controller when operated in SA mode with a single-

phase inverter regulates the load voltage within the limits 

for both linear and non-linear loads. 

Besides, the tolerance of the controller towards voltage 

transients and the harmonic rejection capability are some of 

the major advantages of the proposed controller over the 

conventional methods. Further sections of the paper are 

organized as follows: Section II identifies the problems 

associated with load shedding or switching while operating in 

SA mode; Section III discusses the development of voltage 

control loop for standalone operation of DG. Section IV 

explains the harmonic elimination scheme and its 

optimization. The simulation and experimental analysis are 

discussed in Section V and the discussion is concluded in 

Section VI. 

II. CONTROL METHOD AND LOAD SHEDDING 

The transition between GC and SA modes can be achieved by 

an over/under voltage method [23] or through over/under 

frequency methods [24], [25]. Generally, during the GC mode 

of operation, DG operates in grid feeding/supporting mode 

according to factors such as energy availability, energy cost, 

and others [26]. During this process, the grid supplies or 

absorbs the power difference between the local load and the 

DG. When a power outage occurs at the grid side, the DG that 

operated in grid feeding/supporting mode can cause 

frequency and voltage transients depending on the amount of 

power difference. Further, the power difference creates a drift 

between measured and nominal values of voltage and 

frequency [27]. When the drift value reaches the threshold, 

the SA controller must be capable of mitigating the transients 

and perform load shedding to maintain a balance between the 

supply and demand. This method is applicable for islanding 

detection and intentional islanding operation. But during 

unintentional islanding operation, the DG power generation 

can either be greater than or less than the local load and the 

controller may find it difficult to overcome the transients 

during GC to SA operation. Hence, to overcome these 

drawbacks, an intelligent controller capable of performing 

load shedding and balancing the voltage and frequency to 

operate within the limits is required [28]. This provides a 

challenge of switching the full bridge inverter connected with 

the DG system to operate in a voltage control mode. The 

voltage control mode relates to the rate of change of voltage 

with respect to the power differences between the load 

demand and DG generation. This helps in regulating the 

voltage within the limits (0.88 –  1.1 𝑉𝑝𝑢) while operating for 

load shedding or load switching under SA mode of operation. 

In order to accomplish this, the system shown in Fig. 1(a) has 

been analysed as follows: 

 

(a)  (b) 

Fig. 1 Load shedding approach (a) System to implement load shedding, (b) 

System in per unit to implement load shedding 

The required load shedding can be determined using the 

algorithm based on Fig. 1(b) given as 

Algorithm: Load Shedding Algorithm 

Step 1: Obtain the expression of voltage amplitude (𝑉𝑝𝑘) 

for load shedding: 

From Fig. 1(b), the expression for load voltage 𝑉𝑝𝑢 is given 

by: 

𝑉𝑝𝑢 = 𝐼𝑑𝑝𝑢𝑅𝑝𝑢 sin(𝜔𝑡)                                 (1) 

where 𝐼𝑑𝑝𝑢 is the current source in 𝑝𝑢, and 𝑅𝑝𝑢 is the total 

local load in 𝑝𝑢 

Using 𝑉𝑝𝑢, the voltage amplitude is calculated as: 

𝑉𝑝𝑘 = √2𝐼𝑑𝑝𝑢𝑅𝑝𝑢sin (𝜔𝑡)                                  (2) 

Step 2: Obtain the slope 𝒮 of the voltage amplitude: 

𝒮 =
𝑑[𝑉𝑝𝑘(𝑡)]

𝑑𝑡
= √2𝜔𝐼𝑑𝑝𝑢𝑅𝑝𝑢 cos(𝜔𝑡)                    (3) 

Step 3: Obtain the expression for the current source 𝐼𝑑𝑝𝑢: 

𝐼𝑑𝑝𝑢 =
𝒮√2

2𝜔𝑅𝑝𝑢 cos(𝜔𝑡)
                                 (4) 
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As 𝑅𝑝𝑢 = 𝑅1𝑝𝑢//𝑅2𝑝𝑢, and solving 𝑅1𝑝𝑢 which represents 

the load to be shed, 

𝑅1𝑝𝑢 =
√2𝜔𝑅𝑝𝑢 cos(𝜔𝑡)

𝒮
   (5) 

 

III. CONTROL STRATEGY 

The proposed voltage loop controller for SA mode 

operation of an inverter with a seamless transition is provided 

in Fig. 2. The controller regulates the voltage through current 

compensation and uses the voltage compensators to generate 

the current references for current regulation. 

 

Fig. 2. Voltage control loop for full-bridge inverter operation 

 

Fig. 3. Schematic of proposed controller action between grid-connected and 

islanded distributed generation system 

From Fig. 2, it can be identified that the direct and 

quadrature components of the load voltage 𝑉𝐷 and 𝑉𝑄 are 

required to track their reference components 𝑉𝐷𝑟𝑒𝑓 and 𝑉𝑄𝑟𝑒𝑓  

respectively using a voltage regulator (proportional-integral 

(PI) compensator). This results in 𝐼𝐷𝑟𝑒𝑓  and 𝐼𝑄𝑟𝑒𝑓  

components, which are compared with the direct and 

quadrature components (𝐼𝐷 and 𝐼𝑄) of load current. The 

difference is fed to a current regulator (PI compensator), 

which outputs the voltage reference signal fed to the PWM 

technique. The PWM generates high-frequency gating 

signals for driving the full-bridge inverter.  

The control loop stabilizes the system operation and 

improves the dynamic responses by compensating the voltage 

variations during transition and load shedding [29], [30]. 

Further, an enhanced dynamic response of the controller is 

achieved by operating the 𝑉𝐷𝑄 in feed forward loop, which 

will compensate for the disturbance due to inverter terminal 

voltage [31]. Besides, a compensation coefficient 𝐾 is added 

along with the current controller to act as a feed-forward 

controller, which processes the magnitude of the input 

voltage of the PWM and realizes an accurate tracking of a 

sinusoidal reference. This provides a counterattack to severe 

transitions that are influenced by the disconnection of the 

inverter from the grid. A block representation of the proposed 

controller action between GC and SA-DGs system is given in 

Fig. 3. 

IV. HARMONIC ELIMINATION TECHNIQUE 

In general, the power disturbances which regularly effects the 

operation of a power system can be divided into two different 

categories considering the duration of disturbance. They are 

static problems like under/overvoltage’s, total harmonic 

distortion and transient problems like voltage sags, and 

momentary disturbance.  

Considering the operation of power electronic devices, it 

can be stated that they produce substantial harmonics in 

voltage due to their abrupt chopping behaviour. The 

semiconductor switches chop the voltage waveforms during 

their transition between conducting and cut-off states. In view 

of these effects, the inverter circuits are considered as a major 

source for producing harmonics and are used widely today. 

In order to minimize the effect of harmonics and mitigate 

them selective harmonic elimination PWM switching is 

adapted. In conventional SHE, the sequence of switching 

angles that define a PWM waveform is calculated by solving 

a set of transcendental equations. The size of the set of 

equations depends on the number of harmonics to be 

eliminated, which is related to the ratio of the switching 

frequency to the output frequency of the inverter. The desired 

amplitude of the fundamental component of the output 

waveform appears as a parameter in the set of equations. 

Consequently, the set of equations must be solved for each 

desired amplitude, but there is no method for solving these 

equations in real time for an arbitrary amplitude. In order to 

achieve this, advanced optimizing techniques need to be 

adapted with SHEPWM to calculate the switching angles. 

A. Selective Harmonic Elimination PWM 

A generalized method to eliminate any number of harmonics 

is done by switching the voltage waveform. For a periodic 

inverter voltage waveform with unit amplitude, this 

relationship is easily derived without losing generality using 

the SHE PWM. The SHE technique makes use of Fourier 

series analysis of the periodic output waveform to establish a 

set of transcendental equations that can be solved to 
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determine switching angles that result in selected harmonics 

having zero amplitude [32]. With this method, it is possible 

to eliminate several harmonics directly proportional to the 

frequency modulation ratio. It is only necessary to solve for 

these angles, because of the symmetry of the waveform. 

 
Fig. 4. Quarter-Wave Symmetric PWM Waveform 

Fig. 4 shows a generic PWM output where 𝛼 denotes the 

desired switching angles for the first quarter of the waveform.  

For the waveform in Fig. 4, the half-wave symmetry and the 

Fourier series are given as: 

𝑓(𝜔𝑡) = ∑ [𝑏𝑘 sin(𝑘𝜔𝑡) + 𝑎𝑘 cos(𝑘𝜔𝑡)]∞
1,2.3  (6) 

The switching angles 𝛼0 = 0, 𝛼2𝑀+1 = 𝜋 where 𝛼0 < 𝛼1 <
𝛼2 < ⋯ < 𝛼2𝑀+1 are used for deriving the values of 

harmonic coefficients 𝑎𝑘 and 𝑏𝑘. From the half-wave 

symmetry proper, for all odd values of 𝑘: 

𝑎𝑘 = 4/𝑘𝜋[− ∑ (−1)𝑛 sin(𝑘𝛼𝑛)2𝑀
𝑛=1 ], and  (7) 

𝑏𝑘 = 4/𝑘𝜋[1 + ∑ (−1)𝑛 cos(𝑘𝛼𝑛)2𝑀
𝑛=1 .  (8) 

where 𝑘 is the order of harmonics that will be considered. 

These harmonic coefficients correspond to a function of 2M 

variables. Hence, by equating M harmonics to zero and 

applying quarter-wave symmetry: 

𝛼𝑛 = 𝜋 − 𝛼2𝑀−𝑛+1 for 𝑛 = 1,2,3, 𝑀 and 𝑎𝑘 = 0.  (9) 

Thus,  

𝑏𝑘 = 4/𝑘𝜋[1 + ∑ (−1)𝑛 cos(𝑘𝛼𝑛)𝑀
𝑛=1 .  (10) 

For the sake of simplicity, only three odd harmonics will be 

considered in this analysis, which defines the harmonic 

coefficient as: 

𝑏𝑘 =
4

𝑣0
𝑣𝑑

𝜋𝑘
[1 − 2 cos(𝑘𝛼1) + 2 cos(𝑘𝛼2) − 2 cos(𝑘𝛼3)](11) 

where, 𝑣𝑜 is the output voltage, 𝑉𝑑 is the desired voltage, and 

𝛼 is the desired switching angle. 

For more than 3 switching angles, the equation can be 

generalized as: 

𝑏𝑘 =
4

𝑣0
𝑣𝑑

𝜋𝑘
[1 − 2 cos(𝑘𝛼1) + 2 cos(𝑘𝛼2) − 2 cos(𝑘𝛼3) +

⋯ + (−1)𝑛2 cos(𝑘𝛼𝑛)]    (12) 

The desired modulating amplitude can be defined as a ratio 

of the peak output voltage to the input voltage, further 

simplifying the equation. With an equation for the odd 

harmonics, the harmonics past the fundamentals are then set 

to zero. A system of transcendental equations is then created 

by substituting in odd values of 𝑘. 

𝑚𝑎 =
4

𝜋
[1 − 2 cos(𝛼1) + 2 cos(𝛼2) − 2 cos(𝛼3)], (13) 

0 =
4

3𝜋
[1 − 2 cos(3𝛼1) + 2 cos(3𝛼2) − 2 cos(3𝛼3)] (14) 

0 =
4

5𝜋
[1 − 2 cos(5𝛼1) + 2 cos(5𝛼2) − 2 cos(5𝛼3)] (15) 

where, 𝑚 is the modulation index, 𝑚 =
𝑏1

𝑉𝐷𝐶
. 

The above transcendental equations can be solved to 

determine a sequence of switching angles to eliminate the 

low-order harmonics. The switching angles of the waveform 

will be adjusted to get the output voltage with a reduced total 

harmonic distortion (THD), mathematically given by: 

𝑇𝐻𝐷 =
√∑ (𝑏𝑘)2∞

𝑘=3,5,7,…

𝑏1
    (16) 

 

Fig. 5. Flow chart for the BAT Algorithm. 
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However, there is currently no closed-form solution for the 

system of equations. Therefore, the equations must be solved 

iteratively using a numerical method, especially when dealing 

with a large number of switching angles.  

Hence, a Bat algorithm is adapted to calculate the switching 

angles for various amplitude modulation ratios. These values 

are interpolated depending on the actual value of the 

amplitude needed and eliminates the problem of flexibility 

associated with conventional and offline switching angle 

calculations. 

B. Optimization of SHE-PWM 

The Bat algorithm was initially introduced by Yang [33] and 

has been promising in terms of efficiency for global 

optimization. The echolocation parameters of the microbats 

and frequency interval constraints associated with them were 

adapted to develop the bat function, which is implemented 

using PSIM for optimization of PWM for transformerless 

inverters. A step-by-step procedure is depicted using the flow 

chart in Fig. 5. Further, the objective space curve identifies 

the best fitness obtained for total iterations performed. The 

best fitness point is observed before 20 iterations. The 

switching angles at the corresponding global best are 

achieved at a modulation index of 0.85. 

Further, the BAT algorithm is executed for regulating the 

voltage output of the proposed inverter topology under 

varying load conditions. Initially, the voltage signals are 

sampled using the internal 10-bit analog-to-digital converter 

inside the field-programmable gate array (FPGA). The local 

minimum convergence is boosted by the algorithm, and for 

improving the algorithm performance, the finite state 

machine is implemented by manipulating the maximum of 

parallelism. Further, most of the literature presented aim at 

reducing the time of execution. The research presented in this 

paper focuses on the generation of dynamic bat algorithm 

using parallel processing [34]. The parallel processing helps 

in speeding up the processing of the algorithm by utilizing 

uniform distribution method for achieving an optimum 

solution with considerable processing time. 

V. EXPERIMENT VERIFICATION 

To verify the analysis of the operation of DG and the 

developed control technique in SA mode, simulation analysis 

has been carried out by using the system depicted in Fig. 3. A 

photovoltaic array is considered to operate as a DG under 

standard test conditions with varying loads. 

 

Fig. 6. Grid-connected to stand-alone mode operation along with load switching of resistive load 
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The parameters of the simulated system and its controller 

can be found in Table I. The voltage control loop along with 

the optimized SHE-PWM controller is connected in the 

feedback loop with the system to illustrate the controllability 

and conditioning of energy in SA operation. 

TABLE. I 

Design parameters for Stand-alone (SA) PV system 

Parameter Value 

Photovoltaic generation 2 𝑘𝑊𝑝  

Boost converter switching frequency (𝑓𝑠𝑤) 5 𝑘𝐻𝑧  

Boost converter inductance 0.1 𝑚𝐻  

DC link capacitance 2000 𝜇𝐹  

LCL filter converter side inductance  0.48 𝑚𝐻  

Inverter Switching Frequency 10 𝑘𝐻𝑧  

Variation in converter current 10% of the maximum 

converter current 

Load side inductance 0.24 𝑚𝐻  

Filter Capacitance [35] 2.0101 𝑢𝐹  

Damping Resistance 0.5 𝑜ℎ𝑚𝑠  

1. Simulation result 

The simulations are carried out with linear and nonlinear 

loads under resistive and inductive loading conditions. Due 

to controller implementation on the system, whenever there 

is a change in load, the output of the system is regulated 

within the limits specified as in [36]. The action of the 

developed controller from GC mode to stand alone mode 

under load shedding and varying load condition with resistive 

load is shown in Fig. 6. Initially, the simulated grid system 

with load shedding algorithm and the control algorithm are 

operating in a grid connected mode. Here, from 0 secs the 

expression for voltage amplitude is estimated by the load 

shedding algorithm through the per unit values, and the slope 

of the voltage amplitude is calculated as given in (3). Based 

on the estimated slope of the voltage amplitude, the current is 

measured as shown in (4). Further, at 2 secs, the distributed 

generation is intentionally disconnected from the grid. As the 

main power grid is out, the distributed generation unit 

continues to inject pre-determined optimum power and 

causes voltage and frequency transients depending on the 

degree of power difference. These transients can be observed 

at 2 secs i.e., the intentional disconnection instant. Further, 

the power difference creates a drift between the estimated 

voltage and nominal values of voltage and frequency, 

effecting the slope of the voltage amplitude. Here, based on 

the estimated current, the required load shedding is calculated 

from (5) to maintain a balance between the supply and 

demand. After 𝑡 = 2 𝑠𝑒𝑐, as the DG is disconnected from the 

grid and the full-bridge inverter operates with the developed 

controller at 2 𝑘𝑊𝑝 load. The load is varied for identifying 

the capability of the controller in handling transients at the 

voltage and. At 𝑡 = 6 𝑠𝑒𝑐, the full-bridge inverter is operated 

at no load. At this instant, the load voltage is regulated 

without any transients. Further at 𝑡 = 8 𝑠𝑒𝑐, the DG is 

operated with 2 𝑘𝑊𝑝 load. A transient current cycle is 

observed at this instant, where the operation changes from no 

load to loaded condition without any effect on the load 

voltage.  

Further, the action of the developed controller on the SA 

operation for inductive (RL) load is observed and the results 

are shown in Fig. 7. Initially, the system is operated at 

1.5 𝑘𝑊𝑝 RL load, and at 𝑡 = 0.25 𝑠𝑒𝑐, the load is increased 

to 2 𝑘𝑊𝑝. From the Fig. 7, it can be observed that at the 

instant of load variation, the load voltage is regulated without 

any transients. 

 

Fig. 7. Stand-alone operation of the full-bridge inverter with varying 

inductive load 

 

Fig. 8. Stand-alone operation of the full-bridge inverter with varying 

nonlinear resistive load 

 

Fig. 9. Stand-alone operation of the full-bridge inverter with varying 

nonlinear inductive load 

In addition to the linear resistive and inductive loads, the 

action of the developed controller is tested on the nonlinear 

loads. Initially, a nonlinear resistive load of 1.5 𝑘𝑊𝑝 is 

operated in SA mode with the full-bridge inverter. At 

0.25 𝑠𝑒𝑐𝑠, the load is increased to 2𝑘𝑊𝑝. The corresponding 

load voltage and load current are shown in Fig. 8.  Further, a 

nonlinear inductive load of 1.5 𝑘𝑊𝑝 is operated in SA mode 

with the full-bridge inverter. The step load change from 

1.5 𝑘𝑊𝑝 to 2𝑘𝑊𝑝 is identified at 0.25 𝑠𝑒𝑐𝑠 and the 

corresponding load voltage and load current are shown in Fig. 

9. 
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1. Test Results 

 

Fig. 10.  Experimental Setup 

The developed voltage control loop with optimized SHE-

PWM is experimentally validated by digitally realizing the 

controller through Altera DE2-115 cyclone IV field-

programmable gate array. The Quartus II programming 

platform [37] to generate the different gating signals suitable 

to drive the switches of the system. Further, the PV array with 

the rated power of 2 𝑘𝑊𝑝 is realized using an Agilent 

Keysight PV simulator, which emulates the behavior of the 

PV arrays according to the PV cell parameters and the 

irradiance profile. The operation of GC mode is achieved 

with the help of a chroma grid simulator and the experimental 

setup of the GC PV system with a developed controller is 

illustrated in Fig. 10.  

The operation of the DGs from GC mode to SA mode is 

identified by measuring the grid voltage, load voltage, and 

load current as shown in Fig. 11. Initially, the system is being 

operated in GC mode, and the output shows the grid voltage 

and load voltage with 1.2 𝑘𝑊𝑝 load. After 30 𝑚𝑠, the PV 

system is disconnected from the grid to operate in SA mode 

and the grid voltage is observed to be zero. The operation of 

the inverter in SA mode with 1.2 𝑘𝑊𝑝 load is shown in Fig. 

12. The voltage THD of the inverter operating in SA mode 

with 1.2 𝑘𝑊𝑝 load is observed to be 2.33 %, as shown in Fig. 

13. 

 

(a) Load voltage at Grid 

 

(b) Load current during transition between grid-connected to standalone 

mode 

Fig. 11.  Grid voltage, load voltage, and load current during grid-connected 

to stand-alone operation 

 

Fig. 12. Load voltage and load current during stand-alone operation 

 

Fig. 13.  Voltage THD for stand-alone operation of the inverter 

The operation of the inverter from no-load condition to 

1.2 𝑘𝑊𝑝 is shown in Fig. 14. Initially, the inverter is operated 

under no-load condition, and at 𝑡 = 100 𝑚𝑠 the 1.2 𝑘𝑊𝑝 

load is switched into the system. 
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Fig. 14. Load voltage and load current during varying load in stand-alone 

operation 

The voltage THD of the inverter operating from no load to 

peak load in SA mode is observed to be 2.51 %, as shown in 

Fig. 15. 

 

Fig. 15. Voltage THD for stand-alone operation of inverter during varying 

load 

 

Fig. 16. Steady-state response of inverter under stand-alone operation with 

0.88 𝐾𝑊𝑝 nonlinear load. 

 

Fig. 17. THD of inverter voltage output operating under 0.88 𝑘𝑊𝑝 

nonlinear load 

 

Fig. 18. Load voltage and load current during varying non-linear load in 

stand-alone operation 

 

Fig. 19. Voltage THD for stand-alone operation of inverter during varying 

non-linear load 

Further, the inverter is operated with a rectifier controlled 

resistive load to depict the operation of the digitally realized 

controller on the nonlinear load. The load voltage and load 

current during the operation of the PV system for a 0.88 𝑘𝑊𝑝 

load is shown in Fig. 16. Besides, the FFT analysis for the 

voltage of the inverter operating with nonlinear load is 
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observed to be 4.67 %, as shown in Fig. 17. Similarly, the 

operation of the system with modified SHE-PWM under 

varying non-linear load is shown in Fig. 18, and the 

corresponding voltage THD is identified to be 4.73% as 

shown in Fig. 19. 

It is noted that the developed strategy with a modified 

modulation method succeeded in achieving THD complying 

with the IEEE 1547 Standard (THD 5 %). Further, the THD 

obtained by the action of modified SHE PWM controller is 

compared with the conventional SHE PWM and widely used 

PI controllers, and the corresponding observations are 

tabulated in Table II. 

TABLE. II  

Comparison between actions of various controllers for THD minimization 

Parameter Modified SHE-

PWM with LCL 

filter 

SHE-

PWM with 

LCL filter 

PI controller 

with SPWM 

for LCL filter 

Nominal 

Voltage 

240 V 240 V 240 V 

Total Load 

(Non-Varying) 

1.2 𝑘𝑊𝑝  

linear load 

1.2 𝑘𝑊𝑝 

linear load 

1.2 𝑘𝑊𝑝  

linear load 

1.15 𝑘𝑊𝑝  

nonlinear load 

1.15 𝑘𝑊𝑝  

nonlinear 

load 

1.15 𝑘𝑊𝑝  

nonlinear load 

Switching 

Frequency 

10 𝑘𝐻𝑧  10 𝑘𝐻𝑧  10 𝑘𝐻𝑧  

Modulation 

Index 

Variable 

(Continuously 

updated based on 

transients in 

output voltage) 

0.85  0.85  

LCL Filter 𝐿1: 0.48 𝑚𝐻  

𝐿2: 0.24 𝑚𝐻  

𝐶: 2 𝑢𝐹  

𝐿1: 2.5 𝑚𝐻  

𝐿2: 1.25 𝑚𝐻   

𝐶: 3 𝑢𝐹  

𝐿1: 2.5 𝑚𝐻  

𝐿2: 1.25 𝑚𝐻  

𝐶: 3 𝑢𝐹  

THD under 

linear load 

2.33 % 5 % 5.7 % 

THD under 

nonlinear load 

4.67 % 7.8 % 11.6 % 

Further, the parallel processing approach used to generate the 

dynamic bat algorithm aims at speeding up the process by 

using a uniform distribution method. This achieved optimum 

solution with a significant execution time. Generally, the 

execution time depends on the number of iterations allocated 

to achieve the optimal solution, and for the bat algorithm, it 

takes (1590) clock cycles for the processing time of one 

iteration. Hence, as the maximum number of iterations 

observed to operate the SHE PWM are 20, the total execution 

time is 31.8 𝑚𝑠. 

VI. CONCLUSION 

This paper presented the development of a control strategy 

for operating DGs in both SA and GC modes. The SA control 

featured a voltage control loop capable of overcoming the 

drawbacks due to load shedding or load switching, whereas 

the control GC system is achieved by performing current 

control operation. Further, the harmonics in the system 

especially during the transition and load shedding or load 

switching are eliminated by adopting a SHE-PWM scheme. 

The performance of the harmonic elimination scheme is 

enhanced by optimizing it with a Bat algorithm which 

eliminates the problem of flexibility associated with 

conventional and offline switching angle calculations in the 

PWM technique. The developed system is verified for various 

performance characteristics such as reduced THD and 

improved efficiency by simulations and experiments on a 

2 𝑘𝑊𝑝 photovoltaic system. The results depicted that the 

output voltage is regulated for varying load conditions, and 

the THD is observed to be 2.4 % under varying load 

conditions.  
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