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Abstract- This paper presents ANN based control of nineteen-level modular inverter for single stage PV integration to grid. 
The inverter operation, filter design and integrated control of single stage power conversion are presented. The control 
objectives are maximum power extraction and unity power factor current injection to grid. The simulation study of the 
topology and control is carried out in MATLAB/SIMULINK and an experimental setup for 2.5 kW is developed. Effectiveness 
of the designed filter is verified in terms of load current harmonic profile. The economic advantage of the topology is validated 
through comparison in terms of inverter and filter component sizing with similar switch count neutral point clamped inverter. 
The effectiveness of the control algorithm is validated for steady and transient conditions. 
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1. Introduction 

The topology of power conversion stage, interfacing 
filter and control structure of power electronic interface plays 
a crucial role in the overall performance of multi-MW 
capacity medium voltage grid connected photo-voltaic (PV) 
systems with respect to size, cost, efficiency, adaptability, 
and reliability. The selection of topology depends on quantity 
of power harness, placement of PV arrays and economic 
considerations. Centralized non-isolated dc-dc converter and 
two-level voltage source inverter is the former power 
electronic interface with the demerits of low efficiency, large 
filter requirement and reliability. Therefore, there is growing 
interest towards the application of modular converters in the 
interfacing topologies owing to independent control and 
reliability. Multiple grid connection point topologies are 
most common in low voltage integration system [1] to 
improve the reliability. A review on the requirements to 
integrate renewable sources to grid was presented [2] which 
summarize the standards, sizing, and control aspects. A 
comparison of centralized arrangement to distributed 
modular arrangement is reported [3], which appreciate the 
performance of later in terms of annual energy yield, 
efficiency and levelized cost of energy. A centralized 
modular multi-level inverter in dc-ac stage with modular 
converters in dc-dc boost stage is developed [4], which 
avoided the problems of reactive power transmission and 

harmonic resonance. Multiple dual active bridge converters 
to achieve isolated dc busses which are then converted to line 
frequency ac voltage through H-bridge inverter and finally 
cascaded to achieve required voltage level from low voltage 
common dc bus of multiple photovoltaic arrays [5]. Input 
independent and output series connected modular dc-dc 
converters with inter-module power balancing units is 
proposed [6]. Modular multi-level converter with 
independent PV arrays as sources of dc-dc stage for wave 
shaping followed by dc-ac stage is developed [7]. The 
advancement in digital control strategies such as hybrid 
SPWM techniques, neutral shift with power feed-forward 
control , parallel connected modules control, control scheme 
for resonant operation of modular converter with inherent 
voltage balancing capability [8] ], soft switching  control in 
dc-dc stage [9], common mode voltage minimization [10] 
has made above modular converters feasible to PV-Grid 
integration application with improved reliability, redundancy 
and independent control, however at the cost of increased 
control complexity, component count and de-rating of the 
power electronic components owing to sub-module 
structures. On the other hand, various unconventional 
topologies were developed to obtain multi-level ac voltage 
and with appropriate control strategies, minimized 
interfacing filter size and component count. Nine different 
generalized topologies were presented [12] in which level 
generation is carried out in first stage and polarity generation 
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in second stage. Symmetric and asymmetric staircase 
cascading multi-level inverter topologies were presented 
[13]. in which the performance is evaluated in terms of 
power distribution factor among the modules, blocking 
voltage, number of switches and switching losses compared 
to conventional topologies. Switching capacitor topologies 
also found good performance for dc-ac conversion [14]. 
However, these unconventional topologies require specially 
synthesized control structures and are prone to reliability 
considerations. Therefore, the present work attempts to 
combine the reliability and redundancy merits of modularity 
with reduced component count, efficient and stringent design 
of voltage source inverter topology. The essence of the filter 
design algorithms stated in [15] is adopted for the proposed 
topology in the present work. Various control algorithms 
were developed to integrate the PV power for multi-level 
inverters like unbalanced grid handling [16], proportional 
multi resonant control [17], distributed MPP control for 
multi-string integration [18] and current control of single 
stage conversion with PV arrays directly feeding the inverter 
stage [19]. Implementation of low power electronic current 
controller was reported [20]. Utilization of heuristic and 
artificial intelligent techniques for power control in 
renewable energy systems integrated to grid was reported 
[21]-[29] in which atom search optimization, fuzzy logic-
based control, predictive control was adopted for efficient 
and robust control. The coordination and synchronizing 
issues under various faults were discussed [30]- [32] in 
which multiple constraints were considered in integrating 
hybrid renewable systems to grid. Power quality issues 
during renewable integration were dealt [33]-[34] This paper 
presents filter design and artificial neural network (ANN) 
based current control aspects for a non-conventional, yet 
modular topology for PV power integration to grid by 
combining the advantages of reliability, component reduction 
and single stage power conversion. 

The rest of the paper is organized as follows. Section 2 
presents the nineteen-level inverter-based topology for high 
power PV integration to grid. Design of grid side low pass 
filter is presented in Section 3. Section 4 presents simulation 
results and performance validation of the system. Section 5 
presents the conclusion of the paper. 

2. Nineteen Level Modular Inverter-based Interface 

The schematic of nineteen-level modular inverter-based 
PV-grid integration topology is depicted in Fig.1. The PV 
arrays in each phase directly feed the nineteen-level modular 
inverter. A low pass filter followed by interfacing 
transformer at the output of inverter feed the power to the 
medium voltage grid. Fig.2 depicts three-phase schematic, in 
which the total available PV power source is grouped into 
nine arrays with three arrays per phase, such that the dc 
voltages of A1, A2 and A3 for phase ‘a’ would be in the ratio 
of 6:2:1, which feed the inverter through respective dc link 
capacitances. The similar structure is followed for phase ‘b’ 

and phase ‘c’. The transformer model is also included in the 
three-phase source as shown and M1 and M2 represent the 
modules of inverter also presented 

2.1. Grid Side Low Pass Filter Design 

An economic filter design is resorted in this paper. The 
choice of selecting LCL low pass filter pertains to its higher 
admittance roll-off beyond resonant frequency. The topology 
of grid side low pass filter is given in Fig.3. V1, i1 are 
inverter side ac voltage and current. V2, i2 are grid voltage 
and injected current into grid. The figure also depicts grid 
side and inverter side inductor and filter capacitor all with 
parasitic elements, although which are not considered in 
design process. Also, the major portion of grid side 
inductance is determined from the leakage impedance of 
interfacing transformer The filter design depends on 
topology and control structure of the inverter. However, the 
procedure stated in [15] is followed, where in making the 
necessary modifications according to the considered 
topology and control structure. 

The focused transfer functions for filter design include 
inverter current to inverter voltage (self-admittance, Y11) 
and grid current to inverter voltage (forward admittance, 
Y21). The frequency response (magnitude) of admittances is 
shown in Fig.4. This explains the better elimination of 
frequency components in grid current beyond 1.5 decade of 
resonant pole. The resonant frequency shall be such that it 
cannot be much lower than switching frequency or too high 
for control bandwidth. Sufficient attenuation by reducing 
forward admittance and minimized effect on control is to be 
observed. To reduce the forward admittance, one may 
increase L1 or L2 or decrease resonant frequency. As L1 is 
expensive element and L2 is to be realized through leakage 
impedance of interfacing transformer. Selection of 
normalized resonant frequency by the inspection of worst-
case harmonic spectrum would provide reasonable 
attenuation to all higher order harmonics. The design of 
inverter side inductor (L1) is highly significant for overall 
size of the system. The selection of low order resonant 
frequency as explained in previous section makes the shunt 
impedance to be treated as short circuit at significant 
harmonics, at the order of switching frequency where L1 
alone is responsible for the rate of rise of inverter current. As 
it must deal with these higher frequencies, it is more 
expensive element. so is to be minimized. The maximum 
ripple in the current is utilized to estimate the optimal value 
of L1 as explained here. The worst-case ripple in current is 
possible in the highest slope of inverter ac voltage applied to 
filter, which is at zero crossing regions. L2 and C3 from will 
be chosen to minimize filter size and thus cost. Leakage 
impedance form minimum inductance requirement for L2 
and the rounding value of L2 is to be determined from the 
fact that, for maximum power to be transferred for given 
constant grid voltage, higher the maximum voltage of 
inverter so would be L2. C3 is selected for stiff DC bus.
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Fig. 1. Nineteen-Level Modular Inverter based PV-Grid integration 

 

Fig. 2. Nineteen- level modular inverter topology

 
Fig. 3. Grid side low pass filter 

 
Fig. 4. Admittance magnitude vs normalized frequency 

3. ANN Based Control of Power Conversion 

Control structure of the voltage source inverter for 
integration of PV power to grid is shown in Fig.5. The 
topology and control eliminate the need of dc-dc converters. 
Maximum power absorption is integral part of voltage source 
inverter control with maximum range of modulation index, 
being in the control range of PI controller for all possible 
irradiation patterns. The objectives of the power flow control 
are maximum power extraction from PV source and power 
injection into grid at unity power factor. Voltages and 
currents of individual arrays feed maximum power point 
tracking (MPPT) block, which determine reference DC 
voltages of inverter. The proportional plus integral (PI) 
controller with combined errors in dc bus voltages as input, 
determines the magnitude of current. Unit templates of grid 
phase voltages multiplied by reference current magnitude 
generate the reference current of respective phases. The error 
in actual and reference phase currents serve as input to pulse 
generator with nine-level m-carrier as shown in Fig.6. 
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Fig. 5. ANN based control algorithm for power conversion 

The pulse width modulation (PWM) patterns obtained by 
comparison of reference signal with positive level carriers 
and that with negative level carriers are designated are 
logically added (OR operation) to generate gating pulses for 
the combination of switches in each level. 

4. Simulation and Experimental Results 

Simulation of PV power integration the topology with 
proposed control algorithm is carried out in 
MATLAB/SIMULINK and experimentation with 2.5 kW PV 
source is carried out. The experimental setup is shown in Fig. 
7. The system parameters are provided in Table 1. The 
effectiveness of filter design and control are presented in this 
section.  

4.1. Effectiveness of Grid side Low Pass Filter Design 

The inverter operation is considered under nine 
conditions, which include operating power factor range (0.9 
sinking, UPF, 0.9 sourcing) and voltage modulation index 
over the range 0.85 to 1.15. The magnitudes of total harmonic 
distortion (THD) are measured for inverter output line 
voltage and current. As identified from the Fig.8, the THD in 
each case is largely above the respective limit. 

 
Fig. 6. Reference signal and level shifted modified triangular 

carrier 

 
Fig. 7. Experimental Setup 

Table 1. Simulation and experimental parameters 
Parameter Simulation Experimentation 

PV Power Rating 1 MW 2.5 kW 

VPV1 , VPV2 , VPV3  (for 
each phase) 

40 V, 80 V, 240 
V 

40 V, 80 V, 240 
V 

Rated inverter output 
voltage  230 V (RMS) 230 V (RMS) 

L1   0.18 pu 0.18 pu 

L2   0.07 pu 0.07 pu 

C3   0.77 pu 0.77 pu 

Kp , Ki 0.25, 0.9 0.25, 0.9 
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Fig. 8. Worst case contributions of various voltage and 
current harmonics over system operating range 

The filter component values shown in Table 2 are 
obtained according to the procedure stated in section 2. L1 is 
estimated for maximum ripple of 0.05 pu. Fig.9 shows the 
measured RL load current with filter, which validates the 
design estimation of L1.THD for different loads in operating 
power factor range is shown in Fig. 10 which validates the 
THD is under IEEE 519 std. limit in complete operating 
range. The load current THD in operating modulation index 
and power factor range with and without filter are shown in 
Fig.11 and Fig.12 respectively. The economic advantage of 
the inverter and filter combination is presented in terms of 
comparison of semi-conductor and copper requirement with 
respect to similar switch count neutral point clamped (NPC) 
inverter-based interface is shown in Table 2. 

 

(a)  

 

(b)  

Fig. 9. RL Load current with filter (a) Simulated (b) 
Experimental 

 

 
Fig. 10. Load Current THD with filter 

 
Fig. 11. Load Current THD without filter with seven level 

NPC inverter 

 
 

Fig. 12. Load Current THD with filter with seven level NPC 
inverter 

Table 2. Switches and filter sizing Comparison 
Topology Vswavg 

(pu) 
Iswavg 
(pu) 

L1 (pu) 

 

L2 (pu) 

Nineteen- level 
modular inverter  

0.44 0.43 0.18 0.07 

Neutral point 
clamped inverter 

0.5 1 0.313 0.1 

Percentage 
economic 
advantage 

12 57 42.4 30 
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4.2. Maximum Power Extraction 

The MPP algorithm. which determines the required dc bus 
voltage for each array has the additional advantage of 
reducing the burden of PI controller providing sufficient 
tracking time to trace the slowly varying dc bus voltages. The 
steady maximum power and steady dc voltages from each 
array at 1000 W/m2 is shown in Fig.13 and Fig. 14 
respectively. Also, the tracking of new maximum power 
point for a step change in irradiance from 600 W/m2 to 800 
W/m2 is shown in Fig.15. The performance of integrated 
MPP control can be observed form quick tracking of new 
maximum power point for change in irradiance. 

 

(a) 

 

(b) 

 

(c)  

 

(d) 
Fig. 13. (a) Simulation result for Maximum power for three 

PV arrays at 1000 W/m2 irradiance (b) Experimental Voltage, 
Current and Power for PV A1 (c) Experimental Voltage, 
Current and Power for PV A2 (d) Experimental Voltage, 

Current and Power for PV A3 

 

(a) 

 

(b) 
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(c)  
Fig. 14. Output voltages of   PV arrays (a) Simulation (b) 

Experimental waveform for PV A1 output voltage (c) 
Experimental waveforms for PV A2 and PV A3 output 

voltage 

 

(a) 

  

(b) 
Fig. 15. Maximum power point tracking for change in 
irradiance for PV A1 (a) Simulated (b) Experimental 

4.3. Unity Power Factor Power Export 

This single stage power integration does not regulate 
the dc bus. Instead, the control provides the modulation of 
inverter output voltage such as to absorb maximum power 

from the PV arrays and pump into the grid. The Fig.16 and 
Fig. 17 respectively present the effective modulation of 
inverter output voltage and power injection to grid at unity 
power factor current. The employed current control, thus 
present the precise tracking of the reference current. 

 

(a)  

 

(b) 

Fig. 16. Inverter output voltage for 1000 W/m2 irradiance (a) 
Simulated (b) Experimental 

 

(a)  
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(b) 

Fig. 17. Unity power factor current injection into grid  
(a) Simulation (b) Experimental 

5. Conclusions 

A novel topology for PV-Grid Integration is presented 
with modular single stage conversion which achieved 
modularity with low component count. A ninteen-level 
output voltage was achieved with 12 switches per each leg 
where only seven level output voltage was achievable with 
similar count conventional topologies. Grid side filter is 
designed based on worst case harmonic spectrum which 
resulted in 30 percent saving in size with respect to seven 
level NPC based interface. The effectiveness of the filter 
design is validated in terms of load current harmonic profile 
whch is less than 5 percent for all load conditions. Also, the 
individual harmonic componets were also under compliance 
for grid integration. A 12 percent reduction in voltage sizing 
and 57 percent in current sizing was achieved for the 
converter switches which validate the economic benefit of the 
proposed topology. The control algorithm was proved robust 
for maximu power tracking and unity power feactor power 
export to grid. Coordination among the three phases was the 
primary challenges in this topology. Improving the control 
strategy to solve unbalnce issues would be future scope for 
the work. 
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