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ABSTRACT: The paper suggests a method for controlling bidirectional power flow in a grid-connected multiple solar 

PV system located in different places used for Residential & agricultural power requirement, for example - Water 

Pumping. It likely discusses how to efficiently manage power transfer between the solar array, the utility grid and the 

load (water pump). The system allows a user to run the water pump at maximum capability continuously for a day, in 

any case of the weather condition. Additionally, during times when water pumping isn’t needed, the system can supply 

excess power back to the single-phase utility grid. This kind of flexibility can help optimize energy usage and ensure 

consistent power supply. The mutual power flow control between the utility and the DC bus of the VSI is managed by a 

1-ϕ (VSC) voltage source converter. This converter is responsible for facilitating the energy exchange. The VSI in turn, 

supplies power, which is used for water pump in agricultural sector. This arrangement allows efficient control of power 

flow and utilization of energy. Operating the voltage source inverter at the fundamental frequency is a strategy em-

ployed to minimize switching losses. By using this approach, the system aims to reduce energy losses that occur during 

switching transitions of the inverter. This can contribute to overall energy efficiency and performance improvement of 

the bidirectional power flow control system. In this system, operation of the PV array at its MPP is achieved by opti-

mizing the energy production from the solar panels. Additionally, power quality enhancements are implemented, in-

cluding reduction of THD and PF correction of the utility grid. This improvement contributes to efficient power utiliza-

tion and higher quality of energy exchange between the grid and the system. The system’s applicability and reliability 

are showcased through simulated results of BLDC motor for water pumping, conducted on MATLAB platform. 

KEYWORDS: Maximum power point (MPP), voltage source inverter (VSI), Solar photovoltaic (PV), brushless dc 

(BLDC) motor, total harmonic distortion (THD), power flow control, voltage source converter (VSC), power factor 

(PF), unite vector template (UVT), power quality, bidirectional power transfer (BPT). 

I. INTRODUCTION 

The rising carbon level in atmosphere and depletion of fossil fuels are strong motivation for consumer to move on with 

renewable energy sources. Solar photovoltaic generation is increasingly recognized as a superior alternative to conven-

tional energy sources for various appliances [28]. The stand-alone solar photovoltaic system has many drawbacks (una-

vailability of power in a) bad climatic condition, b) night times) that causes shutdown of system. Attempts to resolve 

these drawbacks are found in [19],[9][27][15], using batteries. Batteries do solve the above-mentioned problems but 

also leads to higher upfront costs, increased maintenance, and reduced service life [22], [8]. Lead-Acid batteries, com-

monly used in such systems, typically have a useful life of around 2 to 3 years [12]. The drawbacks associated with 

battery storage have promoted a focus on exploring alternative technological solutions. This newly identified technolo-

gies involve integrating a PV generating unit with utility grid. This approach can offer benefits such as reduced reliance 

on batteries. Such an interactive system is mentioned in [25], where by eliminating the need for battery storage, overall 

life of system is extended, and both manufacturing and maintenance costs are minimised. But the developed mecha-

nism allows only one-way flow of power, i.e., from utility grid to load. So, any surplus power from the PV array cannot 

be sent back to the utility grid. The above mentioned and many others [7], [26], [13] configurations of PV systems 

employ unidirectional power flow control, where system either supplies power to grid or draws power from grid.  

The advancement of bidirectional power flow control is aimed at enabling two-way energy transfer is given in [16]. 

This permits power to flow from the photo-voltaic array to the 1-ϕ utility grid when power requirement is zero, while 

also allowing to draw power from grid if PV array’s power is insufficient. The above-mentioned approach is reliable 
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and enables full utilization of PV-system, but not multifunctional in a sense that it uses a solo PV array to fed the grid. 

Which do offers to consumer a small earning source by transferring power to utility grid, but this earning could be 

manyfold by combining multiple such small PV arrays (owned by private residentials) to feed the grid. This system will 

also manyfold the capacity of PV system, power delivered to grid and reduce the installation cost by using High level 

VSI & VSC instead of separate devices for individual system. Certainly, using BLDC motor drive water pumping sys-

tem [23] as load for example will help illustrate the application of the proposed system and its capabilities. The simplic-

ity of the unit vector template (UVT) approach makes it effective for achieving this objective of BPT. The system 

aligns with the power quality standards specified in the IEEE-519 standard [6].  

 

Fig. 1. Schematic of Multiple Roof-Top PV System’s Combined with Interactive Grid using BLDC motor as load. 

The incremental conductance (InC) technique is used with a dc-dc boost converter to achieve maximum power point 

tracking (MPPT) for PV array [24]-[28]. Contribution of work is given below: 

1) System proposes the intra-connectivity among small capacity solar PV systems installed in residential area.  

2) The proposed bidirectional power flow control enable’s continuous power utilization. 

3) The system is designed with a control mechanism that redirects power converted by PV array to utility grid 

when power requirement is zero. The system’s ability to sell excess electricity to grid can generate additional 

income. 

4) Maintaining power quality standards according to the IEEE-519, regardless of power flow direction (weather 

feeding power to grid or drawing from grid), is a crucial aspect of the proposed system. 

 

II. CONFIGURATION 

A brush-less dc motor driving a pump, supplied by the PV array & grid (as per requirement) is proposed in Fig.1. A 

BLDC motor is connected to photovoltaic array through a voltage source inverter and boost converter. The MPPT of 

photovoltaic array is achieved by boost converter, using an InC algorithm. Meanwhile, the VSI is in charge of electron-

ically commutating the BLDC motor [24], [20]. An electronic commutation is carried out by 3 Hall-effect signals, 

which are generated by an inbuilt encoder. A 1-ϕ utility grid supports the direct current of the VSI. This setup enables 

the power to flow in both direction between the VSC and the connected system through dc bus capacitor. The photo-

voltaic array is designed to supply power to grid under no-load condition, otherwise the system prioritizes PV array for 

load. An interfacing inductor serves multiple purposes: facilitating power exchange between grid and VSC, as well as 

controlling and limiting harmonic current that might affect the utility grid. The inclusion of an RC ripple filter serves to 

mitigate and limit harmonic components in the supply voltage [16]. 
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Fig. 2. Bidirectional power flow control of VSC based on Ultra Voltage Trip. 

III. BIDIRECTIONAL POWER FLOW CONTROL 

A bidirectional power control mechanism based on Under Voltage Trip (UVT) generation is implemented to enable 

power flow in both directions [14], [21], [5], shown in Fig. 2. A 1-ϕ Phase-Locked-Loop (PLL) serves the purpose of 

synchronizing the voltage and current of utility grid. The 1-ϕ PLL produces sinusoidal unit vector of the stock voltage, 

represented as sin(ϴ) at the principal frequency. Also, by regulating dc bus voltage (Vdc) we obtain the peak value of 

principal components of supply current (Isp). A proportional integral (PI) provides voltage regulation. The ripple com-

ponent present in voltage signal is reduced by passing the Vdc through first order low pass filter. This filtered Vdc is 

checked side by side with a fixed value V
*

dc. To extract the fundamental component of the supply current (i
*
s), a prod-

uct of (Isp) and sin ϴ is used. Now the comparison of (i
*
s) and sensed supply current (is) gives a difference which is 

processed by current controller and gate pulse of VSC is generated. 

When there is a need to draw power from the grid, the voltage controller gives a positive value for amplitude of the 

fundamental component of supply current (Isp) [16]. This avails an in-phase supply current from grid. Similarly, when 

power is supplied from PV array to grid, a negative value of (Isp) is generated which results in out-phase supply current 

[16]. Likewise, by reversing the direction of current, we can effectively control the direction of power flow in a system. 

Certain parameters like THD and PF are managed to achieve the improved power quality at grid [16]. 

IV. SYSTEM DESIGN 

The performance of the entire system relies on the proper coordination and control of components shown in Fig. 1 viz., 

PV array, BLDC motor (Load), 1-ϕ VSC, Boost converter, 3-ϕ VSI and 1-ϕ grid. So, the design of these components is 

given: 

A. PV array 

Configuration considers is the PV array capable of generating 1.5 kW electric power designed to run a load of 1.3 kW 

(BLDC motor pump) [16]. The standard test conditions of PV array (1000W/m
2, 25℃, AM 1.5) and converter and 

motor power losses are considered. The chosen PV module (BMU/214) has a maximum power point voltage (MPP) of 

28.5 volts and MPP current of 7.5 amperes [4]. PV array’s voltage is chosen in consideration of the voltage requirement 

of load to ensure compatibility and efficient power conversion. The values of PV array are estimated as [16]. Therefore, 

Vmpp = vpv = 200V. 

Impp = ipv = ppv /vpv = 1500/200 = 7.5 A 

No. of PV modules in series are 

Ns = Vmpp/Vm = 200/28.5 = 7 

No. of PV modules in parallel are 

Np = Impp/Im = 7.5/7.5 = 1 

Where, Im = MPP current and Vm = MPP voltage. 
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B. Boost Converter 

Designing a boost converter involves various considerations, and one of them is estimating the value of the input induc-

tor (L). Selecting the value of L in a manner to ensure continuous conduction mode (CCM) operation, regardless the 

weather condition, is a crucial aspect of design. Duty ratio D1 according to [20]. 

D1 = (Vdc - vpv)/Vdc = (270 – 200)/270 = 0.25 

Where, Vdc = dc bus voltage of VSI. 

Therefore,  

L = (D1*vpv)/(fsw*∆IL)= (0.25*200)/(10000*(7.5*0.2)) = 3.3 mH 

Where, fsw is boost converter’s switching frequency and ∆IL is ripples in current through L, Impp = IL. 

 

C. 3-ϕ VSI 

BLDC motor is fed by 3-ϕ VSI. The crucial estimations in design of VSI to be considered are current, volt-ampere 

rating, voltage. We have Vdc = 270 volt, therefore voltage rating of IGBT switch is, 

VVSI = Vdc * 1.4 = 270*1.4 = 378 ~ 400V. 

1.4 = voltage safety factor, commonly chosen to account for switching transients. 

And, The IGBT switch has the current rating of, 

IVSI = Idc * 1.3 = (1500/270) *1.3 = 7.23 ~ 7.5A. 

Where, 1.3 = current safety factor. 

Now, VA(Volt-Amp.) rating of VSI is, 

(VA)VSI = Vdc * IVSI = 400*7.5 = 3 kVA. 

 

D. Common DC-Link capacitor (C) 

It is the common component between 1-ϕ VSC, boost converter and 3-ϕ VSI. It manages the second harmonic compo-

nents of 1-ϕ grid voltage that appears in dc bus of 1-ϕ VSC. Therefore, according to [11]. 

C = Idc/(2ωL∆Vdc) 

C = (1500/270)/(2*(2π*50)*(270*0.008)) = 4700 μF. 

Where, ωL = line frequency (rad/sec); Idc = dc bus average current; ∆Vdc = ripple in dc bus voltage. 

 

E. 1-ϕ VSC 

The bidirectional power flow is managed by 1-ϕ VSC. This ensures that switching devices can handle dc-link voltage 

levels present in the system without breakdown. Therefore, IGBT switch’s voltage rating is estimated as, 

VVSC = 1.4* Vdc = 1.4*270 = 378 ~ 400V. 

The maximum capacity of the VSC to fed or draw current from grid is estimated as, 
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Is,max = √2(Pmpp/Vs) = √2(1500/180) = 11.78A. 

Where, Vs = rms value of 1-ϕ utility grid. 

The IGBT switch’s current rating, with safety factor = 1.3 is, 

IVSC = 1.3* Is,max = 1.3*11.7 = 15.3 ~ 15A. 

Now, VA rating of VSC, 

(VA)VSC = IVSC * VVSC = 15*400 = 6 kVA. 

 

F. Interfacing Inductor (Lf) 

The choice of Lf is closely tied to the allowed current ripple ∆IVSC. Therefore, 

Lf = (m*Vdc)/(4*a*fSW*∆IVSC) 

Lf = (1*270)/ (4*1.2*10000*(1500/180)*0.2) 

Lf = 3.3 mH. 

Where, switching frequency (fSW ) = 10kHz; over loading factor (a) = 1.2; modulation index (m) = 1; current ripple 

(∆IVSC) = 20% of IVSC. 

 

G. R-C Ripple Filter 

On the 1-ϕ grid side, a small R-C ripple filter is used. The high pass filter of first order is employed to reduce low fre-

quency components produced by VSC. A ripple filter allows the fundamental frequency (lower-frequency) parts of the 

signal to go through with higher impedance, while offering low impedance to higher frequency (switching) component. 

TSW >> RrCr satisfies above condition, where, TSW = switching time; Rr = ripple filter resistance; Cr = ripple filter ca-

pacitance. 

Assuming, TSW = 1/10000s; RrCr = TSW/4; Rr = 5Ω. Then, according to [32] Cr is, 

Cr = TSW/(4*Rr) = 1/ (10000*4*5) = 5 μF. 

Thus, an R-C ripple filter has a series combination of 5μF capacitance and 5Ω resistance. 

V. RESULTS OF SIMULATION 

Performing an analysis of the above-mentioned framework using simulated results in the MATLAB platform allows for 

a comprehensive evaluation under different operation conditions. Testing the developed framework and its control 

across starting, dynamic, and steady state operations is crucial to ensure its robustness and reliability. System, accord-

ing to [16] involves a 4 pole, 3000rpm, 1.3kW motor pump operating at 270 V(dc) as a load. The pump is powered by a 

1.5kWp PV array under standard test conditions, along with a 1-ϕ, 180V, 50Hz utility grid. Following are the possible 

operating conditions demonstrated on behalf of above presented system. 

A. Steady state and starting performance  

The primary objective of this study is to showcase the smooth start-up of the brush-less dc motor and the consistent 

working of the motor pump across a range of operating conditions. 

1) When load is supplied by only PV array: The Fig. 3(a) shows, indices of BLDC motor pump (load) and PV ar-

ray. As the PV array generates its highest amount of electricity under solar radiation of 1000W/m
2
, therefore 
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rated speed of BLDC motor pump is achieved i.e., 3000rpm. Under above condition PV array is been operated 

as stand-alone system where grid is not been utilised. Fig. 3(b) also shows different parameters such as elec-

tromagnetic torque Te, electromotive force ea, load torque TL, stator current isa, speed N. The outcome indi-

cates a smooth initial start-up and effective maintenance of a stable operational state for the motor pump. 

2) When load is supplied by utility grid only: During night time hours this operating scenario arises when water 

pumping is necessary. A sinusoidal supply current with a phase aligned to the voltage and having a root mean 

square value of 8.3 A is being utilized. Additionally, the direct current bus voltage is held at a constant level of 

270 volts, as depicted in Fig. 4(a)&(b). The grid supplies sufficient amount of power to operate motor at full 

capacity. 

3) Under No-load condition: Under no-load condition the power produced by PV array is directly supplied to the 

1-ϕ utility. The PV array is operating at 1000W/m
2
, indicating the maximum solar irradiance level, as depicted 

in Fig. 5(a)&(b). Which also presents an out of phase current waveform that indicates grid fed by PV array 

while reversing the power flow and constant 270-volt dc. 

 

 
Fig. 3(a). PV array’s steady state and starting performance. 

 
Fig. 3(b). BLDC motor at starting and steady state condition. 

 

 

 
Fig. 4(a). Utility grid starting and steady state performance. 

 

 
Fig. 4(b). BLDC motor at steady state and starting performance. 
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Fig. 5(b). Utility grids steady state response. 

Fig. 5(a). PV array’s steady state response. 

B. Changes in operating conditions 

Sudden changes in climate or need for an abrupt shift in power flow directions often involve rapid adjustments to the 

system to maintain stability and functionality. 

 

1) PV array feeding grid, when sudden No-load condition occurs: The analysis takes into account the sce-

nario where the load is first supplied by the 1-ϕ grid, when solar PV array is not accessible. The operating 

mode shifts abruptly, when water pump is not operational, but solar power becomes available. So, the 

new objective is to supply the utility grid with the energy produced by the photovoltaic array, as depicted 

in Fig. 6(a), (b)&(c). 

2) Under reduced radiation, pump draws combined power from grid and PV array: In this scenario, the as-

sumption is that the water pump is initially powered solely by the PV array, which is capable of provid-

ing enough energy to run the pump at its maximum capacity. There is a decrease in sun’s dispersion level 

from 1000-500 W/m
2
, and this change occurs within a span of 0.3 seconds. With the radiation level re-

duced to 500 W/m
2
, the PV array is unable of operating the water pump at its maximum capacity. The in-

tention now is to supplement the power shortfall from the photovoltaic array by drawing the additional 

needed supply from the grid, that is shown in Fig. 7(a), (b)&(c). 

 

 

 

Fig. 6(a). PV array’s dynamic response. 

 

 

Fig. 6(b). Utility grid’s dynamic response. 

 

 

Fig. 6(c). Transition of BLDC motor. (From 

grid supplied to PV array supplied). 
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Fig. 7(a). PV array’s dynamic performance. 

 

 

Fig. 7(b). BLDC motor’s dynamic perfor-

mance. 

 

 

Fig. 7(c). Utility grid’s dynamic performance. 

 

C. Aspect of power quality 

The suggested system offers enhancement in power quality for the utility grid. This improvement encompasses factors 

such as power factor and total harmonic distortions. If the water pump is solely powered by the 1-ϕ grid, the total har-

monic distortion and harmonic spectrum of the supply current (is) will be influenced. Likewise, with 600 W/m
2
 of solar 

radiation, additional power is sourced from the utility, the total harmonic distortion and harmonic spectrum of supply 

current (is) will be affected as shown in Fig. 8. In both scenarios, the total harmonic distortion of the is remains under 

5%, which aligns with the IEEE-519 standard for acceptable power quality. The system guarantees a unity power factor 

operation across different operating conditions. 

 

Fig. 8. Harmonic spectrum and THD of is when motor is fed by Grid & both PV array and grid. 

VI. CONCLUSION 

Bidirectional power flow control in a Voltage Source Converter allows for efficient resources utilization at maximum 

capacity, irrespective of climatic condition. Applying a straight forward unbalanced voltage tolerant generation tech-

nique helps achieve the desired power flow control. The power quality perspective has been successfully achieved in 

accordance with the IEEE-519 standard. Implementing fundamental frequency switching in the voltage source inverter 

has improved overall system efficiency by minimizing switching losses. The suggested solution has become a source of 

revenue by selling excess electricity to grid, particularly under no-load condition. 
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