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Abstract 

Supply of water for irrigation and household use is not adequate in rural Bangladesh during dry 
season. To ensure continuous water supply for irrigation and other household activities in rural 
Bangladesh, where the supply of uninterrupted electricity is hardly available all the time and mostly 
irrigation is done by Diesel-based water pump. The paper proposes a standalone model to run a 3-phase 
motor in such condition. Due to the continuous reduction of price of electrical and electronic components 
related to solar panel, solar based pumping system has become the most economically viable option to 
mitigate this problem related to larger rural community. Output from the solar cell is converted to stable 
high DC voltage by incorporating a single stage forward converter. Switching circuit for 3-phase inverters 
is simulated in Power Sim (PSIM) which maintains the smooth operation of the water motor. The T-LCL 
filter is introduced to reduce the voltage ripple to a tolerance level before being fed to the motor. Forward 
converter based proposed system has a better total harmonic distortion (THD) of 0.087 with different 
output voltage as required. The conventional Diesel-based system not only pollutes the environment but 
also the total of capital investment and maintenance cost is more than 3 times higher than the proposed 
Forward converter and 3-phase sinusoidal pulse-width modulation (SPWM) inverter-based system. This 
model can be a good solution considering the unavailability, high price and environmental issues of fuel-
based power supply.  

Keywords: Filters, Forward converter, Lifecycle cost analysis, Pulse-width modulation, Standalone 
model, Third harmonic distortion (THD), 3-phase motor 
 
 
Introduction  

Electrical energy has been the prime factor for the development since the day of industrial 
revolution. The demand for electrical energy has also been increasing ever since. The rate of increase in 
this demand is twice as compared to other energy in the same period. Another point which needs to be 
taken care off is the ever increasing demand of the overpopulated countries like Bangladesh. There is also 
huge inefficiency in supplying power to rural areas. This is where this work contributes to reduce the 
inefficiency of rural area by introducing advanced power electronics in the generation end [1].      
 Dependency on fossil fuel to fulfill the power demand is not a permanent and environment friendly 
solution, as power plants based on fossil fuel pollutes the environment and at the same time these 
resources are along decreasing at a fast pace. Moreover, countries like Bangladesh can not satisfy the 
increasing power demand, which causes significant problem in rural areas to perform household and 
agricultural activities. Average sunlight hours, cloud coverage and solar radiation in different areas of 
Bangladesh are suitable to implement solar energy based technology comparing with other developed 
countries like Germany and Spain in this regard [2].  
 There are many models of photovoltaic based on its operation and behavior. In general photovoltaic 
water pumping system (PVPS) have a number of challenges including modeling, control strategy [3]. In 1 
work by Swamy et al. [4] described the study carried on PMBLDC (permanent magnet brushless) motors 
to run a water pump using solar power as the source of energy. A novel hybrid system to run a 3-phase 
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induction motor proposed in [5]. In this hybrid system PV and battery are used to drive this motor. This 
incorporates a DC boost converter to use the DG as a part of unified structure. In this every switching 
cycle that is proposed interleaved boost converter is divided into 5 switching period that incorporates 5 
different duty cycles. In another study BLDC is driven by a hybrid system [6]. The hybrid system in this 
work is consists off PV array, fuel cell stacks and battery. For utilizing DG sources in a unified manner, a 
multi-input DC boost converter has been used in HDGS system. Each switching cycle of the boost 
converter is again divided into 5 switching time which incorporates different 5 duty ratios. By using these 
DR (Duty ratio) a regulated PV/FC/Battery power is achieved. By doing this a fixed DC power is 
supplied to the motor.  
 Boost converters are used to higher the voltage level as DC-DC converter [7]. For extraction of 
groundwater, a dynamic model of a system considered in [8] utilize an alternative source of energy. 
Another similar work has been done by Kumar and B. Singh, they proposed a DC-DC boost converter as 
an intermediate power conditioning unit a PV array to run BLDC water pump [9]. Another system with 
SPWM inverter, LC filter, induction motor and a centrifugal pump is presented [10]. M.A. Rahman 
proposed a system in which induction motor integrates a push pull converter and a 3-phase inverter, the 
system is driven by a single solar PV [11]. 
 An efficient and cost-effective configuration is needed [12-15] where several configurations are 
possible for DC-DC conversion like DC-to-DC forward, DC to DC boost, DC to DC fly-back and DC to 
DC push-pull converter [16-19]. The proposed system suggests a forward converter in order to raise the 
DC voltage from 48 V-DC to 312 V-DC, as the other alternate configurations like push-pull, flyback or 
boost converter has limitation considering the current harmonics of high frequency. Many researchers 
introduced PWM inverter in the system [20-22] for the control of induction motor. But it does have many 
drawbacks like low fundamental output voltage, large amount of harmonics and higher total harmonic 
distortion are the main issues with this technique. To Combat this issue, SPWM (Sinusoidal Pulse Width 
Modulation) has been taken into account [23]. Total cost during life cycle of this system has been 
analyzed to assess the economic feasibility[24]. Then the proposed system is compared with a traditional 
carbon-fuel based system [25]. 
 
Material and methods 

 The mathematical model of the system is studied and simulated via PSIM. Result has been tallied to 
validate the proposed system. The primary objective of this work is to produce a DC-AC inverter where 
AC output will be greater than the DC input and can provide a much sound technical and economic model 
over the existing VSL. 
 
 System design flowchart 
 1) From Figure 1, a DC-DC forward converter have been designed to convert unregulated PV 
output to a regulated voltage. Voltage level that has been determined is 312V peak or 220V RMS. The 
source voltage of 48V DC has been stepped up to 312V DC by the forward converter. 
 2) A 3-phase inverter have been proposed with SPWM switching states which are suitable for the 
smooth operation of a 3-phase motor, and to ensure a continuous supply of power to the motor. 
 3) A T-LCL filter circuit have been implemented to ensure the elimination of the harmonics from 
the inverter output and the results have been compared in PSIM. 
 
 

 
Figure 1 Block diagram of the proposed PV system. 
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 Design of a solar panel 
 At Standard Test Condition (STC), a solar panel of 250W power is assessed at 250, when the 
irradiance is 1,000 W/m2, specifications of a PV module is shown in Table 1. 
 
 
Table 1 Photovoltaic module specifications. 

Specification Value 

Fabricator Sanyo 

PV model HIP-210HKHA6 

Maximum power (Pmax) of solar panel 250 W 

Current (I) at short circuit 8.96 A 

Voltage (V) at open circuit 37.33 V 

Characteristic constant (b) 0.0773 

Solar panel efficiency 17.95 % 

Type of cell 156×156 
 
 
 Design of forward converter 
  A forward converter consists of a transformer (ferrite core) and a PWM gate pulses to operate the 
MOSFET. This type of converter can supply voltage higher than the input and it provides electrical 
isolation [26,27]. It is also a good option when high output current is required. 
 
 

 
 
Figure 2 Forward converter circuit at PSIM simulation software. 
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Table 2 Forward converter specifications. 

Specification Value 
Duty cycle (D) 0.36 s 

Filter capacitance (C) at output 1 mf 
Inductor (L) at secondary 1.85 mH 

Simulation time (T) 0.2 s 
Switching frequency (fs) 20 KHz 

Turn ratio (n) 21 
 
 
 Transformer primary winding has been connected in series with the MOSFET Sw, and the secondary 
winding has been connected to an output LC filter. To prevent the negative current flow in the secondary 
winding of the transformer, diode D2 is used, while diode DF is exploited as a free-wheeling diode. When 
the MOSFET Sw is conducting, the voltage V1 = Vdc, while MOSFET Sw is not conducting, the voltage 
is given by V1 = V2 = 0. 
 
 SPWM inverter 
 As the inverters employ switching devices with a fixed ON-OFF time, hence the loss in this is quite 
natural as a result of which efficiency, size and reliability is strongly affected. For this system SPWM has 
been considered because of its wide variety of advantages [28].  
 
 

 
Figure 3 SPWM inverter circuit. 
 
 
 SPWM is used to keep the output voltage stable even though the load varies. In order to combat this 
SPWM inverters compensate the O/P voltage in accordance to the load connected by changing the pulse 
width of the switching frequency which is generated by the oscillator. This is done by a feedback loop 
which is connected to the inverter controller. After the controller gets the O/P voltage through the 
feedback path, it corrects the pulse width so that the output voltage is always stable. This phenomenon is 
called pulse width modulation (PWM). If a reference signal is used in the generation of pulse, then it is 
called SPWM. [29] 
 
 Switching circuit design 
 Three sinusoidal reference waves which are phase shifted from each other by an angle of 1,200 are 
considered for 3-phase inverters. A carrier wave, vcarrier of 20 KHz is then compared with Vr, Vg, Vb 
analogous to a phase to initiate the gate signals for the respective phase. Comparing carrier wave with 
sinusoidal reference waves generates Z1, Z3 and Z5 switching signals separately. Z2, Z4 and Z6 are the 
corresponding inverted gate switching signals. Figure 4 presents the design of 3-phase circuitry.  
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Figure 4 Control circuit of proposed 3-phase inverter and SPWM gate driver signal. 
 
 
 Table 3 shows 6 modes of operations, achieved from different combinations of switches. Switching 
State has logic of ‘1’ if the MOSFET that connects the motor to the positive terminal is switched ‘ON’, 
and vice versa. From left to right, switching state 3 bits corresponds to the state of the MOSFETS in the 
following order: Z1, Z3, and Z5. 
 
  
Table 3 List of inverter switching states.  

List of states State Switching state Vab Vbc Vca 

1 Z1, Z4, Z6 on 
Z2, Z3, Z5 off 100 Vdc 0 −Vdc 

2 Z1, Z3, Z6 on 
Z2, Z4, Z5 off 110 0 Vdc −Vdc 

3 Z2, Z3, Z6 on 
Z1, Z4, Z5 off 010 −Vdc Vdc 0 

4 Z2, Z3, Z5 on 
Z1, Z4, Z6 off 011 −Vdc 0 Vdc 

5 Z2, Z4, Z5 on 
Z1, Z3, Z6 off 001 0 −Vdc Vdc 

6 Z1, Z4, Z5 on 
Z2, Z3, Z6 off 101 Vdc −Vdc 0 

7 Z1, Z3, Z5 on 
Z2, Z4, Z6 off 111 0 0 0 

8 Z2, Z4, Z6 on 
Z1, Z3, Z5 off 000 0 0 0 

 
 
 Another point to note is that the switch state transitions in “grey code” format. In this format, the 
Hamming distance between any 2 successive states is 1, which means that any 2 successive states differ 
only by 1 bit. Thus, the states switch in the following order: 
 
- 100 -> 110 -> 010 -> 011 -> 001 -> 101 -> 100 -> and so on for the motor rotating in 1 direction, and  
- 100 -> 101 -> 001 -> 011 -> 010 -> 110 -> 100 -> and so on for the motor rotating in the opposite 
direction. 
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 This switching process of is necessary for the smooth operation of the 3-phase motor, and to ensure 
the steady power supply to the motor. State 7 is utilized for dynamic braking of the motor, while State 8 is 
a free-wheeling mode, where the power supply to the motor is turned off, and the motor will slowly come 
to stop. During switching, voltage a terminal A, B, and C of the motor is determined by state of 
MOSFETs Z1, Z3, and Z5.  For example, if Z1 is turned on, then terminal A will have VDC, else it will 
have GND (or 0V). A final point to note is the potential difference between the terminals is given as A in 
relation to B (Vab), B in relation to C (Vbc), and C in relation to A (Vca). 
 
 T-LCL filter design 
 A T-LCL immitance filter which consists of 2 inductors L1 and L2 and a capacitor C in a T shape is 
employed [30] to eliminate harmonics rather than employing the conventional LC filter; as with the rise 
of power stresses in LC filter, the value of L increases which makes the system expensive also [31]. In the 
inverter side, the inductor attached is L1. Inductor L2 and a capacitor Cf which are in series with the 
damping resistor Rf, connected in the load side. Both the inductors have resistances R1 and R2 
respectively. Inverter voltage is denoted as Vi. Again, Vg is the output system voltage. The following 
equation presents the transfer function: 
 

                                                                 i

g
LCL V

i
=H                                                                                           (1) 

 
 Considering current controlled inverters and Vg = 0 and neglecting damping, the transfer functions 
become: 
 

( )
( )s2L+L+sLfCL

=sLCLH
1

3
21

1

                                                                                                         

(2) 
 

  

         If the damping resistance is considered, then the transfer function can be presented as as follows [32]: 
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 Base impedance and base capacitance are expressed as follows: 
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 Maximum power factor variation is considered as 5 % of the grid, the base capacitance can be 
represented as Cf = 0.05Cb. Maximum current ripple from the output of inverter is described as follows:  
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Rated active power is presented as PN. VPH is inverter output phase voltage. 
 LCL filter ensures the current ripple value of 2 %. Relation between the harmonic current of the 
inverter and is expressed by the following equation [24]: 
 

02.0
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1

)(
)(

==
−+

= ak
xswwbCLrhii

hgi                                                                                              (8) 

 
 Inverter side inductor is termed as L1, and can be expressed as follows: 
 

1.867mH
6f1 ==

LmaxIsw
DCV

L                                                                                               (9) 

 
 Here, the switching frequency is fsw and VDC is DC link voltage: 
 

swfswT 1
=                                                                                                                     (10) 

 

gfgT 1
=                                                                                                                                                 (11) 

 
 
Following parameters are considered to design the Filter, which are shown in Table 4. 
 
 
Table 4 T-LCL Filter parameters. 
 

Symbol Parameter definition Value 

L1 Inverter Side Inductor 1.867 mH 

L2 Load Side Inductor 3.580 mH 

Cf Load Side Capacitor 0.902 uF 

fG Frequency of Grid 50 Hz 

fSW Switching Frequency 20 kHz 

VLL or EN RMS voltage (Line to Line) 420 V 

VPH Inverter Output RMS Phase voltage 220 V 

PN Rated active power 1,000 W 

VDC DC link voltage 48 V 
 
 

radians  314.152 == gg fw π                                                                                                         (12) 
 

radians 126,6602 == swsw fw π                                                                                                               (13) 
 
Grid side inductor is L2 and expressed as follows: (here the desired attenuation is ka) 
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 The ratio of inductor L1 and L2 is expressed by the constant term R and expressed as follows: 
 

Ω== 917.1
1
2

L
LR                                                                                                                                 (15) 

 
 To avoid the resonance, a damping resistor (Rf) is introduced which is series connected with the Cf. 
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 Three phase induction motor design   
 An induction motor is a synchronous AC machine, which has a stator and a rotor. A sinusoidal 
voltage is applied to the stator of induction motor, which results in an induced electromagnetic field. A 
current in the rotor is induced due to this field, which creates another field that tries to align with the 
stator field, causing the rotor to spin. A slip is created between these fields, when a load is applied to the 
motor. This rotor speed decreases at higher slip values. The no load speed is also called the synchronous 
speed. The frequency of the stator voltage controls the synchronous speed. The frequency of the voltage 
is applied to the stator through power electronic devices, which allows the control of the speed of the 
motor.  
 What is of interest is the motoring region of induction machines, when the slip is between 0 and 1, 
and the machine acts as a motor. This region is defined by the starting torque, τstart, which is the torque 
required to overcome the inertia of the motor when it is at standstill and cause it to move; the maximum 
or pull-out torque, τmax, which is the maximum torque that can be applied to the motor already in motion 
and cause it to stop; and the rated torque, τrated, which is the torque generated by the motor when it is 
operating at its rated speed, nrated; the rated speed is usually has a slip of 0.9 or more. As can be observed, 
the torque begins to fall as slip increases, and attains a value of zero when the motor reaches the 
synchronous speed. 
 The research is using techniques, which implement a constant voltage to frequency ratio. The 
induction motor synchronous speed is defined by following equation: 
 

p
fns

120
=  

                                                           (20) 
 
 

where f is the frequency of AC supply, ns is the synchronous speed of rotor; p is the number of poles per 
phase of the motor. By varying the frequency of control circuit through AC supply, the rotor speed will 
change.  The mechanical or rotor speed, mn , is defined by the slip, s: 
 

s

ms

n
nns −

= , or  nm = (1 – s) * ns               
                               

(21) 
 
 

 
 Finally, the torque equation is given by: 
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S

rr

sn
RI 2360πτ =                                                    (22) 

 
where, Ir is the rotor current and Rr is the rotor resistance. 
 
 
Table 5 Rating of ∆-connected 3-phase induction motor used for simulation. 

Symbol Definition of the Parameters Value 
Rs Resistance of stator 2.94 Ω 
Ls Inductance of stator 10.5 mH 
Rr Resistance of rotor 1.75 Ω 
Lr Inductance of rotor 7.50 mH 
Lm Magnetizing inductance 41 mH 
p Pole number 6 
J Moment of inertia 0.41 kgm2 

PM Motor power 1 hp 
VPH Phase voltage RMS 220 V 
Ir Current RMS 4.15 A 
nr Rated speed 2,500 rpm 

 
 
 Figure 5 presents the schematic diagram of forward converter based proposed System with PSIM 
Software which runs the Induction Motor discussed in Table 5. Initially there is transient noise that is 
soon filtered out as motor approaches its rated speed. 
 
 

 
 
Figure 5 Forward converter based proposed system with induction motor in PSIM.             
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 Economic analysis 
 The 4 hp Diesel engine used for irrigation purpose normally consumes 1,440 L diesel in a year [28]. 
The total installation cost is 2,91,000 BDT in the proposed system, annual maintenance cost is 2 % of the 
total capital investment. Induction Motor and Pump will be replaced after 10 years considering the life 
cycle. Similarly, the inverter system along with DC-DC Forward Converter will be replaced after 5 years. 
For life cycle cost analysis (LCCA), a timeframe of 20 years is considered. The other parameters are as 
follows, Inflation rate: 5.84 %, Annualization factor: 13.67, Discount rate: 10 %. [29]. 
 
 
Table 6 LCCA of Diesel engine-based system. 

Components Unit Size Price in BDT 
(a) Diesel engine (including installation) 1 4 hp 40,960 
(A) Capital cost ( = a) 40,960 

(B) 
Recurring 
Maintenance 
cost( = C + D) 

Annual fuel (Diesel) cost, Ca1 
Unit Unit price (BDT) 

93,600 1,440 L 
(Per year) 65 

Recurring factor, Pa1 13.67 
(C) Life cycle maintenance cost LCMC1( = Ca1*Pa1) 12,79,512 
Annual maintenance cost, Ca2 (10 % of capital cost) 4,096 
Recurring factor, Pa2 13.67 
(D) Life cycle maintenance cost LCMC2( = Ca2*Pa2) 55,992.32 

(E) 
Non-recurring 
replacement 
cost 
 

Diesel engine replacement, Cr1 
(after 10 Years) ( = b) 40,960 

Non-recurring factor, Pr1 (10 Years) 0.68 

Life cycle replacement cost LCRC1( = Pr1*Cr1) 27,852.8 

Total life cycle cost ( = A + B + E) 14,04,317.12 
 
 
Table 7 LCCA of forward converter and 3-phase SPWM inverter-based system. 

Components Unit Size Price in BDT 
(a) PV panel cost  3.2 kW 1,92,000 
(b) Induction motor and pump 1 3 hp 40,000 
(c) Forward converter 1  4,000 
(d) SPWM inverter and filter 1  18,000 
(e) Installation (electrical and civil structure) 32,000 
(f) Miscellaneous cost 5,000 
(A) Total capital cost ( = a + b + c + d + e + f) 2,91,000 

(B) 
Recurring 
maintenance 
cost 

Annual maintenance cost, Ca 
 (2 % of capital cost) 5,820 

Recurring factor, Pa 13.67 
Life cycle maintenance cost LCMC( = Ca*Pa) 79,559.4 

(C) 
Non-recurring 
replacement 
cost( = D + E) 
 

Induction motor and pump replacement, Cr1 (after 10 Years) ( = b) 40,000 
Non-recurring factor, Pr1 (10 Years) 0.68 
(D) Life Cycle replacement cost LCRC1( = Pr1*Cr1) 27,200 
Forward converter, SPWM inverter and filter replacement, Cr2 
(after 5 Years) ( = c + d) 22,000 

Non-recurring factor, Pr2 (5 Years) 0.82 
(E) Life cycle replacement cost LCRC2( = Pr2*Cr2) 18,040 

Total life cycle cost ( = A + B + C) 4,15,799.4 
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 Result and discussion 
 Forward converter output voltage simulated in PSIM is 312V DC presented in Figure 6. The speed 
and torque characteristics of ∆-connected induction motor are illustrated in Figure 7.  
 
 

 
Figure 6 Forward converter output voltage. 
 
 
 Induction motor operation frequency is 150 Hz (3 times the grid frequency), and the slip at which 
the motor attains its rated speed of 2,500 rpm is 0.833. Thus, the rated torque can be calculated as 13.64 
Nm. This fact is verified in speed characteristics and torque of induction motor simulated in PSIM 
illustrated in Figure 7. 
 
 

 
 

Figure 7 Speed characteristics and torque of induction motor in PSIM. 
 
 
 The bode plot of the T-LCL filter is presented in Figure 8. Result shows that the resonance 
frequency is around 4,750 KHz, where we have a magnitude of −34 dB, which corresponds to an 
attenuation of 2 % or 0.02.  
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Figure 8 T-LCL filter Bode plot with 2 % damping resistance, 2 % attenuation and 10 % ripple current. 
 
 
 Figures 9(a) - 9(c) illustrates the waveform of simulated output voltage for the 3-phases Vr, Vg, Vb. 
These voltages are not sinusoidal; rather they are distorted. Harmonics reduction is ensured by 
introducing the filter at inverter output as mentioned earlier. Figure 10(a) presents the 3-phase sinusoidal 
output voltage and Figure 10(b) illustrates the waveform of Inverter output current. 
 
 

 
Figure 9 3-phase PWM output voltage (without filter). 
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Figure 10 (a) 3-phase output voltage and (b) output current (with filter). 
 
 
 The basic comparison between simulation result of forward converter based proposed system and 
conventional System such as step-up transformer can be describe from the following 2 tables. For the 
same cell voltage, parameters like output rms voltage, output rms current and output rms power is 
calculated. Though T-LCL filter is introduced in both the cases, but the THD is improved to 0.087 in 
forward converter-based system, where the THD level is 0.103 in conventional transformer-based system. 
 
 
Table 8 Simulation result of 3-phase SPWM inverter with forward converter. 

Cell 
voltage 

Output voltage 
(rms value) 

Output current 
(rms value) 

Output power 
(rms value) 

THD 
(with T-LCL filter) 

12 55.10 1.03 57.29 0.087 
24 110.15 2.07 228.74 0.087 
48 220.09 4.15 914.02 0.087 
60 275.10 5.19 1428.05 0.087 
96 440.17 8.30 3655.89 0.087 

 
 
Table 9 Simulation result of 3-phase SPWM inverter with transformer. 

Cell 
voltage 

Output voltage 
(rms value) 

Output current  
(rms value) 

Output power 
(rms value) 

THD  
(with T-LCL Filter) 

Efficiency 
(%) 

12 54.99 1.24 68.61 0.103 82.64872 

24 109.98 2.49 274.43 0.103 82.64647 

48 219.96 4.98 1097.58 0.103 82.64164 

60 275.46 6.23 1717.52 0.103 82.63038 

96 440.98 9.97 4399.32 0.773 82.69347 
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Conclusions 

As geographical position of Bangladesh which is lying in north-eastern part of South Asia receiving 
sunlight in a good amount of period in a day, the average bright sunshine period is 7.6 h, implementation 
water pumping system which is fed by solar energy can be a good solution considering the decreased 
price of solar panel. Though the capital investment of the solar system is quite high but the price of solar 
panels is gradually decreasing in the international market. This indicates that the solar based irrigation 
system will be more feasible in the upcoming years. The analysis is made for 20 years. From Table 8, it is 
calculated that the total life cycle cost for conventional Diesel based water pump is 14,04,317.12 BDT, 
where Life Cycle cost for proposed photovoltaic irrigation pumping system is 4,15,799.4 BDT in Table 
9. Over the time, due to continuous research and development in the field of photovoltaic panel and 
advancement in manufacturing will reduce the component costs and make the system more economical in 
the future. 
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