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The intention of this paper is to design and implement a hardware prototype of the three-phase 
measurement board for digital signal processing (DSP) TMS320F28335 experimental kits. The 
voltage (LV 25-P) and current (LA 25-NP) transducers from LEM were used in this research. 
The characteristic of the voltage waveform, its amplitude, phase-angle and phase sequence are 
vital parameters for effective PV-grid synchronization. A signal conditioning circuit made of a 
summing operational amplifier (TL082) was used to provide an offset voltage to the generated 
bipolar signal waveforms from both transducers. A details design calculations and analysis for 
each section of the proposed system are also presented. The result shows that the implementation 
of voltage (LV 25-P) and current (LA 25-NP) transducers together with a signal conditioning 
circuit able to achieve essential voltage levels that comply with DSP TMS320F28335 ADC’s 
requirements.    

Keywords: Renewable energy, Photovoltaic (PV), Transducer, Signal Conditioning Circuit, Analogue-

to-Digital Converter (ADC). 

 

1. Introduction 

 

The potential of a grid-connected photovoltaic (PV) generation system is enormous for 

strengthening electricity reliability. Photovoltaic or PV is connected to the national grid 

through a DC-DC converter and also an inverter. The power injected from PV modules into 

the grid can be controlled through an inverter. There are plenty of approaches in the literature 

discussing the proper control technique of the grid-connected inverter. The approaches differ 

from one another based on their applications [1], [2]. 

One of the main concerns regarding extracting renewable energy source especially PV is 

that the ability to supply good quality of the power to the grid. There are miscellaneous types 

of load are present on the grid line and connecting a PV system to the grid without proper 

understanding may affect the quality and other parameters of the overall power system. 

Measuring and monitoring each of these parameters is essential in the power system which 

not only able to detect electrical disturbances such as transients, voltage sag or swell, 

harmonics distortions and fluctuations nevertheless able to provide precise real-time data for 

a further controller action [3]–[6]. 

A good power measurement devices should able to operate with excellent accuracy, 

provided good linearity and possess a high immunity against external interference. In [7], the 

work presents the development of a single-phase circuitry composed of voltage sensors as 

well as a signal conditioning circuit that detects, classifies and diagnose of short and long 
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duration disturbances observed in the power grid. A data logger has been built in [8] to record 

the power consumption of various metrological equipment and the PIC18LF8722 

microcontroller is used as an interface module. Meanwhile, the development and 

implementation of FPGA based on Distribution Static Compensator (DSTATCOM) to 

compensate unbalanced and non-linear load are discussed in [9]. Furthermore, a details 

harmonics assessment based on the three-phase active power filters (APF) was carried out in 

[10], [11]. 

The development of a three-phase power measurement board not only limited to the 

application in the grid-connected system but also may apply to other fields such as fault-

control detection in induction motor drives, three-phase electric vehicle charger and even 

applied in wind energy systems [12]–[15]. The main intention of this paper is to design and 

develop a power measurement board prototype comprising not only a voltage and current 

sensors but also a signal conditioning circuit for the three-phase system. High quality sensors 

will provide an accurate result to the controller. 

In this research, a digital signal processing (DSP) experimental kits TMS320F28335 is 

chosen as main controller module due to the fact that its offer abundance of advantageous 

such as low-cost, excellent convergence and easy to use. The block structure of hardware and 

interfacing details used in this research are shown in Fig. 1. 

 

 

Fig. 1: Block diagram of the proposed hardware measurement system. 

 

2.  Three-phase Grid-connected PV System 

 

 The grid-connected PV generation system received extensive attention nowadays as more 

researchers focus on the integrated and smart-grid distribution power system. The 

implementation of these systems requires deep understanding, critical evaluation and detail 

analysis in case of normal and abnormal operation. In order to synchronous the three-phase 

inverter system to the grid distribution network, four vital conditions must be met which 

tabulated as in Table 1. 
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Table 1: PV-Grid synchronization parameters [16], [17]. 

 

Parameters 

 

 

Description 

 

Phase Sequence 

The phase sequence or phase rotation of the three-

phase inverter must be matching the phase 

sequence of the phases from the grid. 

 

Voltage Magnitude 

The magnitude of the sinusoidal voltage produced 

by the inverter must be equivalent to the 

magnitude of the sinusoidal voltage of the grid. 

 

Line Frequency 

The line frequency of the sinusoidal voltage 

produced by the inverter must be equal to the 

frequency of the sinusoidal voltage of the grid. 

 

Phase Angle 

The phase angle between the sinusoidal voltage 

produced by the inverter and the sinusoidal 

voltage generated by the grid must be zero. 

The PV-Grid synchronization’s parameters should be continuously monitored and 

controlled within the permissible limits to guarantee a safe and effective PV-grid 

synchronization mechanism. Designing a controller for three-phase grid-connected PV 

generation system employs two control loops which are external voltage and internal current 

control loop respectively. The voltage control loop is used to regulate the output power from 

PV modules to the grid as well as to balance the power flow whereas the current control loop 

is applied to regulate the injected current to the grid and keep it in phase with grid voltage in 

order to achieve unity power factor [18]. As illustrated in Fig. 2, the phase-locked loop, PLL 

is employ to synthesize the frequency and phase of grid voltages and currents 

correspondingly. Moreover, it is able to provide the required information correctly even 

though in the event of electrical disturbance occurred [19]. 

θ

ffω

ω

dV

qV

*

dV

AV

BV

CV

 

Fig. 2. Three-phase PLL for grid synchronization. 
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As mentioned before, a selected power measurement device or sensor plays a significant 

role for effective PV-Grid synchronization mechanism. Measuring and monitoring each of 

these parameters especially the value of line voltages and currents are crucial in smart power 

system which not only able to detect electrical disturbances nevertheless it able to provide a 

precise real-time data for a further controller action. 

3.  Voltage Transducer 

Nowadays, there are various types of voltage sensors or transducers available in the 

market. In this research, the LV 25-P voltage transducer from LEM is selected as its offer 

excellent accuracy, very good linearity, own extensive bandwidth and possess high immunity 

against external interference [20]. The design is initiate with the primary nominal RMS 

current is set at 10mA whereas the voltage to be measured on the primary side can manage a 

voltage level from 10V and up to 500V. The general schematic diagram for LV 25-P voltage 

transducer is given in Fig. 3. 

 

 

 

 

 

Fig. 3: Schematic diagram for LV 25-P voltage transducer. 

 

where Ri  stand for primary input resistor and Rm  is measuring resistance. In this 

research, the designated measured power supply voltage is three-phase 415V system at 50Hz 

operating line frequency.  In order to operate the proposed system at 415V, the nominal DC-

link voltage level is set as a benchmark. Given the VVac 415= therefore the amplitude level 

of DC-link voltage is calculated as follows, 

 

VV LinkDC 4152 ×=
−                                                                 (1) 

Then,  

VV LinkDC 90.586=−   

The designated output waveform of this transducer has to match the range of the analog-to-

digital (ADC) used by the DSP TMS320F28335. According to the voltage transducer’s 

datasheet, the conversion ratio of this LV 25-P voltage transducer is 2500:1000. The main 

goal is to scaled-down the level of input voltage from 415V to the level of 5V. Given the 

primary nominal RMS current is 10mA, by applying the Ohm’s Law, 

mA

V
Ri

10

587
=                                                                         (2) 

Ω= 58700Ri  

Since a single Ω58700  resistor is not available in resistor stock, a total of six resistors with 

the value of Ωk10  is selected instead. In order to mitigate the equal power dissipation across 
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the board, the input resistor, Ri  configuration in a series connection is preferable. Therefore, 

the new primary nominal current, In  is given by 

Ω
=

k

V
In

60

587
                                                                        (3) 

mAIn 78.9=  

This new nominal current In  is still within the designated specification value of mA10 . 

The maximum power dissipation Pd  can be calculated by using the following expression,   

RIPd ×=
2

                                                 (4) 

( ) Ω×= kmAPd 1010
2

 

 

WattPd 1=  

 

The input series resistor of Ωk10  with a rating of Watt3  is selected. The design is 

continued on the secondary side of the voltage transducer. Based on the conversion ratio from 

the datasheet which is 2500:1000, the secondary output current drawn at 25mA when the 

input current is 10mA. Therefore, by applying Ohm’s Law, the measuring resistor Rm  can be 

calculated as follows, 

 

mA

V
Rm

25

5
=                                            (5) 

 

Ω= 200Rm  

 

Based on the calculation, this Ω200  is within the maximum recommended measuring 

resistance in the datasheet. Checking the power dissipation,  

 

RIPd ×=
2

                                                  (6) 

 

( ) Ω×= kmAPd 1010
2

 

 

WattPd 1=  

 

The resistor with a value of Ω200  0.125 Watt is selected as a measuring resistance Rm  on 

the secondary side. Therefore, the system voltage level of 415V is converted to 5V in AC 

RMS value. 

 

4. Current Transducer 

 

On the other hand, the current sensor is designed based on the need to convert an input 

current into a proportional voltage value based on the design specifications. The current 

transducer LA 25-NP is implemented in this research as it has the same advantages as its 

counterpart LV 25-P voltage transducer [21]. According to its datasheet, there are several 
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recommended connections based on the number of primary turns. Details of preferable LA 

25-NP connection is illustrated in Fig. 4. 

 

Fig. 4: Connection configuration of Current transducer LA 25-NP 

 

Based on this connection configurations, the current level of A5  is converted to V5 . With 

the conversion ratio of 1000:5 , then the secondary current is calculated as follows, if 

AIp 5= , then 

5

1000
=

Is

Ip
                                         (7) 

IpIs ×=
1000

5
 

 

mAIs 25=  

 

The value of measuring resistor Rm  can be determined by applying Ohm’s Law on the 

secondary side of the transducer. Given mAIs 25=  and the maximum output voltage is V5 , 

therefore  

mA

V
Rm

25

5
=                                                (8) 

Ω= 200Rm  

 

The value of the calculated measuring resistor Rm  is Ω200  which is within the allowable 

range of measuring resistance as given in the datasheet. The power rating of this measuring 

resistor can be determined as follows, 

 

( ) RmIsP ×=
2

                                             (9) 

( ) 20025
2

×= mAP  

 

WattP 5.0=  

Therefore, the resistor with a resistance value of Ω200  Watt1 is chosen in this research. 

The three-phase power measurement board consists of voltage and current transducers are 

developed. The value of the measured voltage for both transducers need to rescale according 
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to the ADC voltage level in the designated DSP by using a conversion circuit which called 

the signal conditioning circuit [22][23]. 

 

5. Signal Conditioning Circuit 

 

Since the ADC ports for TMS320F28335 have input data ranging from Vdc0   to a 

maximum value of Vdc3.3 , therefore the measured bipolar output signal from both 

transducers need to be converted into unipolar signals and furthermore to rescale above Vdc0  

level. In order to convert and control the offset value signals, an operational amplifier 

(TL082) and a trimmer potentiometer are used. Some of the conditioning circuits available in 

the literature resulted in a negative value for at least one resistor or required a negative DC 

supply source for offset [24]. However, the proposed circuit using a 3-input non-inverting 

summing amplifier able to achieve the above requirement of signal conversion. The 

designated signal conditioning circuit is depicted in Fig. 5. 

 

 
Fig. 5: Signal conditioning circuit, converting bipolar ( )V5±  to unipolar signal ( )VV 30 − . 

The input voltage signal of ( )V5±  is connected to the port 3 of the amplifier. A DC voltage 

of V5.2 acts as an offset voltage level is attached to the resistor 2R . By controlling this offset 

voltage level, the signal waveform is shifted above the ground level of ADC of V0 . 

Meanwhile, varying variable resistor 4R enables us to amplify the output signal waveform 

generated by the amplifier. The Zener diode is placed at the output stage to prevent an 

overvoltage occurred to the ADC ports. Since the resistor 5R is connected to ground, the 

transfer function of the summing amplifier with two input signals can be express as follows, 

( )
( )
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where Vo  stands for generated output voltage, V is an input voltage, R is the resistor and 

the power of negative ( )1−  represents the fractions symbol of mathematical expression [25]. 

The power supply for the operational amplifier (TL082) is same as transducers which are 

( )Vdc15± . A total of four voltage transducers including a signal measurement for the DC-link, 

three current transducers and seven operational amplifiers are required to build a three-phase 

measurement board in this research.   
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6. Simulation Result 

 

The simulation of the signal conditioning circuit was carried out using Proteus 8 

professional software. The model was developed based on the data calculated in the previous 

session. The input bipolar signal waveform of  Vrms5  was given to the port 3. Resistor 3R  

was connected to port 2 of the non-inverting summing amplifier. On the other hand, Port 3 

was connected to the DC supply source through resistor 2R  which adjusted the offset voltage 

level of the output waveform signal.   

 

          
 
                 Fig. 6: AC coupling mode.                                Fig.7: DC coupling mode. 

 

As displayed in Fig. 6, the simulation results show that the generated output signal (purple 

color) is in-phase with the reference input signal (blue color) but still in bipolar signal form. 

During this period, an offset voltage is not applied yet. The peak amplitude of the generated 

output signal waveform is at ( )V5.1± . In order to provide an offset DC voltage to the 

generated signal, an additional DC supply source of the amplitude of V5.2 is applied at 

resistor 2R . The generated output signal in DC coupling mode is displayed as presented in 

Fig. 7. The new peak amplitude of this generated output signal is V55.2  which less than the 

maximum peak amplitude voltage of ADC of Vdc3.3  as in TMS320F28335. 

 

7. Experimental Results and Discussions 

 
Based on the simulation results, a prototype hardware circuit was designed and developed 

on a laboratory scale. A series of experiments and testing is done to validate the performance 

of the proposed system. In this testing process, a single-phase variable power transformer is 

used to generate an AC voltage waveform which acts as a sinusoidal line voltage of the grid. 

A voltage sensor and current sensor are connected in parallel-series configuration as 

illustrated in Fig. 8. In order to generate a current with a magnitude of A1 , a Ω240  resistive 

load is connected in series. An AC voltage is gradually increased from V0  until a maximum 

value of V240  and at the same period of time, a corresponding output voltage and current 

from transducers are measured accordingly.  
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Fig. 8: Circuit configuration for measurement sensors. 

 

A hardware prototype of three-phase voltage and current transducers are displayed as in 

Fig. 9. A total of 3 pieces of each LV 25-P and LA 25-NP transducers are arranged in such a 

way it’s able to share the same common DC supply source. The same goes for the signal 

conditioning circuit board which built on a separate board to ease the troubleshooting in case 

a faulty condition occurred. An operational amplifier TL082 is used to convert a bipolar 

signal waveform into a unipolar form with suitable peak values. Practically, a Zener diode is 

placed at each of the output ports of the signal conditioning circuit which acts as a protection 

scheme against an overvoltage.  

 

Fig. 9: A hardware prototype on the Power Laboratory environment. 

As illustrated in Fig. 10, a yellow color waveform ( )Vy  represents a grid phase voltage 

which having a peak voltage of V343  with Hz50  operating line frequency. The output 

voltage waveform from voltage transducer LV 25-P is denoted by a blue color waveform 

( )Vb   which has an RMS value of V9.2 . As displayed, the generated output voltage 

waveform from the transducer is in-phase with the grid phase voltage. Moreover, both 

waveform shows good linearity between them as the shape of waveforms are almost look 

similar.    
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Fig. 10: Voltage waveform generated from the variable transformer. 

 

Furthermore, the generated output waveform from the voltage transducer LV 25-P 

becomes an input signal waveform to the signal conditioning circuit which made of TL082 

dual JFET input operational amplifier. These devices are low cost and offer high speed as 

well as provide two input ports with an internally trimmed input offset voltage. As shown in 

Fig. 11, the purple color of the signal waveform ( )Vp  represents the generated output 

waveform from the signal conditioning circuit in the AC coupling mode condition. 

 

 
 

Fig. 11: AC coupling mode. 

 

All the generated waveforms are in-phase, identical in sinusoidal shape and have the same 

time frame zone of the zero-crossing point. Furthermore, as shown in Fig. 12, the output 

voltage waveform in purple color ( )Vp generated from the signal conditioning circuit is been 

shifted above V0  level with the peak voltage value of V84.1 . This condition is achieved by 

applying a DC voltage offset of the amplitude of V5.2 . The same concept is applied to the 

measurement of the current waveform. As mentioned before, the ADCs for DSP 

TMS320F28335 are only able to read an analog voltage value from V0  until a maximum 

limit of V3.3 . Therefore, it is vital to keep an output voltage value from the conditioning 

circuit within this acceptable limit. 
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Fig. 12: Output voltage waveform after applied DC voltage offset. 

 

Additionally, the linearity of the designated output signal waveform is another important 

aspect that should take into account in designing a good measurement circuit. Based on the 

result acquired from the experimental procedure, it proves that the prototype of the proposed 

measurement circuit is able to give excellent waveform linearity as demonstrated in Fig. 13.  
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Fig. 13: Relationship between input and output signal waveforms of selected sensors. 

8. Conclusion 

A prototype of a three-phase measurement board that is intended for a three-phase grid-

connected PV generation system has been designed and developed. The system parameters 

such as the magnitude of the voltage, its amplitude, phase-angle as well as phase sequence are 

vital for an effective PV-grid synchronization mechanism. In this work, a voltage transducer 

LV 25-P and current transducer LA 25-NP both from LEM have been proven capable to 

satisfy all the fundamental requirements mentioned before. Based on the experimental results, 

a generated signal waveforms are fully identical in shape as compared to the reference phase 
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voltage waveforms nevertheless comprises a measurable peak value in amplitude. Moreover, 

with the integration of signal conditioning circuit comprises TL082 dual JFET input 

operational amplifier TL082 as a circuit’s main core, the generated output signal waveforms 

sent to the ADC input terminals of DSP TMS320F28335 has a voltage amplitude range of 

V0  until V3.3  which fulfills the requirements of the proposed prototype system. Any small 

deviations that occurred among the ADC’s input values can be mitigated in the later coding 

environments. Therefore, an introduction of a voltage transducer LV 25-P, as well as current 

transducer LA 25-NP, provide adequate, excellent and accurate measured values for better 

control, monitoring and protection mechanism especially in the three-phase grid-connected 

PV generation system. 
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