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ABSTRACT 

Micro-grid architecture is designed for small scale model in Brawijaya University area in order to change 

conventional AC-based electricity system previously. Low voltage direct current (LVDC) levels are proposed and 

charactized to obtain the optimal design of the DC grid system. Some parameters related to the electrical phenomenon of 

voltage, current and power which occur in distributed-generation, distribution grid, and load sites were also analyzed. 

Detailed model of photovoltaic (PV) and PMSG was implemented with operational analysis and simulated with study case 

modes to achieve the power and system efficiency. DC bus is conducted to accommodate the distribution power between 

PV generations; battery and super capacitor for energy sorage element, distributed-load and other grid utilization. Various 

condition and operation have been characterized toward stability performance of the voltage and current of 12-36 volts and 

0-20 A DC, respectively. This architectural design can be utilized to develop an actual design and small scale 

implementation of the LVDC smart micro-grid system. 

 

Keywords: micro-grid, low voltage DC, architecture. 

 

INTRODUCTION 

In order to the development of electric demand, 

DC grid systems have been many proposed to change an 

AC grid system. Integration of furure energy resources and 

rapid response for utilities improvement toward customer 

demand for energy cost saving have been attractive 

interest to develop smart grid technolgy (Brown, 2008). 

Micro-grid architecture can be designed for small scale 

area in order to change conventional electricity system 

effectively. Smart generation and distribution of the smart 

grid has been introduced the concept of active distribution 

networks in cooperation with distributed grid intelligent 

(McMilin, 2011). Low voltage direct current (LVDC) 

levels are suitable to obtain the optimal design of the DC 

grid system according energy demand and supply in micro 

scale area (Hamilton and Summy, 2011). The 

environmental problem with existing grid was attractive 

combined by utilization of distributed energy resources 

and distributed energy storage system due to optimalized 

energy management system (Chatzimisios, 2012). Some 

parameters related to the electrical variable of voltage, 

current and power which occur in distributed-generation, 

distribution grid, and load sites are proposed analyses and 

observed. Detailed model of photovoltaic (PV) and PMSG 

was implemented with operational analysis and simulated 

with study case modes to achieve the power and system 

efficiency. DC bus is conducted to accommodate the 

distribution power between PV generation and battery for 

energy sorage element, distributed-load and other grid 

utilization. This architectural design can be utilized to 

develop an actual design for small scale implementation of 

the LVDC smart micro-grid system. 

 

 

 

 

DC-GRID ELEMENTS 

 

PV/ Solar Cell Model 

Photovoltaic (PV) or solar cell converters light 

energy in to electricity directly. Commonly, PV consist of 

p-n junction silicon-based semiconductor material which 

produces current I and voltage V. While kT/q is called by 

thermal voltage VT of 25.83 mV for silicon-based material 

at room temperature, the current I and open circuit voltage 

Voc of solar cell output can be expressed by 

 � = � − � [� �� − ]                                               (1) 

 � = � �� [ + � ��0 ]                                  (2) 

 

where ISC is short circuit current of 34.5 mA and I0 is 

saturation current at base temperature Tref  of 1x10
-12

A 

each cell. The circuit short current Isc can be determined 

according to the solar irradiance S and temperature. While 

Ki is current-temperature coefficient and T is the ambient 

temperature, the PV current IPV is a function of solar 

irradiation and temperature of PV module is defined by 

 � = [ � + � − ]                   (3) 

 

where Sn and Tref  are base solar radiation of 1000 W/m
2
 

and base temperature of 25°C, respectively. In order to 

practical devices the series resistance is low and the 

parallel resistance is high, it can be assume that Isc ≈ Ipv 

generally used in the modeling of PV devices. Solar cell 

array or module consists of number of parallel Np 

connection of solar cell which has series RS and shunt RSH 
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resistance. Thus the output current of PV array is 

described by 

 � = � − � [� �+� − ] − +�
.            (5) 

 

The power output at the maximum power point in 

I-V characteristic under solar irradiation is known as the 

peak power Pmax of the solar cell is determined by 

 � = � �                                    (6) 

 � = � − � ln [ + ]                   (7) 

 � = � − �                                                 (8) 

 � = � − � [�(�� ) − ]                   (9) 

 

Vmp and Imp show the maximum voltage and 

current at maximum power point (MPP). The series-

parallel connection between cell or module is conducted 

PV array to generate current and voltage under solar 

irradiance of 1 kW/m
2
 during measurement with different 

temperature. Based on simulation, the solar cell 

characteristic is shown in Figure-1. The PV module I-V 

characteristic and power output with different solar 

radiation are shown in Figures 2 and 3. 

 

 
 

Figure-1. I-V Characteristic and output power of 

solar cell. 

 

 

 
 

Figure-2. I-V Characteristic of PV module at different 

solar irradiance. 

 

 
 

Figure-3. Power characteristic of PV modul at different 

solar irradiation. 

 

Wind Turbine Generator 

Wind turbine is used to convert the wind energy 

to mechanical torque. The mechanical torque TWT of 

turbine can be calculated from wind turbine extracted from 

wind power which has wind speed Vwind. The power 

contained in wind is given by the kinetic energy of the 

flowing air mass per unit time. Wind turbine power PWT 

can be described mathematically by: 

 = � � � �                                              (10) 

 = � � � �                                              (11) 

 � = − . � sin � �−− . − � − �           (12) 
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� = ��� �                                                            (13) 

 

where r, ρ and Cp are blade radius (m), air density (kg/m
3
) 

and power coefficient, respectively. The air density 

typically is used of 1.2 kg/m
3
. The power coefficient is 

calculated according (12) in the form of tip speed ratio λ, 

where λ is described by (13) function of angular blade 

speed Ω and wind speed Vwind. The expression of the 

power coefficient Cp has been approached to this turbine 

following blade pitch angle β, constant-a of 0.44 and 

constant-b of 0.00183, respectively. A Permanent Magnet 

Synchronous Generator (PMSG) is used to conduct this 

modelling. The PMSG is a direct drive type with low 

speed and a high number of poles, the wind turbine and 

the generator are rotating at the same mechanical speed via 

the same shaft. The electrical power generation is 

determined using wind power refer to the (10) of wind 

energy conversion system. The power developed in the 

wind turbine depends on wind velocity. Thus the power 

captured by the wind turbine is the cubic function of wind 

speed. The maximum power extracted from wind turbine 

generator is 1.5 kW at a wind speed of 6 m/s. voltage and 

current output from PMSG is modeled in the Park mark 

(Hua Ye, 2013) by following equation: 

 � = � + � − � �                                (14) 

 � = � + � − � � + � ϕ                 (15) 

 

where 

vd = d-axis stator voltage components 

vq = q-axis stator voltage components 

id = d-axis stator current components 

iq = q-axis stator current components 

Rα = stator resistance 

Lα = stator inductance  

ϕ  = permanent magnetic flux  

ωr = rotor electrical angular speed. 

 

 
 

Figure-4. Power of PMSG towards wind speed function. 

Storage Element Model 

Storage element is designed using battery and 

super capacitor. The Ni-MH battery for storage is chosen 

for mathematical model. This model assumes that the 

same characteristics for the charging and the discharging 

cycles. The battery model using only SOC (state of 

charge) as a state variable is constructed due to accurately 

reproduce the characteristic curves for the Ni-MH battery. 

The SOCof Ni-MH battery can be defined by  

 � = [ − ∫ � ] %                                             (16) 

 

The open voltage source is calculated with a non-

linear equation based on the actual SOC of the battery. 

The battery model represents a non-linear voltage which 

depends on the actual battery voltage. This means that 

when the battery is almost completely discharged and that 

no current is flowing, the voltage will be nearly zero. This 

model yields accurate results and also represents the 

behavior of the battery. The battery voltage equation is 

determined by 

 � = � − −� + ��− ∫ � − �                               (17) 

 � = �� + + � − �                                             (18) 

 = � − � + ��− − � /                 (19) 

 

Where E, E0 and EFull are battery voltage, initial 

voltage and full voltage of the battery, respectively. The 

battery is modeled using a controlled voltage source with a 

constant resistance R, current i, voltage constant K, A and 

B. The K constant is calculated according to charge 

differential δQ which determine using nominal charge of 

Qnom by (Q-Qnom/Qnom). The parameters are derived from 

the discharge characteristics and assumed to the same for 

charging cycle. The three necessary points used to extract 

the model parameters are the fully charged voltage, the 

end of the exponential zone and the end of the nominal 

zone and other parameters need for output voltage. State 

of charge of battery and the characteristics of the battery 

are shown in Figure-5. The characteristic curve shows the 

EFull charge and Enom are 100 V and 96 V, respectively. 

The 30 As battery capacity is chosen for this 

characteristic. 
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Figure-5. Battery characteristic curves. 

 

Super capacitor element 

Super-capacitor offer new solution for various 

application of energy storage. The capacitors are emerging 

new devices for many applications of as energy buffers or 

as main energy sources due to their high energy density 

and high power density (Niu and Yang, 2011). Compared 

with batteries, super-capacitor has many advantages such 

as high-efficiency, light-weight, larger current density, 

wider working temperature range and environmental 

friendly. The capacitor acts in responding to a sudden 

power requirement as an auxiliary converter since battery 

role in regulating DC grid voltage during the off-grid 

mode. The super-capacitor regulates DC grid voltage at 

the moment of charging–discharging transition and makes 

up a lack of power which battery cannot handle. 

 

Environmental profile 

The characterization of the solar irradiance and 

temperature are proposed using data simulation. These 

solar irradiance data are modified by gaussian model 

combined of five profil. Since the temperature profile was 

constructed by four sine wave function to create daily 

temperature profile. The daily profile of solar irradiance 

and temperature applied to characterize PV module are 

shown in Figure-6. 

 

 
Figure-6. Solar irradiation and temperature profile to 

characterize PV system. 

Micro-grid architectural design 

Architectural design of micro smart grid model is 

shown in Figure-7. The developed model is combined 

using PV module and PMSG wind turbine generator. Each 

part or node consists of power generation, storage element, 

controller, and the local load supported by driver or DC-

DC converter. The power line between node are 

interconnected to construct DC power bus and 

supplemented by communication line to transmit 

monitored data applied node directly. 

 

 
 

Figure-7. Grid design architecture. 

 

RESULT AND DISCUSSIONS 

 

Prototype design 

The design of the system has been applied in this 

study included part of solar panels, solar charge 

controllers, energy storage, energy monitoring and control 

systems as well as parts of the electrical load which 

monitored through a PC. Part of solar panels serve as a DC 

electric generation with variations in the size of the three 

types, include 100 Wp, 65 Wp and 50 Wp. Electrical 

parameter of the 100 Wp solar panels module was 

maximum power (Pmax) of 100 W + 3%, the working 

voltage at the maximum power (Vmax) of 18V, operating 

current at maximum power (Imax) 5.5 A, open circuit 

voltage (Voc) of 22 V, short circuit current (Isc) of 5.95 at 

standard test conditions with irradiance energy of 1000 

W/m
2
, 25°C and AM 1.5. While the 65 Wp PV module 

has the characteristics of voltage at the maximum power 

(Vmax) of 17.2 V, the current at maximum power (Imax) of 

3.77 A, open circuit voltage (Voc) of 21.4 V and short 

circuit current (Isc) 4.8 A. The electrical parameters of 50 

Wp PV module has a tolerance of + 5% with a working 

voltage at maximum power (Vmax) of 17,13 V, operating 

current at maximum power (Imax) of 2.92 A, open circuit 

voltage (Voc) of 21.63 V and short circuit currents (Isc) of 

3.12 A. Installed PV is shown in Figure-8. 
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Figure-8. Installed PV modules on rooftop. 

 

Monitoring device is designed by using 

installation of solar cell on the input power and electrical 

load connected by solar charge controller (SCC). The 

maximum characteristics of SCC are used at a voltage of 

46 volts and a current of 20 A. The energy of sunlight has 

been harvested using the photovoltaic (PV) converted into 

electrical energy then stored in the electric energy storage 

with a 12 volt battery voltage VB and a storage capacity 

Csof 45 Ah VRLA calcium battery type. The development 

of monitoring and data logger module for metering solar 

cell power and DC electrical network is shown in Figure-

9. In this system each parameter measured and observed to 

get the data of electrical measurements, such as voltage, 

current, power, energy and capacity. A monitoring panel 

handles input power from the PV of 100 Wp, 65 Wp 

parallel with 65 Wp and 65 Wp with 50 Wp parallel which 

were connected in star for node monitoring mechanism 

with direct measurement. 

 

 
 

Figure-9. Grid monitoring devices. 
 

Interconnection between devices monitoring and 

control are tested the as a slave and a master control that is 

connected to the PC controller. Communication between 

devais connected in serial RS485 for data transmission of 

measurement and control signals from the master. Data 

from the third measurement node (slave) converted and 

processed before transmitted to the PC via a USB port 

with a USB-TTL serial converter using baudrate 9600. 

Control devais setup for testing is shown in Figure-10. 

 
 

Figure-10. Grid controlling using PC. 

 

Desktop program display the measurement results 

on each node by varying the electrical load is shown in 

Figure-11. Based on the obtained data the system has been 

able to monitor the use of electrical energy from each node 

simultaneously perform process control power lines 

connected to the grid directly. 

 

 
 

Figure-11. Grid monitoring. 

 
Devais testing process monitoring and control 

grid using a variation of electrical load types. A node type 

of load is 7 watt LED lamp phillips 220 volts using a DC 

to AC inverter (modified sinewave) with measured power 

of 10.8 watts (12 volts DC and 0, 9A). Node B is installed 

load of LED arrays of 36 volts (56 watts AC) which is 

connected to a DC-DC converters 12 to 36 V resulting in 

measurable power of 3.96 watts (12 volts and a current of 

0.33 A). While the node C is connected to the load DC 12 

V (LED strip) 6 m directly by measuring the power of 3.6 

watts (12 volts DC and 0.3 A). Source of light energy used 

in this test setup is a 125 watt mercury lamp 220 V is 

installed facing the PV panel. Each use of the electrical 

load is connected to the slave representing devais 

monitoring measurements for nodes A, B and C 

simultaneously with RS485 serial communication towards 

devais master. 

 

Result analysis 

Devais used in testing the characteristics of the 

electrical load at node A to incandescent lamps DC (9 
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watts), node B with DC incandescent bulbs (18 watt) and 

node C with a 12 Volt DC motor (21 watts). Testing 

Results devices with variations in load characteristics of 

each node is monitored through a visualization program on 

the PC desktop is shown in Figure-12.  

 

 
 

Figure-12. Grid power monitoring characteristic 

(a) 1
st
node 1 (b) 2

nd
 node, (c) 3

rd
node (d) 3

rd
node while 

internal supply and 2
nd

 node connected. 

 

A voltage sensor signal conditioning circuit is 

used to measure the voltage generated by power supply. 

Voltage power supply voltage is limited to the range of 8-

22 volts and regarded as the input voltage of the voltage 

sensor signal conditioner circuit for ADC input is 

converted into a voltage that can be processed by a 

microcontroller. The measurement results of the voltage 

sensor signal conditioner circuits are shown in Table-1. 

 

Table-1. Voltage sensor measurement. 
 

Voltage (V) 
Error (V) 

Error 

(%) VIN Measurement 

8 8.064 0.064 0.797 

9 8.926 0.074 0.826 

10 9.950 0.050 0.500 

11 10.933 0.067 0.614 

12 11.945 0.055 0.458 

13 12.930 0.070 0.538 

14 14.020 0.020 0.143 

15 15.036 0.036 0.242 

16 16.001 0.001 0.008 

17 17.118 0.118 0.695 

18 18.045 0.045 0.250 

19 19.166 0.166 0.872 

20 20.197 0.197 0.984 

21 21.179 0.179 0.851 

22 22.270 0.270 1.227 

Average error (%) 0.600 

Current sensor is used to measure the current 

flowing from the power supply to the load lamp and 

resistor. Measurements performed three times with a 

supply voltage to the sensor current of 5-12V. Current 

sensor test results are shown in Table-2. 

 

Table-2. Current and voltage measurement. 
 

IIN 

(A) 

Voltage (v) 
dif (V) 

Error 

(%) Calc. Meas. 

0 2.560 2.600 0.040 1.563 

0.5 2.653 2.693 0.041 1.539 

1 2.745 2.800 0.055 2.004 

1.5 2.838 2.937 0.099 3.495 

2 2.930 3.000 0.070 2.389 

2.5 3.023 3.073 0.051 1.682 

3 3.115 3.197 0.082 2.622 

3.5 3.208 3.300 0.092 2.884 

4 3.300 3.407 0.107 3.232 

4.5 3.393 3.543 0.151 4.446 

Average Error (%) 2.586 

 

Testing is done by regulating the combination of 

lights that are arranged as shown in Figure-13. Then turn 

the switch on the load alternately and sequentially, so that 

the load current increases. Sensors are used to perform 

reading of the current changes. Measurements were taken 

respectively - helped by using ammeters and current 

sensor circuit, both readings will be compared. Load types 

Lamps used specifications 6V/3W with 18V constant 

voltage source. Testing circuit current sensors are used to 

measure the current flowing in the load in the form of a 

series of lights is performed three times. The measurement 

of sensor circuit is shown in Table-3. 

 

 
 

Figure-13. Load circuit. 
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Table-3. Hasil pengujian arus beban - mikrokontroler. 
 

On 
Ic 

(A) 

Imeas. 

(A) 
Error (A) 

Error 

(%) 

B 0.4 0.389 0.011 2.858 

A 0.48 0.474 0.006 1.213 

BC 0.8 0.772 0.028 3.442 

AB 0.88 0.886 0.006 0.696 

BCD 1.17 1.190 0.020 1.742 

ABC 1.24 1.259 0.019 1.536 

BCDE 1.55 1.578 0.028 1.831 

ABCD 1.64 1.664 0.024 1.487 

BCDEF 1.99 1.965 0.025 1.252 

ABCDE 2.08 2.037 0.043 2.048 

ABCDEF 2.47 2.430 0.040 1.621 

Average Error (%) 1.793 

 

The test results on the circuit relay switching 

times indicate the time required to perform switching or 

the relay work interchangeably. Table-4 and Figure-14 

shows the rise time tr and falling time tf when the relay 

work interchangeably. Table-4 shows the relay is used for 

switching voltages with different values; this mechanism 

is done to facilitate the observation. According to the 

table, it shows the fall time and rise time for the transfer 

voltage. Thus the average - average time required to 

perform the switching process is over 6.71ms. 

 

Table-4. Switching time for grid connected. 
 

n voltage (V) tf (ms) tr (ms) tt (ms) 

1 20 - 15 4 4 8 

2 15 - 20 4 4.04 8.04 

3 15 - 10 4 4.1 8.1 

4 10 - 15 0 4.1 4.1 

5 20 - 10 4.1 4 8.1 

6 10 - 20 0 3.92 3.92 

Average switching time (ms) 6.71 

 

 
 

Figure-14. Signal profile during switching time. 

 

CONCLUSIONS 

Based on the research which has been carried out, 

some of the conclusions obtained as follows: The design 

of the system has been successfully carried out installation 

design of network architecture at the level of low-voltage 

DC-based solar cell with a basic voltage of 12 volts DC. 

As a source of plant used three different types of PV 

modules of 100 Wp, 65 Wp and 50 Wp. SSC is used to 

control battery charging with locally varying load. The 

device can monitor the voltage, current and power on the 

system monitoring directly. The data result can be 

transmitted through the measurement is devais slave node 

to the master for display to a PC via RS485 

communication. Each node can be tested with 220 V AC 

load through the conclusion inverter 300 watt, LED array 

load DC 36 volts through a converter 12 DC to 36 DC (56 

W) as well as 12 DC LED strip load of 3.6 W. The results 

of the measurement characteristics devais indicates the 

system has a function properly, it is evident from the 

measurement of electrical current and voltage are 

measured by the average error rate is relatively small of 

1.79% and 0.6% for the current and voltage respectively. 
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