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Abstract: This paper presents a model of a stand-alone solar energy conversion system based
on synchronous machine working as a synchronous condenser in overexcited state. The
proposed model consists of a Synchronous Condenser, a DC/DC boost converter whose output
is fed to the field of the SC. The boost converter is supplied by the modelled solar panel and a
day time variable irradiance is fed to the panel during the simulation time. The model also has
one alternate source of rechargeable batteries for the time when irradiance falls below a
threshold value. Also the excess power produced when there is ample irradiance is divided in
two parts and one is fed to the boost converter while other is utilized to recharge the batteries.
A simulation is done in MATLAB-SIMULINK and the obtained results show the utility of
such modelling for supplying reactive power is feasible.

1. Introduction

SM-based systems may not be capable enough to supply all the reactive power demands of the total
load but incorporating it with rest of the grid adds a significant amount of reactive power and power
factor correction from the side of SM [1,2]. This paper gives an insight to how these SM system can be
utilized without any expense from the main system. A model is proposed to use the solar energy for
field excitation of the SM and which when overexcited starts generation the reactive power. There are
several types of RPCs like mechanically switched shunt capacitors and reactors, series capacitors,
Static VAr Compensator (SVC), Synchronous Condenser and Static Synchronous Compensator
(STATCOM). Underground and overhead transmission lines etc.

The technology used with the SM is Wind power excited synchronous generator system [1-3].
Fossil fuel or Hydro turbine coupled synchronous generator system are such that the RPC is done by
energizing the SM from the line itself [2]. A Synchronous condenser is an overexcited synchronous
motor supplying reactive power thus called as SM-RPC [4]. Generally other synchronous motors the
SC doesn’t have the shaft open because their main function is to supply reactive power hence they run
at no load at the synchronous speed and are not coupled to any mechanical load. There are several
techniques for control of excitation [7] of SC like using fuzzy logic [6] or by micro controller [3] or by
DC/DC converter [5], controlled bridge circuit etc. [8].

In this paper we show the working and performance of SC fed via a boost converter. A
SIMULINK model is made for the analysis of the performance and also to identify the capacity of the
SM to generate reactive power [9,10]. The field of the SM is fed via the boost converter. The boost
converter is supplied by the solar panel [11] having irradiance [12] varying through the scale. The
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format of this paper is as follows. Section 2 discusses the solar panel model and the irradiance input to
the panel. Section 3 discusses the design of boost converter and its input via the panel or the batteries.
SC output is mathematically calculated in Section 4 to be cross verified to the simulation output.
Section 5 is about the complete SIMULINK model and the complete proposed system, it also has
describes the major subsystems of the model. In the end Section 6 and 7 are the result and conclusion
based on the output of the simulation study.

Figure 1 shows the detailed model of the system. The solar panel is used as a primary input to
the converter and the batteries are kept as a backup in case the irradiance falls below a threshold value.
The excess energy produced is stored in the rechargeable batteries via the potential bridge which
divides the total output of the solar panel.
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Figure 1. Block diagram of the proposed model

2. Solar panel

The current output from the solar panel is proportional to the illumination or the light intensity
falling on it. With the increasing intensity the output of the solar panel increases and also with
decreasing intensity the output decreases correspondingly. The two main factors on which the output
of the solar panel depends is the irradiance and the temperature. The amount of power generated by the
panel depends on the operating voltage of the panel. The operating point of the panel is decided from
the V-I characteristics at the point with maximum voltage and current [12].

The complete arrangement of 72 cell is connected across a resister, the value of this resister is
chosen with respect to the output required [10,11]. A series of 6 solar cell as shown in Figure. 6 (b) is
connected repeatedly to make a series of 72 cells. The arrangement of the 6 cell in series as shown in
Figure. 8 is clubbed together and similar three such Models are connected in series to form one 18 cell
arrangement. Similarly the above 18 cell arrangement is connected in series 4 times to form the final
72 cell arrangement.

2.1. Solar panel simulink model
Thus by supplying the remaining part of the energy to the batteries we use the panel to its full extent.
This is achieved in this model by making a potential bridge. The two resistances connected in series
divide the output in such a ratio that the output across one is maintained at 24 and the output across the
other can be utilized for other purpose like that of charging of the battery.

Out of the total generating capacity of the panel at present irradiance the part of energy needed
to supply the converter is taken and the rest is utilized to recharge the batteries. In this way maximum
utilization of available energy is done. This will serve in multiple purpose supplying the converter and
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at the same time if available the batteries are also recharged thus utilizing the maximum power
available and the same batteries can be used when the irradiance falls below the threshold value.
2.2. Battery recharging

The partitioned output from the solar panel is sent to the controlled voltage source which in
turn recharges the battery. The output of both the cases is observed and it can be seen clearly that with
the potential bridge not only the output is more stabilized but maximum power is also extracted from
the solar panel. Finally adding a capacitor of suitable value will give a steady output of 24V. Further
improving the voltage profile.

Table 1. RESISTANCE RATIO

R; (Ohms) | R, (Ohms) | V; (Volts) | V, (Volts) | I,(Amps) | I, (Amps) Ri/R,

4 5 11 23 2.7 4.8 4/5

80 100 17.5 24 0.22 0.24 4/5
400 500 17.5 24 0.045 0.048 4/5
1600 2000 17.5 24 0.011 0.012 4/5
4000 5000 17.5 24 0.0045 0.0048 4/5
100 150 16.5 20 0.16 0.16 2/3
250 500 18.5 25 0.075 0.048 %3

From the above table it is clear that the ratio between R; and R, should be 4:5 in order to
maintain a balance between the potential divided in two parts. The only difference the value of the
resistance chosen makes is the magnitude of the current. Thus as per the need and limitation of the
project it is possible to select a proper value of resistance bound within the ratio of 4:5. For further
analysis let us take the value of R; = 1600 and R, = 2000 ohms. Now in order to maintain the profile
constant at 24V for V, and 17.5V for V; we select different values of capacitance to be added in
parallel with average value of the output voltage is tabulated as follows:

Thus from table 2 it can be seen that same as resistance the capacitance should also be in the
ratio of 4:5 and the minimum value as found in this case is C; = 4F , C, = 5F.

Table 2. DIFFERENT VALUES OF CAPACITANCES

C,(F) | C,(F) [ V, (Volts) | V5 (Volts)
0.1 0.1 19 26.5
0.4 0.5 18.5 26

4 5 175 24.7
20 25 17.1 24
24 30 17 24
28 35 17 24

3. Boost converter

The function of boost converter is to step up the input to the required output. The input to the
boost converter is either form the solar panel or via the batteries which are used when the irradiance
falls below a threshold value. The switching between the solar panel and the dc rechargeable batteries
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is done on the basis of the irradiance level [9,11]. If the irradiance falls below the threshold limit the
output of the switch is changed from solar panel to the batteries. As long as the irradiance level is more
than threshold the output is solar panel otherwise the batteries are connected. As shown in the
complete circuit diagram in Figure. 7 and in the complete SIMULINK model in Figure. 14 both. Here
the boost converter is designed to step up the input of 24V from the solar panel or the batteries to the
required voltage for the field excitation of the SM. The input from the solar panel or the batteries
maintained around 24V is boosted to the required voltage to be fed to the field of the synchronous
machine in order to over excite it and generate the reactive power. Here the reference value is fixed to
be 80 can be made constant or for real time application this is linked to the line shown in Figure. 11,
12, 13 and is explained in section ahead. The PID blocks makes the duty cycle for the reference value
and the PWM block generates the corresponding switching pulses. The complete arrangement is
shown in Figure. 14.

The above critical values are the minimum value required in order to maintain continuous current and
voltage profile. But in order to make a smooth voltage output the value of both L and C is greater than
the critical value.

4. Synchronous machine
We know that the total power generated by the SM machine is
E *V . 1, 1 1 ...
P, =———S8in6 +-V*(———)Sin(29)
. 2 X, X, 0

Where, Fi = total power developed

E, _ excitation voltage
V' = terminal voltage

X . .
4 = direct axis reactance

X .
¢ = quadrature axis reactance
S = power angle

Thus for the excitation voltage of E, =80 we calculate the reactive power as:

sk
P, = 80%(400) ;175 +14002($ —L)Sin(2*75)

34.1 2 16.25 34.1 2
P, =2194.95W

From the above calculated total power generated we can calculate the reactive power as:

P, =15535VAr

Thus the reactive power generated for the excitation voltage of 80V is 15535 VAr. The same
is verified in the tabular column followed containing readings of the simulation study for measuring
the output reactive power for different field voltages. Table 4 shows the corresponding output power at
different field voltage excitation of the SC keeping the parameters of the line constant like the load and
the phase difference in this case set it to be active power 1000W and reactive power 5000 VAr and no
phase delay in the supply.
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Table 3. PARAMETERS OF SYNCHRONOUS MACHINE

Specification Rating
Frequency 50 Hz
Rated voltage 400V
Rated power 8.1 KVA
Rated speed 1500 RPM
Inductance (q axis) 0.05175 H
Inductance (d axis) 0.1086 H
Stator resistance 1.62 ohm
Leakage inductance 0.004527 H
Field current 50 A
Field inductance 0.01132 H
Field resistance 1.208 ohm

Table 4. REACTIVE POWERS FOR DIFFERENT FIELD VOLTAGES

Field voltage Total power Active power Reactive power
(Volts) (Watts) #1074 (Watts) #1074 (VAr) *1004
60 2.45 1.96 0.61
65 2.71 2.15 0.81
70 2.98 2.33 1.02
75 3.26 2.53 1.25
80 3.55 2.72 1.49
85 3.84 291 1.75
90 4.15 3.12 2.03
95 4.47 3.31 2.32
100 4.79 3.52 2.63

All the blocks modelled so far are now connected together to complete the full model and thus
further observe the working of the SM shown in Figure. 2. A three phase ideal AC source supplies the
synchronous machine and a three phase parallel RLC is also added in order to vary the consumption of
real and reactive power.

The synchronous machine is kept at no mechanical load running at synchronous speed and its
field is supplied by the boost converter. The boost converter is fed via the solar cell or the batteries as
per the availability. The synchronous machine running at synchronous speed is overexcited by
increasing the field voltage in order to start generating reactive power. With the changing reactive
power demand in the line the excitation voltage of the machine is changed to match up with the need.

The parameters considered are the variable irradiance ranging from 500 to 1050 W/m2 and
further reducing below 500 toward the end. For the part of SP a series of 6 cell was repeated multiple
time to achieve 72 cell SP.

The error between the reference value and the actual output in the boost converter is sent to the
PID controller which generates the corresponding duty cycle and this duty cycle is converted to the

IOP Publishing
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gate pulses for the IGBT in the PWM block. Further SM of the rating 50 Hz 400 V 8.1 KVA 1500
RPM is selected from the available models and is run at the synchronous speed externally.
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Figure 2. Complete topology of the proposed system

5. Result and Discussion

The input value starts from 500 and reaches its peak to 1050 at mid-day. With the block of
time delay the simulation time is depicted as the time of the day and thus in same manner the
irradiance value is also changed correspondingly. The batteries are only used when the irradiance is
lower than 500. Thus till the irradiance is below the threshold value the supply to the boost converter
is continued by the secondary source that is the DC stored batteries.

The output taken across the resistor R1 is supplied to rechargeable batteries thus in this way
with better output voltage profile and reduced ripples part of the SP output is also utilized to recharge
batteries. Rather than wasting energy complete utilization of the energy is done.
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Figure 4. (a) Boost converter output voltage (b) Boost converter output current (¢) Duty cycle

The SM is fed with a constant speed here in this case to be 1500RPM in order to show the
coupling with the shaft of the prime mover and this speed is maintained constant throughout the time
of simulation. Figure. 5 (a) shows the constant speed of the SC. The total output power, active power
and reactive power is shown in Figure. 5 (b), Figure. 5 (c) and Figure. 5 (d) respectively.
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Stator current in all the three phases a, b, ¢ is shown in Figure. 6 (a). The three phase line voltage and
current that is between the ideal source load and the SC is shown in Figure. 6 (b) and Figure. 8 (c).
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6. Conclusion

The reactive power using the proposed system is best utilized by installing it at the substation.
With a set of SM installed in the distribution side of the grid not only the power loss in the
transmission is reduced but better power factor control is also obtained thus increasing the stability and
quality of the power. Also the fuel used is solar power and unlike other fuels like diesel etc. there is no
emission of gasses or any kind of pollution and there is no transportation of fuel included hence
completely removing the cost of transportation cost. This system also has potential to produce real
power so it can easily converted from reactive power source to main power source as the generation is

10



14th ICSET-2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 263 (2017) 052017 doi:10.1088/1757-899X/263/5/052017

to be distributed with the growing demand of power with is system the present need of reactive power
is met and the future increasing demand can also be supplied.
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