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Abstract: Green energy from Solar PV is getting increased attention in the industries due to the falling
price of solar panels in the world market. A grid-tied inverter is one of the major components in
such a system, where the DC energy from PV is converted to AC and synchronized with the grid
to obtain power sharing between the PV and the grid for the industrial drives. In this paper, a DC
link has been proposed instead of an AC link for interconnection between the solar PV system and
the grid to run those industrial drives. In most modern industrial applications, induction motors
are driven by VVVF (Variable Voltage and Variable Frequency) inverters to achieve efficient speed
control. The inverters commonly have a rectifier section at the front end that rectifies the input AC to
DC and the DC is then used in PWM mode to generate the required voltage and frequency for the
induction motor operating under variable speed and load conditions. Such an inverter can use both
AC or DC as the input so long the supply voltage has the right value for the inverter to operate. In
our proposition, we eliminate the grid-tied inverter and use a DC link, created from the rectified AC
and the regular Solar PV, to obtain the power-sharing between the PV output and the grid. Using
the DC link output directly to energize the VVVF inverter has an impact on the performance of
the inverter. In the proposed system, the solar PV array is designed in such a way that the grid
remains as the supplementary power source only to supplement any shortfall in the PV output
due to variable sunshine conditions. The control circuit used in this novel technique is inexpensive,
efficient, and simple in design when compared to the grid-tied inverters. The proposed system has
been implemented at Niagara Textiles in Gazipur, Bangladesh. The experimental/practical results
are presented to validate the basic concept. Around a 20% reduction in the cost of energy has been
reported in this paper, with a more than 90% efficient system. This will definitely make solar PV
energy more competitive with regular energy and attractive to industries for its simplicity.

Keywords: green energy; solar PV; grid-tied inverter; inverter-less

1. Introduction

The ominous threat of global warming has triggered enhanced awareness amongst
policymakers, utilities, and consumers alike. Countries in general, irrespective of their
geographical location or economic affluence, are considering renewable energy resources as
a major thrust area [1-3]. Earlier, the green energy concept was stigmatized as an expensive
form of energy meant only for the rich [4,5]. However, the price of the PV modules in
the world market has come down to a level such that solar PV-based energy generation
has become commercially viable, even for countries with moderate sunshine, so that they
can compete with the national grids [6,7]. The most common form of solar PV and grid
connection involves grid-tied inverters, where the DC output of solar PV is converted to
an AC that is compatible with the grid voltage. These grid-tied inverters should have the
following characteristics:
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The output voltage needs to be sinusoidal;
Voltage and frequency of the output must match with those of the grid;
3. The output must have the right phase to connect to the grid.

N

Additionally, the inverter must draw power from the PV such that maximum power
point operation is ensured. Satisfying all the requirements in the grid-tied inverter require
complex control circuits, which is reflected in their cost. The design of the grid-tied inverters
has improved significantly over the years and present-day inverters can have an efficiency
of more than 95% under full load operation. However, under varying load conditions due
to varying sunshine, the average efficiency remains more than 90% [8,9].

Despite their high efficiency, grid-tied inverters are still expensive and account for
around 15-20% of the PV energy cost [9]. Usually, the cost of the PV energy is within a
very narrow margin of profitability and any uncertainty in the PV output such as periodic
cleaning of the dirt [10,11] on the PV modules to keep the output to the designed level can
eat up the narrow margin of profit. Such factors have a discouraging effect on the industrial
uptake of PV systems and any reduction in the energy cost can have a significant positive
impact. With the development of power electronics, many of the appliances and drives
have electronic controls inside them and are effectively insensitive to the type of input
voltage (AC or DC) supply [12]. At the same time, many of the appliances have their own
control circuit that enables the appliances to work over a wide range of input voltages. This
is particularly true for the industrial motor drives [13-15] and it opens up the opportunity
of integrating solar PV to grid-connected systems without using grid-tied inverters. Such a
mechanism is expected to be of lower cost compared to the cost of the grid-tied inverters,
as already discussed, and can have efficiency as high as or higher than the usual grid-tied
inverters. Higher efficiency and lower cost can contribute towards a less expensive PV-
based power that can have a positive impact in popularizing PV systems in grid-connected
applications. Although such a concept has been proposed in small-scale household cooking
systems with cooking appliances using DC loads [16], to the best of our knowledge, a
similar system has not been studied with three-phase industrial drives. Here, we have
presented the performance of such a system under varying sunshine and load conditions
indicating that it can be a very effective low-cost solution for industrial applications.

In this paper, we present the concept and the design considerations for a rooftop
inverter-less PV system to be connected with grid-connected industrial drives. An inverter-
less system along with rooftop solar PV was implemented in Niagara Textiles, a compliant
textile industry in Gazipur, Bangladesh, to verify the performance of the system. Exper-
imental/practical data were collected to observe the power-sharing between the solar
panel array and the grid under different loads and sunshine conditions. Results show that
load-sharing control was smooth and efficient under varying load and sunshine conditions.
After this introduction section, Section 2 describes the issues and proposal of our research.
The proposed system model has been explained in Section 3. Section 4 clarifies the system
modeling. The findings and results are discussed in Section 5. Lastly, the conclusion has
been drawn in Section 6.

2. Inverter-Less Integration of Solar PV with Industrial Drives

The rooftop application of solar PV is gaining momentum, particularly in industries
in Bangladesh, as there are a number of economic reasons associated with it. Infrastructure
Development Company Limited (IDCOL), Bangladesh [17] has so far financed 11 rooftop
solar systems and the average energy cost is approximately USD 0.075/kWh (with 80% loan
at a subsidized interest rate of 6%). The cost of captive power generation in Bangladesh
is USD 0.055/kWh where a subsidized gas supply is available and the cost of grid power
is USD 0.11/kWh. Although IDCOL estimated the cost of inverter based solar PV energy
to be lower than the grid energy, it was realized later that most of the industries did not
consider the realistic loss of energy due to temperature rise in the solar cells [18-22] and
accumulation of dust and dirt on the solar panels [23-28]. When all these losses are taken
into account, the actual cost of energy is expected to be higher. So, further reduction in the
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cost of solar PV-based energy is essential to make solar PV power competitive to the grid
power in Bangladesh, when IDCOL funding with subsidized interest rate is exhausted.
The main reasons for solar PV applications in the industrial sector in Bangladesh are:

1. A large number of industries receive natural gas (Methane) from the national gas grid
at a price much lower (less than half) than the international price [29]. They use this
gas for captive electricity generation and as fuel for boilers for steam generation. As
the production of gas from the local gas fields is dwindling, the government has taken
up a plan to import gas and supply it to the gas network to sustain the industries.
However, the cost of gas is expected to increase by at least 50% within a few months
or so [29]. This has instigated considerable concerns for the industries to look for
alternative energy resources and due importance is given to solar PV.

2. The falling price of solar PV has made the cost of solar energy competitive with the
captive generation. Any increase in gas price will make solar PV even more attractive.

3. For industries not having enough captive generation, solar PV has become a very
attractive alternative as grid electricity costs are much higher (almost 40% higher)
than captive electricity generation.

However, the main challenges of using PV in industries are as follows:

1. Solar PV output is intermittent in nature with varying output varying with cloud, fog
or other weather related uncertainties.

2. Most industries run for long hours every day and the industry must arrange for
alternative sources for night hours.

3. One possible option is to have a battery or some other form of energy storage, which
is still very expensive and is not economically viable for most industries.

4. Having grid-tied inverters to connect the solar PV to the internal power line is one of
the best solutions. However, as already mentioned, in moderate-sized PV systems,
less than 500 kWp, the cost of inverters constitutes approximately 15-20% of the
energy cost with a complex operation system [30].

Using the proposed system, there is scope to make the PV power less expensive and it
is our estimation that the cost of the energy can be reduced by close to 20%. Such a reduction
in the energy cost can make them more popular and we expect that more industries will
take interest in generating a higher percentage of green energy reducing the overall carbon
emission [29,31].

The basic block diagram of the proposed system is shown below in Figure 1. The
3-phase AC supply is rectified to convert it to DC. The PV array is chosen such that it has
the maximum power point voltage close to the rectified grid voltage (which automatically
means that the open circuit voltage will be approximately 25% higher than the rectified grid
voltage) [9]. The —ve terminal of the PV out and the rectified grid voltage is connected to
form a common —ve terminal. This common —ve terminal, the +ve terminal of the rectified
grid voltage, and the +ve terminal of the PV output are now connected to the three input
terminals of the variable voltage variable frequency (VVVF) inverter (DC to AC converter)
of the industrial drive via a 3-pole (3-phase) magnetic contactor as shown in Figure 1. The
value of the capacitor at the PV terminals is essential for the efficient operation of the system
as the VVVF inverter operates in pulse width modulation (PWM) mode.
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Figure 1. Block diagram of the control circuit to drive the existing motor controller.

3-phase AC to AC converter

3. The Proposed System Model

In the proposed system, we suggest that the number of PV modules connected in series
should be such that the DC voltage obtained by the rectification of the grid voltage is close
to the maximum power point voltage of the PV array. So, there is no voltage level converter
used so far as the PV output is concerned and this will save the cost of the hardware and
at the same time reduce the energy loss occurring due to voltage conversion. The VVVF
inverter, driving the motor, has a maximum rated input voltage to avoid damage due to
over-voltage. While designing the PV array;, it is to be taken into consideration that the
open circuit voltage of the PV array does not exceed this limit.

Mathematically, these conditions can be expressed as

Ve
N =int| ~2€ 41 1
m(v +> 1

MP

where N is the number of panels to be connected in series. V. is the rectified 3-phase grid
voltage. Vpc is the DC operating voltage of the VVVF inverter and Vjp is the maximum
power point voltage of a single array, V¢ is the open circuit voltage of a single PV module
and Voc,,,, is the open circuit voltage of the PV array, Vpc,, is the maximum DC voltage
that is allowed to apply at the VVVF inverter input terminals. Here, int(x) indicates a
mathematical operation that selects an integral value from x by discarding the fractional
part. Along with the condition mentioned in Equation (2), it is to be ensured that the open
circuit voltage of the PV array does not exceed the allowed voltage limit that can be applied
to a PV module, i.e.,

N xVoc <P Vmodulefmaximumfullowedfvoltage 2)

Typically, the rectified grid voltage V. ranges within 540-560 V for the VVVF
inverters and the maximum allowed voltage for a PV module is less than 1000 V. So, the
voltage condition required in Equation (2) is usually within the safe voltage range for an
individual PV module.

3.1. Design of the Panel Array

Once the value of N is obtained from Equations (1) and (2), we design an array of
PV panels by connecting N number of solar panels in series. To determine the number of
parallel branches in the PV array, we need to estimate the required installed capacity of
the solar panel array, Pyrqy. Given individual panel power rating Pp (Watt peak), we can
calculate the number of parallel strings A; in the PV array as follows:

. Parray
Al_mt(NxPP> 3)
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It is very likely that Paray/ (N x Pp) will be a non-integer, and we need to make a
round off of the value of A; by choosing the lower round off after adding 0.5.

While choosing the value of Pyrqy, we need to consider the roof space, the recom-
mended tilt angle at that geographical location, and the amount of green energy the industry
intends to consume. It is recommended that we choose Pyyrqy such that its production does
not exceed the power requirement of the connected load under the expected highest sun-
shine condition at that geographical location, as any excess power from the panel cannot
be delivered to the grid in the proposed system.

3.2. The Control Circuit

As discussed earlier, many industrial machines are driven by VVVF inverters. Due
to the rectifiers at the first stage of the VVVF circuits, these inherently can run from a DC
source with a voltage close to its rated AC peak voltage. For our analysis, a number of
AC to AC converters (VVVF inverters) that drive variable speed knitting machines were
considered as the load. The AC to AC converter has a 3-phase full bridge rectifier at its input
end and a variable frequency inverter at the output end as shown in the schematic diagram
in Figure 1. The 3-phase grid supply is first rectified through an externally connected
bridge rectifier and the DC output is given as input to the two of the three terminals of
the AC to AC converter via a 3-pole magnetic contactor. The negative end of the PV array
is connected to the negative end of the external bridge rectifier that converts the grid AC
to DC. The positive terminal of the PV array, the positive terminal of the grid DC and
the common negative terminal are connected to the three input terminals of the magnetic
contactor and the output of the magnetic contactor is then connected to the three inputs of
the AC to AC converter. The choice of the terminals has no impact on the operation of the
circuit. The circuit arrangement ensures that there is no backflow of power from the panel
to the grid or from the grid to the panel. The magnetic coil of the contactor is energized
from the grid ensuring that the magnetic contactor disconnects the AC to AC converter
from the grid and the solar PV to avoid any accident due to high PV voltage when the
grid power is off. In a developing country such as Bangladesh, load shedding is not an
uncommon phenomenon and it is important to isolate the load from the PV during load
shedding. This is enforced by the magnetic contactor whose magnetic coil is energized
by the grid voltage. When there is load shedding the magnetic coil is de-energized and
contact with the PV is disconnected. This ensures personnel safety during grid power
failure or repair and maintenance of the machine. There is a 1000 uF capacitor connected at
the output of the PV array which makes sure that the PV voltage remains steady during the
switched mode operation of the inverter. This is important to keep the PV voltage always
close to the maximum power point voltage for efficient operation.

3.3. Operating Conditions and Expected Losses

While PV output and the grid are connected via the rectifying circuits (shown in
Figure 1), the following two conditions may occur during power sharing between the grid
and the panel.

3.3.1. Condition 1: When the Load Power Is Less Than the Maximum Power of the Solar PV

Under this condition, PV output at its maximum power point is higher than the power
consumption of the load. This may occur due to strong sunshine or very low power
requirement from the load. Under such a condition, the PV terminal voltage increases to
a value higher than the grid voltage to adjust to the load power. As per the design of the
control circuit, any increase in the PV voltage will reverse bias the rectifier circuit on the
grid side (as the grid side voltage is almost constant) and power flow from the grid will
stop. This is an unwanted situation as the power flow from the PV panels are less than
their capability to deliver and should be avoided.
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3.3.2. Condition 2: When the PV Power Is Less Than the Load Power

Under this condition, the rectified grid voltage determines the DC voltage at the input
side of the inverter and the current flow from the PV panel will correspond to the DC
operating voltage. As per the design, the DC voltage obtained from the rectified grid supply
is slightly below the maximum power point (MPP) voltage of the PV.

Therefore, PV supplies the majority of the load power requirement while operating
close to MPP. The remaining fraction of the total load power is drawn from the grid. The
percentage of power share between the PV and the grid will depend on the sunshine condi-
tion. Solar PV maximum power point voltage decreases from the standard testing condition
(STC) value under lower sunshine conditions. Therefore, under varying sunshine, solar
PV operates at the grid voltage but suffers some degree of power loss due to the deviation
of the maximum power point voltage. Our numerically simulated results presented in
Section 5.1 show that the loss remains well within 5% for an optimally designed system.

While designing the PV array, we should ensure that the situation described in con-
dition 1 rarely takes place. Unlike the MPPT (maximum power point tracking) inverters,
the control circuit is very simple and can handle the rapid fluctuations in the sunshine
conditions without having any adverse effect on the efficiency. The I-V characteristics of
the solar panel ensure that, under condition 2, PV delivers its power to the load and only
the remaining fraction of the load-power requirement is drawn from the grid. During the
night hours, there is no PV output and the full power is drawn from the grid.

The array is designed in such a way that the operating voltage of the system is set
slightly lower (3-5% lower) than the STC maximum power point voltage of the PV array.
This is to make sure that the operating DC voltage of the system (i.e., inverter inside the
machine) never goes higher than the MPP voltage of the PV array due to the fluctuation
of the grid voltage. The power output of a PV array reduces rapidly if the operating
voltage goes beyond the maximum power point. Hence, the array is designed such that the
operating DC voltage never exceeds the maximum power point voltage of the PV.

As far as the efficiency of the control circuit is concerned, losses in the rectifiers are
the main losses, considering that there is no significant loss in the connecting wires or the
magnetic contactor. In the case of the bridge rectifier, two diodes remain in conduction
while under operation and the expected voltage drop Vjj,4, will be of the order of 2 V
(~1V for each diode). Considering the operating DC voltage of the inverter to be Vpc,
any current (I) will deliver load power of P(= I x Vpc) and the corresponding power loss
in the two diodes will be Pryss(= I X Vjjpge)- So, the loss fraction of the load power will
be (I X Vyioge)/ (I X Vpe) = Viioge/ Vbe = (2 V) /Vpc. Similarly, in the PV circuit, there is
only one diode in the conduction path and the expected loss fraction in the PV portion of
the circuit is (1 V)/Vpc (~1 V drop in a single diode). The usual voltage of Vpc will be
close to 535 Vp for a 3-phase 400 V AC system. This corresponds to 0.37% and 0.18% loss
in the grid and PV portion of the control circuit, respectively. This is no doubt a very low
loss figure for a circuit connecting PV to the grid. Loss in the magnetic contactor [32] will
depend on the type chosen and should not exceed 10 W.

4. System and Model Setup

In the following subsections, we will discuss the experimental system setup and the
numerical model considerations.

4.1. System Configuration

We implemented our scheme in a small knitting section of Niagara Textiles, where
four knitting machines were energized by the system. Each of the machines was rated at
3.5 kW, and the inverters driving the machines were rated at 4 kW. The actual load of the
knitting machines varied with the thickness and type of yarn used and speed of operation.
As the total maximum power of the knitting machines was 14 kW, we decided to perform
the experiment with a much lower PV size (~5 kWp) so that the power generated from the
solar PV is never higher than the load. This was to ensure the maximum utilization of solar
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energy. The grid line was a 3-phase 400 V supply, but there was some variation of the line
voltage, which varied from 390 V to 410 V depending on the internal load condition of the
textile industry. The DC value of the rectified voltage correspondingly varied from 525 to
550 V.

The solar panels that were available in the market had MPP voltages of 18.65V, 31.34 V,
36.4 V, and higher. While using Equation (1), we found that Vjpp of 31.34 V produces the
value of N to be 18 when the V. is considered 537.5 V (halfway between 525 and 550 V).
Therefore, we chose to use 18 panels in series. The rated power of the PV panels available
in the market varied from 250-330 W, and we chose 275 W), panels for our purpose so that
the total watt peak for the PV array of 18 panels is 4.95 kW that is close to the targeted 5 kW.
Each panel has 60 cells in series making the MPP voltage of 31.34 V as presented in Table 1.
The MPP voltage of the array for N = 18 corresponds to 564.12 V. The average operating
voltage of 535 V is about 5% lower than the rated MPP voltage. This is, as discussed
earlier, to ensure efficient operation of the PV panels when the grid voltage fluctuates or
the sunshine varies. Table 1 summarizes the design factors chosen for the PV array. The
PV array was put on the roof of one of the buildings such that there is no shading/partial
shading from any other structures nearby. The panels were tilted at an angle of 20° to the
south, considering the latitude of the location to be 23° N.

Table 1. Module and array configuration ratings.

W, of the PV module, W 275
Voc, V 38.28

Isc, A 9.29
Vin, V 31.34

I, A 8.77

Number of PV modules 18
Rating of the array W, kW 4.95

Temperature coefficients of the short circuit current, open circuit voltage, and maximum power are 0.058%/°C,
—0.33%/°C, and —0.4%/°C, respectively.

4.2. Numerical Model

Typically, the equivalent circuit of a solar cell is represented by a current source con-
nected in parallel with a diode and a resistance Rgj,. A series resistance R takes into account
the resistance inside the solar cell while the load current flows through the semiconductor
and contact of the p-n junction. Figure 2 shows the widely used equivalent circuit.

I
—
Iva MV

Ip| Ry
@® 3 éRsh 4

N

Figure 2. Circuit model of a solar cell.

The load current Ij [33] is given by
kT/e Ry, (4)

where e is the electronic charge, k is the Boltzmann constant and T is the temperature in K.
I is the short circuit current for a given input radiation, V is the output voltage of a PV cell.

IL — ISC _ IO (eXp (V+ ILRS) _ > _ (V+ ILRSh)
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The solar module used has 60 cells in series and we have used 18 panels in series. Therefore,
the voltage V = V1 /(60 x 18), where V7 is the PV array terminal voltage. During the open
circuit condition, I} is zero and the diode current is much larger than the current through
the shunt resistance Ry;,. Therefore, we have Iy = 1.44 x 10719A, under the standard testing
condition listed in Table 1. We numerically modeled the solar module I-V given the I
value—to match the voltage and the current at the MPP to the ratings, we found R, and
Ry, values of 4.47 mQ) and 10 (), respectively.

5. Results and Discussions
5.1. Numerical Analysis

The grid AC voltage in Bangladesh can fluctuate from 390 to 410 V depending upon
the load condition of the textile mill. As there is no maximum power point tracking in the
proposed control circuit, the PV array usually operates at a voltage that corresponds to
the DC voltage obtained by the rectification of the grid AC. Hence, there is a likelihood
that the array will operate at a voltage off the MPP and will not extract the maximum
possible power.

If the operating voltage is too much off the MPP voltage, we may lose a significant
amount of PV power. So, to get an idea about the loss of PV power due to deviation from
MPP voltage, we simulated the maximum power point voltage for the PV array under
different sunshine conditions with the parameters given in Table 1. The simulation result is
presented in Figure 3.

570 T T T T

560

550

540

530

520
510 F 25°C (ambient temp.)\\\ ]

~
~
~

500 ~ 4

Array MPP voltage, V,,, (V)

490 : - - '
0 200 400 600 800 1000

Solar irradiance (W/m2)

Figure 3. Variation of MPP voltage for variation of sunshine.

The figure shows that the maximum power point voltage at cell temperature of 25 °C
varies from near 565 V at sunshine of 1000 W/m? to a lower voltage of 555 V for sunshine
of 250 W/m?2. The average sunshine in Bangladesh is close to 600 W/m? [34] for the
effective sunshine hours of 8 h and the corresponding MPP voltage is 565 V. However, the
MPP voltage drops significantly if we take into consideration the actual cell temperature
under different sunshine conditions. We used the Skoplaki model [35] to calculate the cell
temperatures based on the experimentally obtained ambient temperature and plane-of-
array irradiance. Considering the ambient temperature at 25 °C, the MPP voltage drops
with higher incident radiation and is shown by the dotted line in Figure 3. Under the 1-sun
condition, our calculations show that the cell temperature becomes close to 55 °C and MPP
voltage reaches as low as 500 V. This forms the basis for our choice of the PV array voltage.
On observation in the Niagara Textile Mill, we found that the DC voltage at the load mostly
remains close to 535 V with the occasional dip to 530 V. We simulated the performance of
the solar panel under different DC voltages for varying sunshine conditions and the results
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are presented in Figure 4. Within an operating DC voltage of 520-540 V, we may lose some
power from the PV panel array due to the deviation from the MPP of the panels. If the cell
temperature is kept constant at 25 °C, then the loss never exceeds ~4% for a wide range
of sunshine varying from 250-1000 W /m?, as shown in Figure 4a. On the other hand, if
we simulate the losses considering the actual cell temperature under different sunshine
conditions, then the losses remain below 5% except for the high radiation intensity of 1
sun when the loss becomes ~7.5% for an operating voltage of 540 V DC, see Figure 4b.
However, the sunshine intensity in Bangladesh has an average value close to 650 W/ m?
and seldom reaches 1000 W/m? and the operating voltage mostly remains around 535 V.
So, it is quite reasonable to assume that the losses due to deviation from the MPP voltage
remain within 5%.

25°C (cell temp.) 25°C (ambient temp.)

0. 1 5 I 1 1 1 I 7
o 1
= N
o
= Solar irradiance: |’
= Solar irradiance: 250, 500, 750, 1000 W/m?
DC' 0.1 250, 1000, 500, 750 Wim? I
o
%)
o
Z0.05 -
o
= §
© S
LL

O 1
500 520 540 560 580 500 520 540 560
Operating DC voltage (V) Operating DC voltage (V)
@) (b)

Figure 4. Loss of solar PV power due to deviation in the MPP voltage under varying sunshine
conditions for different operating DC voltage are shown assuming (a) STC conditions, i.e., cell
temperature at 25 °C, and (b) practical conditions, i.e., ambient temperature of 25 °C. Load power is
greater than 5 kW.

As explained in Section 3.3, the low power consumption by the load connected to
the inverter may result in losses due to higher PV generation. Considering the factors
mentioned above, it is important to estimate the power extraction efficiency of our system
under different load and sunshine conditions. If Pyp is the power of the array at MPP
under a given sunshine condition and Ppy is the PV power received at the load then we
can define a power extraction efficiency #y, where

Ppy
5
Hex Pup ®)
The net load power is
Py = Ppy + Pg, (6)

where P is the load power consumed from the grid.
The simulated results in Figure 5 show the simulated extraction efficiency of the PV
array for two different conditions. The solid line is for a fixed cell temperature of 25 °C (i.e.,
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STC). The dashed line is for an ambient temperature of 25 °C incorporating the variation in
cell temperature (using the Skoplaki model, as mentioned earlier) and the variation of MPP
power of the panels due to varying sunshine for a given load power of P; .

The PV-array was designed for Pysp ~ 5 kW (rated under 1000 W /m? irradiance)—we
can expect the output to proportionately (approximately) reduce with decreasing intensity.
As long as the panel MPP is lower than the load requirement Py;p < Py, the load draws the
maximum possible power from the panel and the rest from the grid. Of course, we will
always have Pyp < Pj, at lower sunshine, resulting in high extraction efficiencies #.y, as
seen in Figure 5.

For example, for a load power of 3 kW, the PV power Pyp remains lower than the load
power P when the sunshine remains lower than 650 W/ m?2. As the sunshine increases
further, the PV power becomes higher than the load power and the extraction efficiency
starts falling rapidly, as can be seen in Figure 5. This is an expected outcome as the PV
system’s excess power cannot be supplied to the grid.
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Figure 5. Solar energy extraction efficiency of the system for different load power under varying
sunshine conditions. Load voltage is assumed to be 535 V.

It may be intuitively expected that #.x remains close to 100% when we have a matching
load of 5 kW. However, for sunshine higher than 700 W/ m?, the cell temperature becomes
quite high and the extraction efficiency becomes lower, even for P;, > Pyp, due to lowering
of the MPP voltage from the grid voltage (the simulation results consider an operating
DC voltage of 535 V). As already discussed earlier, the extraction efficiency for P > Pyip
remains above 95% (meaning a loss of 5%) for a wide range of sunshine (<950 W/m?),
which should be an acceptable figure for the sunshine conditions in Bangladesh.

The above simulations provide us with the following insights:

1. Unlike the grid-tied inverters, the DC link presented here is unable to transmit power
to the grid. So, the design should ensure that the connected load must not be less
than the PV generation, as higher PV generation will result in low energy extraction
efficiency from the PV array.

2. The presented control circuit does not track the maximum power point of the PV
array but instead supplies power at a voltage generated by rectification of the grid
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supply. The PV array is designed such that the maximum power point is close to the
operating DC voltage to limit the power extraction loss (1 — #,x). So, it is important
to estimate the possible loss of energy when the grid voltage fluctuates.

3. The operating point of the load voltage should remain within a range such that the
actual extraction of power from the grid remains high under varying load conditions,
grid voltage fluctuations, and variations in the sunshine.

5.2. Experimental Results

Figure 6 shows the picture of the PV array installed on the roof of the Niagara textiles.
Four knitting machines, each having a maximum power of 3.5 kW, were connected to the DC
grid as described earlier and the total estimated load was expected to vary from 6 kW to 10 kW,
depending on the size of the cotton yarn used and the speed of the machines determined
by the production process. The knitting machines driven by the VVVF inverters are rated at
a maximum input voltage of 570 V4¢ (corresponding peak value of 800 V). The PV system
of 18 panels connected in series has an open circuit voltage of 690 V, which is well within
the maximum voltage rating of the inverter. The 3-phase full wave rectifier module had a
maximum reverse voltage of 1000 V and a maximum current of 60 A which is much higher
than the required current capacity. The choice of the rectifier module was based on its ready
availability in the local market and the price was USD 4.50. The magnetic contactor used was
a 3-pole 700 V4 with a current rating of 40 A. The power-sharing between the solar PV and
the grid under different running conditions, as measured, is given in Table 2.

Figure 6. Picture of the solar PV array installed at the roof of Niagara Textiles.

The measurements were taken at different times of the day to have different levels
of sunshine and also under different load conditions. The column Py;p was numerically
calculated (as discussed in Section 5.1) for the measured sunshine data given in the table at
25 °C ambient temperature. As can be seen from Table 2, the lowest grid power delivered
was 0.6 kW, which indicates that the PV power was always less than the load power. If
we compare the 7,y presented in Table 2, we find that the value remains below 95%, less
than predicted by the simulation results. This is due to the fact that the measured power
includes other losses such as line loss, loss in the rectifier network, etc. The extraction
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efficiency (7.x) value seems to reduce for lower sunshine conditions. It may be mentioned
here that the lower sunshine values correspond to the morning or the afternoon hours
when the incidence angle of the sunshine was higher causing more reflection from the panel
surface. We also cannot eliminate the possibility of 1-2% measurement errors. However, it
is important that the overall extraction efficiency (including all the losses) remains higher
than 90% which is reasonably high.

Table 2. Estimation of extraction efficiency in our experiments.

Irrad‘}/ance, Load Measured PV Pow'er from Pprrp, KW % tfex
s Voltage, V;.  Power, Ppy, kW Grid, kW (Calculated)
266.7 538 1.07 55 1.25 85.6
4444 536 1.9 4.8 2.08 91.3
705.9 540 3.01 0.6 322 93.5
740.7 540 3.19 0.9 3.36 94.9

6. Conclusions

Modern-day industrial drives are inverter driven and the input AC from the grid is
rectified right away to feed the internal DC bus of the inverter. In this research, we fed
DC directly to the inverter terminals to get rid of the grid-tied inverters for lower cost and
higher efficiency. The proposed system shows a seamless power-sharing mechanism that
gives priority to solar power drawing only the shortfall from the grid. Although no power
point tracking is used for the solar panels, the array of the solar panels is designed in such
a way that the operating DC voltage is close to the maximum power point voltage of the
PV array. Simulations show that the loss of power due to deviation in the maximum power
point is less than 5% even under higher cell temperatures. The loss in the control circuit is
estimated to be less than 1% and we achieved more than 90% power extraction from the
panels over a wide range of sunshine and load conditions except for very low sunshine.
The elimination of grid-tied inverters is expected to reduce the cost of energy from such
rooftop solar by around 20%, which may prove to be very attractive for industries. The
limitation of the proposed system is its inability to export PV power to the grid when the
industry is not in operation. So, it is important to do further research to find an effective
way to utilize solar PV output during the holidays when the industry is closed.
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Abbreviations

The following abbreviations are used in this manuscript:

143 Load Voltage

Voc  Open circuit voltage

Vepe  Rectified grid voltage

VMmp  Maximum power point voltage of a single array
Pp Individual Panel Power in Watt Peak W,

Vpy, Maximum voltage of the PV array

Isc Short circuit current
Iy Panel maximum current
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