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Abstract. Compared to large-scale PV power plants, rooftop-mounted home PV systems have
the advantages of not occupying land, reducing the need for long-distance power transmission,
and the presence of roof tilting angles that reduce the cost of PV panel mounts. However, due
to the limitation of roof orientation and area, further development of home PV systems will
explore various combinations of PV panel orientations. In this paper, based on average roof
size data and tilt angle data for UK dwellings, combined with 12 months of optical radiation
data from the Nottingham, UK area, PLECS simulation software was used to test the amount of
power conversion that could be generated by a domestic rooftop PV system with different
combinations of orientations (South+East, South+West, East+West). The study analyzes and
explores the possible cost impact and energy conversion efficiency impact of converter settings
and PV panel connection schemes that may lead to cost fluctuations on domestic PV systems
based on MPPT-controlled DC-DC converters, and the study fills a research gap in the testing
of multi-orientation domestic rooftop PV systems using UK data.
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1. Introduction
The cost of manufacturing photovoltaic panels (PV) is decreasing, and efficiency of PV panels are
increasing in recent years [1] , Building large-scale photovoltaic power plants is one way to develop
using solar energy[2]. But this approach occupies a lot of land [3] [4] and the line transmission losses
are inevitable [5] . Developing rooftop PV arrays avoids these problems [6] [7] . This photovoltaic
system does not require additional land and metal brackets[8]. However, the tilt angle of the roof PV
system is fixed, and the azimuth angle is fixed[9]. The solar panels in the northern hemisphere are set
up facing south[10]. But the roof area of domestic building in the UK is very limited[11], Therefore, it
is necessary to develop PV systems with other orientations. The efficiency of photovoltaic panels is
closely related to the tilt angle, azimuth angle and the geographical location [12] [13] [14] . Besides,
time and weather changes can also impact PV panel efficiency [15] [16] . Therefore, the Maximum
Power Point Tracker (MPPT) technology is essential for PV systems[17] [18] [19]. Existing studies on
rooftop PV systems are mostly conducted based on azimuth and tilt angles. Existing research of
rooftop PV systems are mostly conducted based on azimuth and tilt angles[20][21]. Therefore, for the
case where the angle of the rooftop PV array is fixed [22] [23].However, the illumination received by
the PV panels varies with azimuth throughout the day. [24] argues that different azimuthal angles
cause the peak of illumination to occur at different times. The study of [25] [26] There is a significant
disparity between peak illuminance in different months. This means that multi-orientation domestic
rooftop PV systems must have MPPT and the ability to balance illumination imbalances. The Perturb
and Observe (P&O) algorithm and incremental conductance are the most widely used MPPT
algorithms [27] . In addition, the way the PV arrays and converters are connected should also be
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focused on. It is believed that PV systems connected in parallel will suffer from efficiency loss due to
illumination imbalance [28] [29] . Parallel connection can effectively avoid the efficiency degradation
caused by light imbalance [30] [31] , but the possibility of multi-oriented PV arrays is neglected. The
efficiency of solar energy harvesting can be effectively optimized by setting up MPPT controllers and
DC/DC converters independent of each other for different PV arrays [32] , but the study does not
discuss the additional costs that may be associated with this design.

Therefore, this study is expected to achieve the following objectives. First, Explore the common
roof tilt angles in the UK and the intensity of sunlight in the Nottingham area for 12 months of the
year and design a reasonable PV array for testing. Explore the energy harvesting of multi-orientation
roof PV arrays with different connection methods (series, parallel, two independent MPPT controlled
converters) for different azimuths, and compare it with a system with only a south orientation.
Discusses the costs and corresponding energy gains due to different connection methods. Also discuss
the extreme situation application of two MPPT methods.

2. Design and the calculation for the PV system and MPPT.

2.1. Formatting the PV arrays and tilt angle of PV panels
For this design, KC200GT solar panels manufactured by Kyocera with a rated power of 200W are
selected. Six PV panels are used to build a 1200W system each, and two 1200W systems are
connected in parallel to form a PV system rated at 2400W. 3 connections and 3 orientations
combinations (south+east(S+E)/south+west(S+W)/east+west(E+W)) used for testing.

Since this design needs to plan the rooftop solar panel, you need to plan to plan for the UK
common roof tilt angle data. According to the research of some British construction companies, A
typical roof pitch in the UK for a traditional house will be 15° and 30° to 50°[33]. The inclination of
the sun's rays is constantly changing throughout the year, and the sun's inclination varies from day to
day, so the appropriate solar panel inclination can be calculated by using Equation (1). In the equation
(1), N represents a certain day in the year: 1st January being 1, for example. The specific calculation
method is for tilt angle as shown in the equation (2). Nottingham's longitude is 53° north latitude, so
the noon altitude angle of the sun can be calculated.

� = 23.45° ��� 360
365

(284 + �) (1)
� = 90-latitude-� (2)

Table 1. The calculation results of inclination angle and solar inclination angle.

Date N δ
(inclinatio
n angle)

α(solar
inclination
angle)

Jan 16th 16 -21.09° 58.09°
Feb 16th 47 -13° 50°
Mar 16th 75 -2.42° 39.42°
April 15th 105 9.41° 30.59°
May 15th 135 18.79° 18.21°
Jun 15th 166 23.31 13.69°
July 15th 198 21.18° 15.82°
Aug 16th 228 13.45° 23.55°
Sep 15th 258 2.22° 34.78°
Oct 15th 288 -9.6° 46.6°
Nov 15th 319 -18.91° 55.91°
Dec 15th 349 -23.32° 60.32°
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According to Table 1 combined with data on common roofs in the UK, the choice of 40° as the PV
array tilt angle is reasonable. The illumination curve uses Photovoltaic Geographical Information
System from the European Commission[34] . Select the latitude and longitude of Nottingham and set
the condition as Clear-Sky Irradiance to obtain the illumination data for the typical day of each month
for 12 months in the east, south and west orientations. The curve of east and south is shown in Fig 1
and 2.

Figure 1. The 12-Month irradiation in west
orientation.

Figure 2. The 12-month irradiation in east
orientation.

2.2. DC/DC converter design and MPPT adjustment
The possible input voltage from PV system �� is approximately 200V. Set the converter switching
frequency �� to 20kHz. Hoping to get 400V output as �� . Using formulas (3)-(5) combined with the
set data can be calculated to get the corresponding component parameters for the converter.

� = ��−��
��

(3)

�� ≥ ��
2×�

��×0.2×��
(4)

�� = ��×�×(1−�)×1000
���×��

2×0.01
(5)

In this study, Variable step size P&O will be used as the MPPT algorithm. The P&O is a method
based on power comparison and then change the PWM control through voltage control loop and
current control loop, finally P&O change the duty cycle of switching which can make sure the output
is at maximum power point. The block diagram of the MPPT controller is produced according to the
flowchart of P&O as shown in Fig. 4. The open loop transfer functions of current control loop and
voltage control loop are derived from Fig. 4 as shown in (6) (7). Set the frequency of current PI
regulator �� is 2kHz, the voltage PI regulator frequency �� is set to 400Hz, and the MPP controller’s
operating frequency is 50Hz. From this in conjunction with the Bird's plot the specific values of Kp,
Ki in the voltage regulator and current regulator and the multiplier of the increase can be calculated. In
the next sections these values will be used for simulation tests.
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Figure 3. Flowchart of P&O method

Figure4. The block diagram of MPPT.
�� = (��� + ��� × 1

�
) × 1

���+��
× ��

�+��
(6)

���=(��� + ��� × 1
�
) × 1

���
× ��

�+��
(7)

3. Test the PV system with multi orientation combinations and connection methods
The June S+E illumination data was chosen to test each of the three connections. Figures 5 through 7
show the schematic diagrams of the three different connection methods. The simulation starts at 0
seconds (4am real time) and ends at 17 seconds (9pm real time). Figure. 8 shows that the MPPT can
work normally in the series state, but the actual output power of the PV string is limited due to the
large fluctuation of the maximum power point caused by the light imbalance. The results of the
parallel connection test are shown in the Figure 9. It can be observed that the voltage, current, and
power fluctuations of the PV system in parallel state are smaller, indicating that the MPPT plays a
better effect at this time, and the power between different orientations at this time will not be affected
because of the light imbalance. Therefore, it is proved that the multi-orientation system plays better in
the parallel connection state. The results of using two different MPPT controlled converters for
different oriented PV arrays are shown in Figures 10-11. It can be found that the MPPT plays the best
effect at this time, and the fluctuation of voltage, current and power are all minimized, which proves
that the multi-orientation system with two MPPT controls is the most stable.

Figure 5. Figure 6. PV arrays with different
orientations connected in series.

Figure 6. PV arrays with different
orientations connected in parallel.

Figure 7. PV arrays with different
orientations connected with two MPPT
controlled converters.
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Figure 8. The curve of voltage, power and
current for the series connection PV system.

Figure 9. The curve of voltage, power and
current for the parallel connection PV system.

Figure 10. The curve of voltage, power and
current for east orientation PV arrays in two
MPPTs connection.

Figure 11. The curve of voltage, power and
current for south orientation PV arrays in two
MPPTs connection.

Next, a 1200W system and a 2400W system were tested separately using typical daily data
obtained for 12 months. All the PV panels for both systems were south facing, with the 1200W system
consisting of six KC200GT PV panels in series. While the 2400W system consists of two 1200W
systems connected in parallel. The energy that can be obtained by each of the two systems in a 24-
hour period during 12 typical days is obtained as shown in Table 2.

Table 2. The simulation results of south orientation only PV systems.

Month Energy gained by PV systems of different systems(kWh)

1200kW system 2400kW system

January 3.93 8.05
February 5.38 10.95
March 7.15 14.53
April 8.78 17.79
May 9.05 18.34
June 9.19 18.61
July 8.89 18.00
August 8.48 17.18
September 5.89 15.09
October 3.93 11.99
November 4.00 8.25
December 3.39 6.97
Total 78.06 165.75

Using three combinations of orientations: S+E, S+W, E+W and three types of connections to test
again. The results obtained are shown in Tables 3. Values in parentheses represent multiples of that
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energy relative to the 1200W/2400W south oriented system in the same month, respectively.
Observation of Tables 4, regardless of the connection type, the energy values converted by the S+E
and S+W orientation combinations are always closer and much higher than the E+W orientation
combination. However, with both parallel connections and separate MPPT controlled converters, the
E+W orientation combination also achieves between 66% and 64% of the energy conversion
efficiency of the 2400W South oriented system. This shows that for buildings with east and west roofs,
an east and west oriented PV system can be of value. A comparison of the three connections shows the
series connection is not as effective as far as the connection method is concerned. The parallel
connection and the setting of independent MPPT converters achieve a more ideal multi-directional
system, and the energy values obtained by these two connections are very close to each other in every
month. Compared to a 2400W south facing system, both connections can also achieve energy yields of
more than 80 percent. However, there are differences in cost and equipment requirements between
parallel connections and setting up separate MPPT controlled, which will be discussed in the next
section.

Table 3. The simulation results of different PV arrays orientation connected in series.

Mont
h

Energy(kWh)
Series Parallel Two MPPTs

S+E S+W E+W S+E S+W E+W S+E S+W E+W
Janua
ry

3.5(0.89/
0.43)

4.33(1.10
/0.54)

2.38(0.6
1/0.30)

5.46(1.39
/0.68)

5.52(1.40
/0.69)

2.95(0.75
/0.37)

5.26(1.34
/0.65)

5.38(1.37
/0.67)

2.78(0.71
/0.35)

Febru
ary

6.12(1.14
/0.56)

5.25(0.98
/0.48)

3.24(0.6
0/0.30)

7.85(1.46
/0.72)

7.83(1.46
/0.72)

4.77(0.89
/0.44)

7.61(1.31
/0.69)

7.71(1.43
/0.70)

4.57(0.85
/0.42)

Marc
h

8.62(1.21
/0.59)

7.49(1.05
/0.52)

5.01(0.7
0/0.34)

11.16(1.5
6/0.77)

11.26(1.5
7/0.78)

7.90(1.10
/0.54)

10.87(1.5
2/0.75)

11.09(1.5
5/0.76)

7.65(1.07
/0.53)

April 11.33(1.2
9/0.63)

10.28(1.1
7/0.58)

7.75(0.8
8/0.44)

14.96(1.7
0/0.84)

15.24(1.7
4/0.86)

12.42(1.4
1/0.70)

14.7(1.67
/0.83)

15.04(1.7
1/0.85)

12.19(1.3
9/0.69)

May 12.3(1.36
/0.67)

12.32(1.3
6/0.67)

9.87(1.0
9/0.54)

16.72(1.8
5/0.91)

16.80(1.8
6/0.92)

15.19(1.6
8/0.83)

16.43(1.8
2/0.90)

16.61(1.8
4/0.91)

14.94(1.6
5/0.81)

June 12.80(1.3
9/0.64)

13.28(1.4
5/0.71)

11.01(1.
20/0.59)

17.68(1.9
2/0.95)

17.67(1.9
2/0.95)

16.77(1.8
2/0.90)

17.43(1.9
0/0.94)

17.45(1.9
0/0.93)

16.50(1.8
0/0.89)

July 12.25(1.3
8/0.68)

12.56(1.4
1/0.70)

10.25(1.
15/0.57)

16.81(1.8
9/0.93)

16.79(1.8
9/0.93)

15.63(1.7
6/0.87)

16.56(1.8
6/0.92)

16.59(1.8
7/0.92)

15.37(1.7
3/0.85)

Augu
st

11.27(1.3
3/0.66)

11.85(1.4
0/0.69)

8.52(1.0
0/0.50)

15.10(1.7
8/0.88)

15.22(1.7
9/0.89)

13.11(1.5
5/0.62)

14.78(1.7
4/0.86)

15.01(1.7
7/0.87)

12.83(1.5
1/0.75)

Septe
mber

9.31(1.58
/0.62)

9.22(1.57
/0.61)

4.69(0.8
0/0.31)

12.16(2.0
6/0.81)

12.29(2.0
9/0.81)

9.36(1.59
/0.62)

11.84(2.0
1/0.78)

12.13(2.0
6/0.80)

9.11(1.55
/0.60)

Octo
ber

5.95(1.51
/0.50)

5.85(1.49
/0.49)

2.61(0.6
6/0.22)

8.67(2.21
/0.72)

8.95(2.28
/0.75)

5.72(1.45
/0.48)

8.67(2.21
/0.72)

8.82(2.24
/0.74)

5.48(1.39
/0.46)

Nove
mber

4.39(1.10
/0.53)

4.19(1.04
/0.51)

1.42(0.3
6/0.17)

5.40(1.35
/0.65)

5.63(1.41
/0.68)

2.90(0.73
/0.35)

5.19(1.30
/0.63)

5.48(1.37
/0.66)

2.70(0.68
/0.33)

Dece
mber

3.65(1.08
/0.52)

3.55(1.05
/0.51)

1.79(0.5
3/0.26)

4.45(1.31
/0.64)

4.52(1.33
/0.65)

2.07(0.61
/0.30)

4.27(1.26
/0.61)

4.42(1.30
/0.63)

1.91(0.56
/0.27)

Total 102.45(1.
30/0.61)

100.17(1.
28/0.60)

68.54(0.
88/0.41)

136.42(1.
75/0.82)

137.32(1.
76/0.83)

108.79(1.
39/0.66)

133.61(1.
71/0.81)

135.73(1.
74/0.82)

106.03(1.
36/0.64)

4. Cost and feasibility analyse
Typically, a complete domestic 2.4kW PV system sells for around £5000 in UK [35], PV panel cable
is around £2.40/meter [36] . the option of a MPPT converter should rate at 200V/50A for about
£267 [37] . If two MPPT-controlled converters do not require additional cable compared to a series
connection. So, the cost of a parallel PV array is always less than a system with two MPPTs when the
additional parallel line required is less than 112m. So, it is more economical to use a parallel
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connection for domestic PV systems. The clear sky condition illumination, which is an ideal condition,
and the actual situation will be affected by the weather, to calculate the Levelized Cost of Electricity
(LCOE) of the system, the following assumptions can be made: The parallel PV system requires an
additional 30 metre of connection line. Clear sky condition illumination is only possible on a quarter
of the days of the year. 75%, 50% and 25% of clear sky condition illumination Each of the three
accounts for a quarter of a year. Based on this, the total energy conversion of the system for one year
for various connection methods and orientations can be obtained as shown in Table 4. Calculate the
LOCE for three combinations of connections and three combinations of orientations for one-year, five-
year, and ten-year period, respectively, without considering other costs. The results obtained are
shown in Table 4.

Table 4. The LCOE of different orientation combination and connection methods.

Connection
Methods

Annuale Energy Years LCOE (£/kWh)
S+E S+W E+W South

Only
S+E S+W E+W South Only

Series 1947.6 1904.3 1303.0 -
1 2.570 2.626 3.837 -
5 0.514 0.525 0.767 -
10 0.257 0.263 0.384 -

Parallel 2593.4 2610.5 2068.2 3150.0
1 1.956 1.943 2.45 1.610
5 0.391 0.389 0.490 0.322
10 0.196 0.194 0.245 0.161

Two MPPTs 2540.0 2580.3 2015.7 -
1 2.07 2.04 2.613 -
5 0.415 0.408 0.523 -
10 0.207 0.204 0.261 -

From Table 4, it can be found that the best LCOE is obtained by the parallel connection coupled
with the S+W orientation combination. In addition, the system with two MPPT controls, although it
has the highest investment cost in one year, does not have a large gap compared to the parallel
connection over the assumed lifetime of ten years. Therefore, this connection can be considered in
some extreme cases. For example, the parallel connection must always maintain an equal number of
PV panels in each parallel array, but if the roofs are not equal in area in each orientation, it is not
possible to have the same number of panels in each direction. One can assume a smaller roof that
allows 7 panels to be installed on the south-facing roof, while the west-facing roof area allows only 5
panels to be installed. The results of the above two systems compared with the 2400W S+W parallel
system is shown in Table 5. Further comparison of the LCOEs of the S+W parallel PV array and the
unbalanced two MPPT controlled PV system gives Table 6. In Table 6 that when the roof area limit
causes the number of photovoltaic panels in different orientations to be unbalanced, using two MPPTs
to control arrays in different orientations and maximizing the number of south-facing photovoltaic
panels can get more energy than a balanced 2400W/2000W parallel system.

Table 5. Comparison of energy gain of 2000W, 2400W south + west parallel system with unbalanced
system controlled by two MPPT

Month The energy of different system obtained(kWh)

2400W
parallel system

2000W
parallel system

Two MPPT
system

January 5.52 4.63 5.76
February 7.83 6.58 8.19
March 11.26 9.42 11.58
April 15.24 12.74 15.43
May 16.80 14.04 16.83
June 17.67 14.77 17.60
July 16.79 14.04 16.76
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August 15.22 12.72 15.3
September 12.29 10.29 12.57
October 8.95 7.48 9.27
November 5.63 4.73 5.86
December 4.52 3.8 4.78
Total 137.32 115.24 139.93

Table 6. The LCOE of unbalanced two MPPT control system with S+W facing parallel system.

Connection
Methods

Years LCOE (£/kWh)

Two MPPT(South 7 panels
+ West 5 panels)

1 year 1.98
5 years 0.396
10 years 0.198

Parallel (south 6 panels + west 6 panels)
1 year 1.943
5 years 0.389
10 years 0.194

5. Discussion
This article discusses three connection methods when illumination data differs due to orientation. And
designed three connection methods. Except for series connection, better energy production efficiency
can be achieved. In addition, the unbalanced number of photovoltaic panels in different orientations
due to roof area restrictions in extreme cases is also discussed, and it is believed that two MPPT-
controlled converters can effectively cope with this situation. Unfortunately, due to space constraints,
this article can only discuss the three orientation combinations of S+W, S+E, and E+W. However, the
three-orientation combination of S+E+W and its corresponding connection methods are still in-depth.
the significance of the research. In addition, the unbalanced setting of the photovoltaic panels in the
three-orientation combination and the corresponding MPPT connection design are also worthy of
further in-depth study. In addition, a constant input of 25 degrees Celsius was used as the temperature
of the PV arrays, since the effect of temperature variations on the efficiency of the PV panels over a
12-month period was not considered in this study. However, in real PV panel applications, large
temperature fluctuations can occur during 12 months, which may also affect the working of multi-
oriented PV systems. Therefore it can be emphasized in the future.

6. Conclusions
In this paper, a 2400kW PV system consisting of KC200GT was tested with three orientation
combinations and three connection methods and compared with a single south facing system based on
twelve months of typical daily data in the Nottingham area where LOCE calculations were performed.
The testing of the PV panels revealed that parallel connection and prioritization of south + west
oriented PV arrays is the best option for home rooftop PV systems, but in some areas where there are
fewer choices of roof orientation, it is also acceptable to set up south + east and east + west rooftop
multi-orientation systems based on parallel connection. Although the two MPPT connection scheme is
costly, this approach is effective in maximizing the installation of PV panels when the roof area is not
equal, and it is concluded that prioritizing the development of south-facing arrays and the use of two
MPPT-controlled converters can lead to better results for unbalanced systems. Furthermore, as the
data used in this paper is from the European Commission, by replacing the light data, this study has
value for generalization to other parts of the UK.
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