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ABSTRACT 

Conventional orientation of solar panels facing south are 

escalating the variability of solar power by introducing 

large output fluctuations, thus creating stress on power 

system stability and system security. Solar power output is 

derived at 1 Hz resolution for 513 different orientations for 

each month of the year. Output fluctuations, maximum 
output fluctuation and number of control operations are 

used as an index to determine the strength of smoothing. 

Optimal PV (photovoltaic) orientations for each month of 

the year are estimated, so that the solar power output 

fluctuations attenuate without reducing the energy 

production below 10%. Solar power smoothing potential 

associated with panel orientation enhances at the cost of 

its production loss and its effective utilization depends on 

optimal decisions made w.r.t type of the PV system, grid 

flexibility requirements and operational constraints. 

INTRODUCTION 

Large-scale solar power plants together with other 

renewable energy resources are gaining investments in 

energy sector to establish a carbon free society by 2050 

[1]. Finland’s commitment of establishing 38% of 

renewable energy share in the gross final consumption by 

2020 acts as a driving force towards the deployment of 

large-scale solar power plants. The inherently associated 

intermittence and variability of solar power, which is 

principally because of the variant nature of cloud cover and 
cloud movement, introduces short-term solar power 

fluctuations. These fluctuations appear as frequency 

deviation at the grid [2], which raises the need of 

supplementary frequency containment and inertial 

reserves in order to regulate the frequency with higher 

uncertainty, intermittency and ramp rates. However, the 

uncertainty of solar power output decreases when 

integrated on a large scale, which is because of different 

cloud cover at each location; this phenomenon is known as 

smoothing. The characteristic smoothing of solar power is 

dependent on various factors and can be enhanced by an 

optimum selection of geographical dispersion of PV 
panels, PV plant ensemble size, inter plant radial distances, 

temporal resolutions, orientations, azimuth angles and tilt 

angles.[2], [3] 
 

Some of the contemporary researches in Germany [4] and 

Spain [3] have focused on temporal, spatial and 

geographical smoothing. In Germany [4], an ensemble of 

100 PV systems with data at 1 min resolution is used to 

conclude that power fluctuations greater than ±5% 

disappear for spatially distributed PV systems. Moreover, 

they have concluded that smoothing can be improved 

significantly by increasing the number of PV systems in an 

ensemble to not more than 100. Further, in Spain [3], 

empirical relationships are derived for smoothing effect 

w.r.t interplant distance, sampling time and plant size. 

Since solar power intermittency is strongly dependent on 

local weather conditions, therefore it needs to be analysed 
for each location independently [2]. 
 

Prior studies so far did not analyse the smoothing potential 

associated with optimal orientation of PV panels. Solar 

panels are traditionally being orientated in order to 

increase the annual yield. Such concentration of tracking 

maximum production does not support solar power 

inherent smoothing and corrective measures are required 

to integrate solar power on a large scale with enhanced 

natural smoothing without compromising on power 
system’s frequency stability and operational reliability. 

This research examines the topographic and orientation 

dependence of irradiance fluctuations throughout the year. 

Moreover, the assessment of optimum azimuth and tilt 

angles for each month of the year is performed along with 

composite orientation schemes enhancing solar power 

smoothing. 

RESEARCH METHODS 

This research is based on the analytical perspectives of 
solar power smoothing as a function of PV panel 

orientations while concurrently discussing about 

composite arrangements of different orientations. Global, 

direct and diffused irradiance data for this study is fetched 

at 1 Hz from Tampere University’s research plant. Since 

data measurements, systems are susceptible to miss data 

points due to various reasons including instrument 

malfunction, switching frequency, maintenance and 

service breaks, surrounding environment, human errors 

etc. Therefore, the first task is to impute the missing data 

points. Irradiance data for the year 2016 is found to be 
missing from 14.07.2016 until 7.08.2016 because of some 

routine maintenance. Therefore, for data imputation, 

irradiance data for the missing data points is fetched at 1 

Hz frequency for the year 2012, 2013, 2015, 2017 and 

2018. Mean before and after imputation technique is 

utilized at each sample point to determine one missing 

value at that point for the year 2016 [5].  This technique 

replaces the missing value with the mean of the mean of 

values before and mean of the values after the missing data 
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point as shown in (2). The series of irradiance in (1) 

represents the values G at a sampling time ∆t, for year y’-

n1 or y’+n2 where y’ is the year with the missing value, n1 

and n2 are the number of years before and after missing 
data’s year respectively. 
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Therefore, the missing value G∆t,y’ can be given by (2). It 

should be noted that in our case, there is only one missing 

point at each sample point. 
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Moreover, missing data at few sample points e.g. 1 to 5 

sample points are randomly found in the data set because 

of some instrument irregularities. These missing points in 

the dataset are determined using linear interpolation 

between 300 points before and after the missing points. 

Apart from data imputation, there is one physical 

limitation of shading of the pyranometer from the 

surrounding structure in the early morning for few 

minutes. Since our motivation is to analyze changes in 

irradiance and solar power w.r.t different panel 

orientations, therefore the shading event from the 

surrounding structure are not considered. 

The direct, diffused and global irradiance data sampled at 

1 Hz has been utilized to derive each component of 

irradiance for 513 panel orientations for eight months 

(March-October). The remaining four months are 

exempted because sun altitude is extremely low in Finland 

to produce any significant power output. The orientations 

of PV panels generated from azimuths between -130° and 

130° and tilt angles between 0° and 90°. The geometric and 

trigonometric manipulations for deriving irradiance 

components for different orientations are present in 

literature [6]. Solar power output is then estimated using 
ideal diode model [7], [8] by incorporating the irradiances 

derived from the above equation at different tilts and 

azimuth angles, keeping the temperature constant at 25°C 

[6]. 

Analytical indices 

Solar power variability is usually gauged by calculating 

power fluctuations [3]. Power fluctuation F∆t
N(t) at an 

instant t with sampling time ∆t for N number of  PV plants 

oriented at an azimuth az and tilt angle β .  Normalized 

power output Pnorm
N(t) in (3b) can be utilized to obtain 

power fluctuations using (3a) where Prat
n is the rated power 

of  nth PV panel where, N ≥ 1. 

            
norm norm( ) [ ( ) ( )] 100N N N

tF t P t t P t    

 a

                          
PV

1

norm

rat

1

( )

( )

N
n

N n

N
n

n

P t

P t

P









 b

The stability of a power system prerequisites information 
about maximum power fluctuation F∆t

N(t)max given in (4) 
for N number of plants oriented at an azimuth az and tilt 
angle β at a considered time interval t where (0 < t < T). 
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The cumulative number of control events (NCE) for each 

orientation could be estimated by the occurrence of power 

fluctuations greater than defined limit (w) in the grid codes 

as depicted in (5). Since the cumulative capacity of PV is 

approximately 20MW in Finland [2], therefore a PV 
system of 20MW with 10% output fluctuation can be 

noteworthy for system stability and control operations. 
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Since, solar power average production is of prime interest 

for the PV owner, therefore in order to propose optimum 

orientations for each month of the year, percentage 

decrease in average solar power production from each 

orientation is calculated w.r.t the average maximum 

production for that month. 

EVALUATING SMOOTHING POTENTIAL 

FOR DIFFERENT ORIENTATIONS 

The association of smoothing potential with the velocity 

and movement of clouds inspires to examine the 

topographic and oriented dependence of irradiance 

fluctuations throughout the year. Since the height and 

position of sun changes every day therefore, the optimum 
PV plant orientation for enhanced smoothing changes 

repeatedly. A detailed examination of 513 orientations 

with azimuth between -130° ≤ az ≤ 130° and tilt angle 

between 0° ≤ β ≤ 90° reveals that the smoothing potential 

and energy production strength exist in different 

orientations as shown in figure 1 and 2. The percentage 

decrease in energy production is presented in figure 1 for 

each orientation w.r.t the maximum production in that 

month, where 0 % decrease refers to the orientation for 

maximum possible production. It can be observed that 

May, June, July and August are the months with higher 
energy production for a wider range of orientations, which 

is because of longer sunshine hours in Finland. Contrary to 

this, a closer look on figure 2 reveals that the required 

number of control operations are larger for those 

orientations producing maximum energy. Therefore, an 

optimum estimation needs to be made so that the PV 

panels do not lose too much energy neither produce larger 

fluctuations. An approximation of less than 10% 

curtailment of PV energy production is used as a limiting  
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factor in order to orient the panels for tracking maximum 

smoothing, which is marked as a region with white plus 

signs in figure 2. Detailed summary of azimuth and tilt 

angles producing maximum smoothing for each month are 

presented in table I. Moreover, table I shows that the 

calculated and theoretical maximum production  

 

 
 
Figure 1. Percentage decrease in monthly energy production for various tilts and azimuth angles (degrees). –ve sign shows percentage decrease. 

 

 

 
 
Figure 2. Number of control operations for various tilts and azimuth angles (degrees) and region marked with white (+) shows less than 10% 

decrease in monthly production. 
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orientations are also different, which is because of the 

reason that solar power output is not an independent 

function of sun path and irradiance but it is highly 

dependent on various weather conditions including cloud 

cover and cloud movement. Theoretical estimations have 

been made solely on the basis of sun position in the sky 

using clear sky irradiance curve which may deviate in real 

scenarios. 

 
The escalating penetration of solar power plants on 

residential, commercial and industrial scale may give rise 

to the emergence of short-term frequency fluctuations at 

the grid because of PV panels production based 

orientation. In order to sustain power system stability and 

security, it is crucial to motivate the owners of PV systems 

to optimally orient the PV panels considering flexibility, 

ramp rate requirements and power system security limits. 

Mass generalization of orienting PV panels in South for 

northern hemisphere is a descendant of incentivizing PV 

owner for the amount of production [9], [10]. Higher feed 
in tariffs together with minimum or no taxes on solar 

power production drags the prosumers to export maximum 

energy to the grid. Apart from frequency deviation, 

orienting solar panels towards south or maximum 

production orientation creates stress on balancing markets. 

Most of the solar power is generated when the demand is 

low with abundant energy available from other resources. 

In Germany [10], due to high penetration of solar panels in 

South azimuth, it has become intolerable for the grid to 

survive with peak power during noon hours. Therefore, the 

policy makers have set a compulsion of following east 

west orientation to smooth the PV output profile [10]. 
Moreover, extremely high availability of power during 

noon decreases the energy price in intra-hourly market and 

this cost is confronted by other generating units but not by 

the one causing it. 

Since solar power smoothing enhances by aggregating PV 

systems’ output bearing different irradiance profiles, 

therefore, in order to analyse the aggregated strength of 

fluctuations, figure 3 presents normalized frequency 

distribution of fluctuations for different combinations of 

orientations. It can be observed that panels oriented for  

 

 

maximum production have largest magnitude of maximum 
Power fluctuation with highest occurrence of control 

operations. The relative frequency of fluctuating events are 

frequent with high standard deviation. Whereas, panels, 

which are oriented at one of the optimum orientations,  

selected from table I depicts that the magnitude and 

frequency of fluctuation decreases with simultaneously 

eliminating fluctuations greater than 14.61%. This 

provides support to the primary and secondary control as 

per second fluctuations alleviate through solar power 

inherent smoothing. The decrease in standard deviation for 

optimum orientation as shown in table II in comparison to 

maximum production assist in reducing the forecasting 
errors, which further accompanies system operators in 

optimal scheduling of balancing reserves. Since highly 

penetrated grids are suggesting west and east west 

orientation to follow, therefore the frequency distribution 

of west (β = 45°) and east west (β = 45°) orientation is 

plotted in figure 3 which shows that absolute positioning 

of panels in true west yields higher standard deviation with 

relatively larger requirement of control operations as 

compared to optimum orientation. Moreover, this scheme 

generates huge production losses up to 25%, which might 

not be considerable for small non-commercial PV systems, 
which would probably demotivate the PV owners and they 

could amend future investments. In addition, the 

motivation of self-consumption of energy is high among 

Table I. Optimum orientation of maximum smoothing  

w.r.t maximum production 
 

Month 

Optimum 

Smoothing 

Max. 

Production 

(Calculated) 

Max. 

Production 

(Theoretical) 

Azimuth 

(deg) 

Tilt 

(deg) 

Tilt 

(deg) 

Azimuth 

(deg) 

Tilt (0°south) 

(deg) 

March 10  to  40 35-65 50 0 62 

April -25 to -60 15-55 40 -10 54 

May -75 to 90 0-20 30 20 46 

June -100 to 100 0-15 20 20 38 

July -100 to 100 0-20 25 -40 46 

Aug -40 to 90 0-25 35 40 54 

Sep -30 to 50 20-40 45 10 62 

Oct -20 to 40 35-50 60 10 70 
 

Figure 3. Frequency distribution of irradiance fluctuations at ∆t = 

1 s for east west orientation, maximum production orientation, 

optimum orientation for the year 2016. 

Table II. Fluctuation analysis of PV orientations 

Analytical 

index 

Relative 

occurrence 

(%) 

%age 

decrease in 

production 

F1
N(t)max  

(%) 
Std 

Max. 

Production 
100.00 0.00 24.27 

14.25 

Optimum 30.67 6.92 14.61 
8.89 

East west 0.10 22.00 11,01 
6.13 

West 41.50 25.01 16.46 
9.80 

Random 

mix 
0.20 24.00 10.70 

6.31 
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residential and small-scale PV owners. Whereas for large 

solar farms east west orientation can assist in smoothing 

output power with just 0.1% of relative occurrence of 

control operation as compared to maximum production 
orientation. A random mix of different orientations is also 

analysed which could represent the case where rooftop 

solar power plants’ orientation is restricted according to 

the pitch and tilt of the roof. A random mix of uniformly 

distributed 100 different orientations are considered and its 

frequency distribution confirms that strength of larger 

fluctuations is strongly attenuated with 0.2% of relative 

occurrence of control events but at a cost of losing 23.75% 

of total annual production.   

DISCUSSION 

The comprehensive analysis of power fluctuation 

associated with different PV panel orientations advocates 

that maintenance of power system security and frequency 

stability with increasing penetration of PV requires shift of 

solar panels from south or maximum production 

orientation towards optimum orientations enhancing solar 

power smoothing. New concepts of active network 

management, demand response and grid codes can help in 

making this possible. Aggregator is a responsible party to 

pool generation and flexibility of consumers/prosumers 
and trade it in the balancing market, therefore aggregator 

can efficiently utilize demand response and pricing 

methods based on ramping flexibility [10]. PV owners 

should be incentivize for providing flexibility and peak 

demand shaving rather than for providing maximum 

energy. This would help motivating the PV owners to track 

optimum smoothing rather than maximum power. Grid 

codes should be reformed to suggest the PV owners about 

the connection requirements with the grid including the 

ramp rate limits of PV systems. Optimum orientation of a 

PV plant in a distribution system cannot be generalized 

independently but it needs to consider the size of the 
system, available battery support and other renewables in 

the system. Optimal orientation of PV panels would reduce 

the forecasting errors and develop efficient market 

scheduling models with reduced ramping concerns [10]. 

Since, solar power smoothing is dependent on cloud cover, 

cloud movement and local climatic conditions, therefore in 

future a much diversified analysis would be made for 

different PV locations utilizing several years of irradiance 

data. 

CONCLUSION 

The strength of solar power smoothing associated with PV 

panel orientation is studied utilizing 1 Hz sampled 

irradiance data for the year 2016. It has been evidenced 
that solar smoothing potential and solar power production 

exist in different orientations. Therefore, optimal panel 

azimuths and tilts are derived for each month of the year 

so that PV panels do not lose more than 10% of the power 

while assisting smoothing phenomenon. Relative 

occurrence of control events for the whole year reduces to 

30.67% for defined optimum orientation as compared to 

conventionally followed maximum production orientation. 

Combined smoothing effect of different possible 
orientations have also been analysed which shows that 

higher variability in PV orientations also assist in 

smoothing but at an expense of losing 24% of the total 

possible energy production.  
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