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ABSTRACT 
The paper discusses the design and prototype build of a sun 

tracking system for photovoltaic panels, that consists of a slider-

rocker mechanism and a controls system. The slider-rocker is 

optimized for best transmission angle properties, near linear 

input-output function and 180 degrees rocker travel.  The 

control system includes three shaded light-dependent resistors 

pointing in different directions, and operational amplifiers to 

sense the imbalance in their illumination.  The amplified 

imbalanced signal is used to control the linear motor of the 

slider-rocker mechanism towards minimizing this imbalance.  A 

small scale prototype of the system has been built and tested 

successfully. 

INTRODUCTION 
From the early days of photovoltaic (PV) solar energy 

conversion, engineers have recognized the benefit of tracking 

the sun, versus maintaining the orientation of the PV panel 

stationary [1].  In flat-panel PV applications, solar trackers are 

employed to minimize the angle of incidence between the 

incoming sunlight, and thus increases the amount of energy 

produced.  As the sun travels east to west about 180 during an 

average day (this travel is more in summer months than in the 

winter), a PV panel in a fixed orientation will capture less than 

25% of the incident energy in the morning and evening [2].  In 

addition, the sun also moves through 46 north and south during 

a year, and for a PV panel set at the midpoint between the 

summer and winter solstice extremes will experience additional 

energy losses of up to 8.3% [3].  Rotating the panels towards 

the sun can help recapture those losses.  A tracker that rotates in 

the east-west direction only is known as a single-axis sun 

tracker.  A tracker that accounts for both the daily and seasonal 

changes in solar incidence is called dual-axis tracker.  High 

accuracy tracking is not typically required in PV applications. 

More important for practical applications are mechanical 

simplicity, low installation and maintenance costs, and 

resistance to wind-loading [3,4].   

Compared to single axis trackers, dual-axis sun trackers are 

more complex and require more frequent maintenance, which 

are not always justified by their energy output gain.  The 

majority of commercial sun trackers use slewing drives of the 

worm-wheel gear type [5].  Other designs use linear motors, or 

linkage amplifiers capable of synchronizing the motion of 

multiple PV panels using a single driving motor and a single 

control system [6].  References [7-10] describe various sun 

trackers designs, all of them being more complex than the one 

discussed in this paper.   

Most solar tracking systems available today have a sweep 

angle limited to about 150°, mainly due to limitations imposed 

by the spacing between different panels.  The design discussed 
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in this paper allows for a 180° azimuthal angle, thus being able 

to efficiently capture light in early-sunrise or late-sunset.  

According to [11], at those large angles, the solar irradiance can 

be approximated by the formula:  

678.0AM

0 7.01.1  II  (1) 

where I is the solar irradiance, I0 is the solar irradiance outside 

the atmosphere (both in W/m
2
) and AM is the air mass.  This 

translates into an irradiance of 270 W/m
2
 at incidence angles of 

±85°, which is more than a quarter of the power available in 

AM=1.5 conditions, considered standard.  It is known that PV 

panels have their efficiency at lower temperatures increased by 

a coefficient of about 0.0045/°C [11].  This make systems that 

implement an azimuthal sweep angle close to 180° more 

advantageous, because of the lower ambient temperature in the 

morning and late afternoon hours.   

This paper discusses the main elements of a prototype 

single-axis sun tracker (Figure 1), consisting of a photovoltaic 

panel mounted on a pivotal axle, slider-rocker actuator and 

electronic controls system.   

 

Figure 1:  Single-axis solar tracking PV panel prototype.   

MECHANICAL ACTUATOR 
The mechanical actuator of the azimuthal axis PV tracker is 

a slider-rocker mechanism as shown in Figure 2, of link lengths 

AB, OB and slider offset yA. A rocker travel =1-0 is 

imposed to be generated for a linear motor displacement smax 

corresponding to joint A moving between points (xA0, yA) and 

(xA1, yA).   

For the correlated positions (xA0, 0) and (xA1, 1) of the 

input and output members, the synthesis equations of the linage 

are:   
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where:   
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For yA0 = yA1 = yA equations (1) and (2) yield:   
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Figure 2: PRRR mechanism shown in its limit positions (0,0), 

(smax,1) and in an intermediate position (s,).   

Subtracting equation (4) from equation (5), and after 

substituting xA1 = xA0  smax and 1 = 0 + , the length of the 

rocker is obtained i.e.  
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Any parameters 0, xA0 and yA that satisfy equations (4) and (6) 

are potential solution to the requirement that the prescribed 

limit positions are obtained with the given actuator stroke smax.  

These three parameters will be tuned in a numerical 

optimization process seeking that: (a) the transmission angle  

exhibits minimum departure from 90 over the entire working 

range of the mechanism, and (b) that a near linear correlation 

between input and output are satisfied.   

For the piston joint A located at xA, the transmission angle  

can be calculated with:   
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The maximum and minimum values of this angle occur for 

slider positions xA = xA0, xA = xA1 and (if it is within the working 

range of the mechanism) for xA = 0.  

In order to find the link-lengths of the mechanism that will 

generate a prescribed rocker travel  while simultaneously 

satisfying a minimum departure from 90 of the transmission 

angle, the following mini-max problem in the design variables 

0, xA0 and yA has been formulated:   
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When minimizing the objective function in equation (8), it is 

essential to consider only those configurations for which the 

triangular loop O-A-B maintains the same orientation, or 

otherwise the two limit positions cannot be attained without 

breaking the joints.  This was done by verifying that the cross 

products OB0  B0A0, OBe  BeAe and OB1  B1A1 

(corresponding to the mechanism in its three critical positions) 

are all positive.   

In order to ensure a near linear dependence between input 

and output, the following penalty function has been added to 

optimization problem (8):  
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evaluated for a number of n=30 discrete positions sj, 

corresponding to the actuator moving between 0 and smax.  In 

the above equation (9), the term (sj) is solution to the equation:  

cba  )sin()cos(  (10) 

that is:  
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where constants a, b and c are:  
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Equation (10) has been obtained by projecting vector loop 

equation BO-OA=AB of the mechanism on the X and Y axes of 

the fixed reference frame visible in Figure 2, and then squaring 

and adding the corresponding scalar components.   

Objective function (8) with penalty (9) has been minimized 

for the case of maximum admissible linearity error adm=0.05.  

The optimum mechanism, obtained by performing a multi-start 

Nadler-Mead optimum search [12], has the following geometry:  

xA0=85.48 mm, yA=30.78 mm, =38.51, OB=38.06 mm, 

AB=56.16 mm.  Its transmission angle range is: 31.24    

148.76.  A schematic of this mechanism, together with a plot of 

the displacement function (s) and transmission angle function 

(s) are given in Figure 3.  Also given in Figure 3 is a plot of the 

kinematic coefficient d/ds [13].  Knowing this coefficient 

allows one to calculate the input actuator force P required to 

overcome an output resisting torque M using the Principle of 

Virtual Work [14]:  

 dds MP  (13) 

Notice that there are two positions where the ratio d/ds is 

maximum, occurring for s=smax and for s=0.29smax (see 

Figure 3, and also references [15] and [16] where the tools used 

to produce the graph and kinematic simulation are described).  

In these two positions, one Newton of linear motor force can 

hold 5.1 N-m and 4.15 N-m of resisting torque at the PV panel 

axis respectively.  These positions can be designed as safe 

positions, where the solar tracker can be parked in the event of 

turbulent weather.  Conversely, for s=0 the system is most 

sensitive to offset loading of the solar-panel.   
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Figure 3: Performance plot and skeleton diagram of the 

optimized actuator mechanism, with the slider travel aligned 

with the horizontal axis of the plot.   
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ELECTRICAL CIRCUIT 
In order to determine the relative position of the sun, three 

shaded light dependent resistors (LDR) are used, noted LDR1, 

LDR2 and LDR3 in Figure 4.  Two of them are placed on the 

front of the solar panel, and one on the back (i.e. LDR2). The 

use of LDR2 will eliminate the ambiguity caused at sunrise, 

when the incident light will hit the panel from behind as it was 

left the evening before. To increase the system sensitivity, two 

small screens were placed in the vicinity of LDR1 and LDR3, 

so that even slight misalignments from the normal incidence 

position can be detected (Figure 4). The sun alignment 

precision can be adjusted by increasing or decreasing the 

distance between the active surface of the LDRs and their small 

screen.  

 

Figure 4. The three light dependent resistors (LDR) and their 

placement on the PV panel.   

The electrical circuit for the actuator is divided into the 

control circuit, and the full-bridge driver (see the schematics in 

Figures 5 and 6).  For simplicity, they are designed to work with 

a single-ended power supply, which does not have to be 

stabilized (i.e. could be the actual battery bank that the panel is 

charging).  The final output voltage of the control circuit is half 

the supply voltage when the panel is properly aligned.  This 

output voltage can be above or below 6 V, which corresponds to 

moving the panel to the left or to the right as looking from 

behind in a northern hemisphere location.  

 
Figure 5. Control circuit schematic.   

Each LDR is placed in a voltage divider together with a 

fixed resistor the value of which is selected based on the dark 

and 1 lux resistance of the LDR. Each of the three voltages 

obtained from the voltage dividers is then buffered with an 

operational amplifier (op-amp). The op-amps chosen for this 

design were the LM324 [17] because of their reduced price, 

good performance and board compactness.  

 
Figure 6. Full-bridge driver circuit diagram. 

At any given time during operation, the circuit can be in 

one of the two modes: (i) normal tracking when the sun is on 

the front side of the panel or at least voltage V1 is significantly 

higher than V3, or (ii) back to sunrise position, when the light 

falls on the back of the panel. Switching between the two modes 

is done depending on the output state of op-amp X4 that works 

as a comparator with hysteresis, comparing voltage V2 with 

0.5 (V1+V3) i.e. the average of V1 and V3. Also, at all times, 

X5 works as a differential amplifier and its output voltage is in 

this case equal to 6+2.8 (V1-V3), which reflects the difference 

in illumination of the two LDRs on the front of the panel. Since 

the power supply is single-ended and the LM324 operational 

amplifiers cannot operate with input voltages close to either rail 

[17], op-amp X7 has been added to provide a local ground for 

op-amp X5 and to establish a reference for the output voltage. If 

V2 > 0.5(V1+V3), the output of op-amp X4 will be close to the 

positive rail while the output of op-amp X5 will be negligible 

because of the small difference between voltages V1 and V3.  

Op-amp X6 is used as a summing amplifier in non-inverting 

configuration, so its output voltage will be V(X4)+V(X5). 

Because V(X4) will be close to the positive rail, Vctr will also 

be close to the positive rail, and so the panel will be rotated to 

the left. While rotating, at some point voltage V2 will become 

smaller than 0.5(V1+V3), and voltage V(X4) will be close to 

ground value, and voltage Vctr will follow the (V1-V3) 

difference. At that point, the sun tracker can be said to enter the 

normal tracking mode. Under balanced conditions, the output 

voltage will be 6V.  Potentiometer VR1 (Figure 5) allows the 

adjustment of the output voltage to 6V precisely, and is needed 

because the LM324 operational amplifiers do not provide rail-

to-rail output capabilities (the output of X4 will never be 

exactly zero). 
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The motor driver (Figure 6) is designed as a full-bridge 

using an INTERSIL ISL83204A [18] integrated circuit in a 

hysteresis configuration.  The full-bridge configuration allows 

the control of much more powerful actuator motors and can 

easily be modified to make use of pulse width modulation 

(PWM) if needed. An added advantage of using the ISL83204A 

integrated circuit is that only N-channel MOSFET transistors 

can be used, which increases the reliability and reduces the cost 

of the circuit. The reference voltage used is 6 V, which 

corresponds to “best alignment” output level of the control 

circuit. This voltage should be tapped from the output of op-

amp X7. The circuit has internal protection against shoot-

through by delaying the turn-on point of the low-side drivers, 

depending on the values of resistors R6 and R7.  As configured, 

this circuit does not have soft-start or soft-stop and does not use 

pulse width modulation or linear control to run the actuator 

motor at intermediate speeds. Such options can be added to this 

stage of the circuit, because the control circuit has been 

designed as fully analog, and its output voltage varies linearly.   

RESULTS AND CONCLUSIONS 
A small size prototype of the PV tracker described in the 

paper has been built and was subjected to a number of 

mechanical and electrical tests.  Short videos of the system in 

operation are available on YouTube at [19] and [20].  Following 

these tests the actuator rod had to be supported with a back 

roller, and the entire panel had to be statically balanced, so that 

the actuator receives minimum load due to the weight of the 

panel itself.  Additional tests will be performed to monitor the 

electric power output versus the power consumed by the 

electrical control system.  A comparison between the electric 

power output of this PV tracker, and an identical no-tracking 

fixed angle PV panel will also be performed.   
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