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Abstract. This study investigates the development and implementation of a novel Hall effect
focus control system for sensing and maintaining membrane displacement of vacuum-mem-
brane solar dish facets for small-scale concentrating solar power (CSP) systems. Such a CSP
system comprises of 46 individual elliptical vacuum-membrane solar-dish facets, each with a
variable focal length dependent on the membrane depth. Previous research identified mem-
brane movement as a significant challenge affecting system performance throughout an oper-
ating day, due to changing environmental conditions (especially ambient temperature). In re-
sponse, a cost-effective and low power consumption focus control system utilizing a Hall effect
depth sensing method was developed in the current work and mounted to a single facet. Out-
door experimentation on a single facet demonstrated that the control system successfully re-
duced membrane displacement within an acceptable 0.069 mm/°C accuracy, which is within
the required limit of £2 mm movement for a minimum 90% intercept factor at the solar receiver.
Furthermore, by incorporating temperature effects on the Hall effect linear displacement sen-
sor's magnet, a higher accuracy of 0.036 mm/°C was obtained throughout an operating day.
These advancements hold promise for enhancing the efficiency and performance of small-
scale CSP systems.
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1. Introduction

1.1 Background

The University of Pretoria has been actively working on the development of a small-scale con-
centrating solar power (CSP) systems for the generation of electrical power and process heat
[1]1, [2]. Most recently, the Solar Turbo Combined Heat and Power (ST-CHP) prototype with a
dish array comprising of 46 vacuum-membrane solar dish facets and a micro-turbine (see Fig-
ure 1) was capable of generating 0.4 kWe during a steady-state on-sun point of interest in the
late afternoon and 1.05 kWe during simple-cycle testing [3].Besides heating air as done with
ST-CHP [3], the solar dish facets could also be used to melt metals such as zinc. Bezuidenhout
and Le Roux [4] determined that six of the current vacuum-membrane solar facets has the
potential to process 14.4 kg of zinc per day per m? of solar collector surface. Therefore, each
facet has the potential to process or recycle 7.74 kg per day. With the current cost of zinc
(2.53 USD/kg on the 10th of April 2025), each facet could theoretically provide about
19.5 USD/day. The vacuum-membrane solar dish facets used on ST-CHP were constructed
from 0.1-mm-thick EverBright mirror film, from Sundog Solar Technology [5]. The film is ad-
hered to the rim of commercially available elliptical satellite television antennas (80 cm) with a
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projected reflective area of 0.538 m2. By applying a low vacuum within the internal cavity be-
tween the membrane and satellite television antenna would deform the membrane into a near-
parabolic shape [6]. This deformed membrane shape provides the ability to reflect solar radia-
tion to a specific focal point, depending on the depth of the membrane. Investigations con-
ducted by Swanepoel et al. [7] demonstrated that altering the membrane depth from 25 mm to
5 mm can cause a substantial shift in focal length, ranging from about 2 m to 8 m.

Figure 1. Vacuum-membrane solar dish array on ST-CHP.

1.2 Problem

Previous investigations conducted on vacuum-membrane solar dishes indicated that the mem-
brane moved significantly as ambient conditions (especially ambient temperature) changed
throughout a normal operating day [8], [9]. Therefore, it was required to reset the membrane
depths of 46 facets of the dish-array consistently during the testing of ST-CHP, since the focal
length of the reflected solar radiation was greatly affected by the changing membrane depth.
This membrane depth movement ultimately caused the dish-array and receiver setup on ST-
CHP to have a low intercept factor of 64% [3], which affected the overall efficiency of the small-
scaled CSP system.

1.3 Objective

The objective of the current work was to develop a compact, cost-effective, and low-power
consumption focus control system to actively sense and maintain the membrane depth within
a maximum limit of £2 mm for a minimum intercept factor of 90%, as determined by Roosen-
daal et al. [10]. Outdoor experiments were also conducted to test if a single focus control sys-
tem was able to maintain the membrane depth within the required limit throughout an operating
day.

2. Focus control system

2.1 Final design and concept

Similar to other focus control systems, such as the system developed by Butler and Beninga
[11], the membrane depth was sensed from the inside of the vacuum-membrane solar dish
facet. Butler and Beninga utilized a Linear Variable Differential Transformer (LVDT) to sense
the membrane depth for a single large solar dish. However, even though LVDT sensors are
very accurate and reliable linear displacement sensors, they are also expensive which would
make a focus control system on a 46-facet dish array unfeasible. Therefore, a novel Hall effect
linear displacement sensor was developed in the current work with off-the-shelf components
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to lower the material and manufacturing costs as much as possible. Hall effect sensors are
cost-effective and accurate sensors which can be used as rotation or linear displacement sen-
sors by measuring the movement of a magnet. These sensors convert magnetic strength to a
voltage [12], which can be calibrated to displacement as was done by McGee and Le Roux [9].

The novel Hall effect linear displacement sensor was designed to be a replaceable sensor
which could be screwed into the back and centre of the satellite television antenna of the vac-
uum-membrane solar dish facet (see Figure 2). This sensor had a fixed guide with a Hall effect
sensor attached to the end of it, allowing the Hall effect sensor to protrude in the vacuum cavity
of the facet (see Figure 3). Over the guide was a sleeve with a permanent Neodymium magnet
(grade N35) attached to the closed end of the sleeve. This sleeve could easily slide over the
fixed guide as the membrane moves up or down. A custom-made low stiffness compression
spring always kept the sleeve in contact with the inside of the reflective membrane without
affecting the outer smooth surface of the membrane. During standby or defocused conditions
(no internal vacuum), the magnet will be at the furthest point away from the Hall effect sensor,
as shown in Figure 3 (left). When a low vacuum is applied to deform the membrane, the mem-
brane with a specific pretension will push against the sleeve and compress the spring, allowing
the magnet to move closer to the Hall-effect sensor, as shown in Figure 3 (right). This move-
ment of the magnet relative to the Hall effect sensor was used as the input for the control
system to determine the exact position of the membrane.

Novel Hall effect

linear displacement -
sensor Mounting
bracket
Satellite
television
Compact antenna
controller

Figure 2. The novel focus control system mounted the rear of a vacuum-membrane solar dish facet.

The compact control system comprised a 100 mm x 100 mm x 70 mm weatherproof box
that screwed onto a pneumatic fitting at the back of the satellite television antenna of the vac-
uum-membrane solar dish (Figure 2). Inside the weatherproof box were two 5 V diaphragm air
pumps, of which one was used as a vacuum pump. These pumps were connected to the pneu-
matic fitting inside the box with flexible hosing, allowing the pumps to change the air volume
of the internal cavity of a facet. The two pumps were connected to a 2-channel relay module
(5 V), which was controlled by an Arduino Nano microcontroller. The novel Hall effect linear
displacement sensor was connected to a 5 V Hall effect module inside the weatherproof box,
which sent an analogue voltage signal to the microcontroller. The control system worked with
a calibrated target Hall effect value (Htarget) Which correlates to a target membrane depth. The
microcontroller verified if the current Hall effect reading was near the target. If the current read-
ing was higher than the corrected target, the microcontroller would activate the relay to switch
on the air pump. This would then push the membrane up, allowing the sleeve to move up and
magnet further away from the Hall effect sensor. If the current reading was lower than the
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target membrane depth, the microcontroller would activate the relay to switch on the air vac-
uum-pump. This would then pull the membrane down, allowing the sleeve to move down and
the magnet closer to the Hall-effect sensor.
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Figure 3. Hall effect linear displacement schematic (sectioned for clarity),
Left — defocused facet, Right — focused facet.
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Figure 4. Compact focus control system inside the weatherproof box (excluding the lid).

During the initial testing, and as will be indicated in Section 3, there was still some mem-
brane movement with this control system in operation. It was expected that this movement was
related to the magnetism of the Neodymium magnet (grade N35) being affected by changing
temperatures. According to the manufacturer’s datasheet [13], the magnetism decreases by
0.11%/°C (c) for every degree Celsius of temperature increase, and vice versa. This is true up
to the Curie temperature of 80°C, where the magnet will permanently loose magnetism [13].
Therefore, a 5 V type-K thermocouple module was also connected to the microcontroller with
a type-K thermocouple guided through the flexible hosing and into the vacuum cavity to meas-
ure the internal temperature which was used to apply a correction factor to the target Hall effect
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membrane depth value, as detailed in Equation 1. After every second, the microcontroller ad-
justed this target Hall effect value (Htarget) by applying the temperature correction factor, de-
pending on how much the current temperature (Tcurrent) changed from the initial temperature
(Tinitiar) when the control system was switched on. The microcontroller then verified if the cur-
rent Hall-effect reading was within the corrected target (Hcorrectea) and switched between the
air pump and vacuum-pump as required to maintain the corrected target membrane depth.
See Figure 4 for more details of the manufactured compact control system inside the weath-
erproof box.

Hcorrected = Htarget (1 - C (Tcurrent_Tinitial)) (1)

The advantages of the current focus control system are the compactness and cost-effec-
tiveness of the novel Hall effect displacement sensor and control system, which cost USD 80
per prototype facet for materials and labour. This would result in a total cost of 148.6 USD/m?
for the 46 multifaceted solar dish used on ST-CHP. This is a cost-effective solution for a pro-
totype as a similar sensor used by Butler and Beninga [11] would cost about USD 50 more for
just the sensor, excluding the other electronics of the control system. Additionally, the sensor
and control system can easily be removed and replaced, reducing potential shutdown time due
to maintenance. By actively sensing the membrane depth, the control system also provides
the ability to quickly defocus all mirrors in case of an emergency.

2.2 Control system

A simple hysteresis on-off controller (Figure 5) was programmed on the microcontroller as the
code could easily be copied and used without adjusting any variables on several vacuum-
membrane solar dishes, each with their own sensors, pumps and microcontrollers. A hystere-
sis band of 0.2% ensured that the system would not overwork itself as the membrane depth
was constantly altered past the target depth with the pumps. If the error between the current
(Hcurrent) @and corrected (Hcorected) Hall effect value (see Equation 2) was larger than 0.2%, the
vacuum pump would be activated until the next reading. If the subsequent value was less than
0.2%, the air pump would activate until the next reading. If the Hall effect reading was within
the £0.2% hysteresis band, then both pumps would be switched off.

— Hr:urrent_Hcorrected (2)

e
Hcorrected
The total power consumption of one focus control system (Figure 4) was 3.3 W while a
pump was switched on. The maximum power consumption when all 46 focus control systems
on a dish-array are operating at the same time would be 151.8 W. This low power consumption
would be a significant advantage for small-scale CSP systems generating electricity.
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Figure 5. Block diagram of the hysteresis on-off controller.
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3. Experimental validation

3.1 Methodology

Outdoor experiments had to be conducted to verify if the novel focus control system would be
able to sense and maintain the membrane depth within a required maximum displacement of
12 mm throughout an operating day. The outdoor experiments were conducted as detailed by
McGee and Le Roux [9], by placing a single facet outside at an area where there was constant
direct sunlight from sunrise to sunset. The external temperature and pressure of the facet was
measured with a type-T thermocouple and BMP280 barometric pressure sensor, respectively.
The internal temperature and pressure of the facet was measured with a type-T thermocouple
and differential pressure transducer, respectively. The membrane depth was also measured
from the outside with a calibrated Hall effect sensor and a rod with a magnet at the end moving
vertically as the membrane moved (see Figure 6). All variables were recorded every second
with a data acquisition system (DAQ) and laptop as soon as the membrane depth was set to
10 mm, and the control system was switched on.

Vacuum-
membrane
solar dish facet

Hall effect sensor
(depth measurement)

Control system
power supply

DAQ

Figure 6. Outdoor experimental setup.

3.2 Results

As depicted in Figure 7, the outdoor test without the temperature correction factor started at a
membrane depth of 9.8 mm. The depth decreased to about 9.2 mm as the internal facet tem-
perature decreased from 28°C to 19°C. The depth then increased to 10.6 mm as the internal
temperature increased to 39°C. It is clear that there was still membrane movement related to
changing temperature affecting the magnetism of the Hall effect displacement sensor inside
the facet, with a membrane displacement of about 0.069 mm/°C.

As indicated in Figure 8, the outdoor test with a temperature correction factor of 0.11%/°C
started at a membrane depth of 10.6 mm with an internal facet temperature of 19°C. The depth
increased to a maximum of 11.22 mm as the internal facet temperature increased to 36°C.
This indicated that the temperature correction factor did improve the capability of the control
system to maintain the membrane depth, with a membrane displacement of about
0.036 mm/°C.
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Figure 7. Outdoor experimental results without the temperature correction factor (5% December 2023).
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Figure 8. Outdoor experimental results including the 0.11%/°C temperature correction factor (16"
March 2024).

4. Conclusion and recommendations

In conclusion, the Hall effect linear displacement sensor with the compact control system at a
total cost of USD 80 (148.6 USD/m?) and power consumption of 3.3 W was able to successfully
sense and maintain the membrane depth of a vacuum-membrane solar dish facet within a
required £2 mm limit, which should yield a 90% intercept factor according to Roosendaal et al.
[10]. The novel focus control system indicated that the effects of temperature on the magnetism
of the Hall effect displacement sensor was important to further lower the membrane displace-
ment to 0.036 mm/°C, however the control system still performed well within the required limit
without the temperature correction factor. Further testing should be conducted on the focus
control system on a 46 vacuum-membrane solar dish array, to ultimately develop a method to
control individual facets from a main control system. This would allow for the precise depth
adjustment on the array as required and to trigger all facets to inflate or defocus in case of an
emergency. It is also recommended to conduct further research to improve the durability man-
ufacturing process of the current focus control system design. Different end-cap shapes of the
sleeve (see Figure 3) should also be investigated to lower the chance of indenting the reflective
membrane surface on facets with lower membrane pretensions.
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