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Figure 7: Current Main HMI Login display. The tank diagram provides a limited system status summary by revealing which lamps are on (yellow) or off (light gray), 

and whether the system is in ventilation or recirculation mode. The current logged in user is displayed under “Current User:” and could show Default, Visitor, or 

Admin.  Gray “Shutdown” button closes the HMI program on the PLC. In the future, this button would ideally require a login to access (see Recommendations for 

Subsequent Work).
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Figure 8: Administrative Controls master screen. Inset gray boxes are numeric displays which do not allow user interaction, while the raised purple, yellow, blue, green, 

and red buttons to the left allow the user to navigate between screens. Total Process Control buttons provide emergency controls to administrators. 



29 

 

Currently, the visitors only have access to two screens within the HMI, the main login 

screen and a single control screen which includes displays of all the sensors currently connected 

to the PLC as well as manual controls for the lamps, light, and aeration system. Controls for the 

visitors were established by creating a Visitor Control Mode. This mode required one Boolean 

tag, VisitorControlOn, to be created. In the final design, I want to energize this tag any time the 

“Go To Visitor Controls” button is pressed or the Visitor Controls Master screen is opened. I 

attempted to achieve this by placing a maintained push button connected to the VisitorControlOn 

tag under the “Go To Visitor Controls” button shown in Figure 7, meaning when the “Go To 

Visitor Controls” button was pressed, this tag’s value would change from “0” to “1.” 

Unfortunately, FactoryTalk does not allow this functionality, so an alternative will need to be 

developed. The interim solution I implemented was an extra push button and panel on the Visitor 

Control Master screen which allows users to toggle Visitor Controls on and off. This panel was 

also included on the Administrator Master Control screen, allowing them to turn off Visitor 

Controls before they navigate to any process control screens.  

When the VisitorControlOn tag is actuated, the light movement controls (controlled by 

the LightMoveManualModeBooleanOn tag) and the aeration controls (controlled by the 

VentModeAuto tag) are switched to manual. See the “Aeration System Ladder Logic and HMI 

Controls” and “Lighting System Ladder Logic and HMI Controls” sections below for more 

information on these controls. Figure 9 below shows the current visitor control screen. 

Implementation of these visitor controls required only one rung of ladder logic, Rung 3 shown in 

Appendix 1.
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Figure 9: Visitor Controls master screen. Inset gray boxes are numeric displays which do not allow user interaction, while the buttons within the “Manual Light 

Controls” and “Manual Aeration Controls” panels allow users to raise and lower the lights, turn lamps on or off, and toggle aeration modes. The chamber diagram in 

the lower left displays current aeration mode, and the lamp diagrams turn gray or yellow to reflect current on or off status of each lamp.  Animation of some of these 

control objects can be added at a later date to improve the educational experience for the visitor.  Suggestions are included in the “Recommendations for Subsequent 

Work” section of this thesis. 
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Aeration System Ladder Logic and HMI Controls 

 Prior to HMI design, the actuating valves and sensors for the aeration system were 

connected to the PLC. This work was completed with input from Dr. Costello and help from 

Nicholas Cross, who completed his thesis on developing the functionality of the aeration system 

(Cross, 2020). Per Nicholas’s input, the subsystem’s PLC controls included two modes: 

Recirculation Mode and Ventilation Mode. In Recirculation Mode, the valve allowing air into 

the chamber is closed, and the air within the chamber is pumped out through a valve at the top of 

the chamber, and then through the blower, and back into the bottom of the chamber. This mode 

creates a closed system which recirculates the same air, allowing plants to remove carbon 

dioxide from the system and increase the relative humidity and oxygen in the system as 

photosynthesis occurs. The closed system also leads to heat buildup from the lights, so an air 

temperature sensor was included to prevent the plants from overheating. When any one of these 

three measured air characteristics (relative humidity, carbon dioxide, or temperature) moves 

outside the optimal range selected by the user, the subsystem switches into Ventilation Mode.  In 

Ventilation Mode, the valve is opened to allow air from the outside to enter the chamber.  

Another valve opens to allow inside air to exhaust through an external air filter.  This 

introduction of fresh air continues until the air characteristics move back into the desirable range. 

The full ladder logic used to establish these modes is included in Appendix 2.  

Once I knew the physical requirements of the system, I began brainstorming regarding 

the best ways to implement these controls and allow for user control over this subsystem. We 

wanted the administrator to have full access to the sensor data and the ability to change the 

setpoints outside of which Aeration Mode would be initiated, but we also wanted the system to 

run without constant oversight by the administrator. Furthermore, we wanted the administrator to 
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have the option of manually changing the aeration mode as necessary. For visitor controls, we 

wanted a limited version of the same functionality. 

 To address the first issue, I chose to create two modes, automatic and manual. In 

automatic mode, the PLC controls the ventilation or recirculation system based on sensor 

readings and the setpoints set by the administrator. This allows the administrator to oversee the 

functioning of the system without being constantly present to take needed action. In manual 

mode, the administrator would be able to directly switch the system into ventilation or 

recirculation mode with just the push of a button. Below, see a summary of the key tags and 

functions performed by the aeration ladder logic: 

• Environment sensing:  

o To protect the plants from adverse conditions caused by lack of fresh air, three 

sensors were added to the chamber, including: 

▪ Temperature 

▪ Relative Humidity 

▪ Carbon Dioxide 

o See Table 2 below for descriptions of tags and their functionality. 

o Associated rungs (see Appendix 2 for aeration control ladder logic): 

▪ Rung 4 

• Automatic Aeration Controls 

o Change the ventilation mode based on user-defined high and low setpoints for 

each of the environmental parameters listed above. 

o See Table 2 below for descriptions of tags and their functionality. 

o Associated ladder rungs (see Appendix 2): 
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▪ Rung 5 

• Manual Aeration Controls  

o Allows the user to decide when to manually toggle between aeration modes 

o See Table 2 below for descriptions of tags and their functionality. 

o Associated ladder rungs (see Appendix 2): 

▪ Rung 5 

Table 2: Aeration system control tags. 

Tag Name Associated 

Tag Mode 

Tag 

Type 

Description of Tag Function / 

Purpose 

VentTempRawIn N/A DINT This tag is an aliased tag which 

contains the raw voltage input from 

the temperature sensor. Using a 

calibration equation, this value is 

converted to a Fahrenheit value. 

VentTempFahrenheit Automatic 

Aeration 

REAL This tag stores the Fahrenheit value 

obtained from plugging the 

VentTempRawIn value into the 

temperature sensor’s calibration 

equation. 

VentTMax Automatic 

Aeration 

REAL This tag is connected to the HMI and 

stores the value the administrator 

inputs as the maximum temperature 

setpoint. When the temperature 

surpasses this setpoint, the aeration 

system will switch to ventilation 

mode if automatic controls are being 

utilized. 

VentTMin Automatic 

Aeration 

REAL This tag is connected to the HMI and 

stores the value the administrator 

inputs as the minimum temperature 

setpoint. When the temperature 

surpasses this setpoint, the aeration 

system will switch to ventilation 

mode if automatic controls are being 

utilized. 
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Tag Name Associated 

Tag Mode 

Tag 

Type 

Description of Tag Function / 

Purpose 

VentRHRawIn N/A DINT This tag is an aliased tag which 

contains the raw voltage input from 

the relative humidity sensor. Using a 

calibration equation, this value is 

converted to a percentage. 

VentRHPercentage Automatic 

Aeration 

REAL This tag stores the relative humidity 

percentage obtained from plugging 

the VentRHRawIn value into the 

relative humidity sensor’s calibration 

equation. 

VentRHMax Automatic 

Aeration 

REAL This tag is connected to the HMI and 

stores the value the administrator 

inputs as the maximum relative 

humidity setpoint. When the relative 

humidity surpasses this setpoint, the 

aeration system will switch to 

ventilation mode if automatic 

controls are being utilized. 

VentRHMin Automatic 

Aeration 

REAL This tag is connected to the HMI and 

stores the value the administrator 

inputs as the minimum relative 

humidity setpoint. When the relative 

humidity surpasses this setpoint, the 

aeration system will switch to 

ventilation mode if automatic 

controls are being utilized. 

VentCO2RawIn N/A DINT This tag is the raw voltage input from 

the carbon dioxide sensor. Using a 

calibration equation, this value is 

converted to concentration measured 

in parts per million (ppm). 

VentCO2ppm Automatic 

Aeration 

REAL This tag stores the CO2 concentration 

obtained from plugging the 

VentCO2RawIn value into the carbon 

dioxide sensor’s calibration equation. 

VentCO2Max Automatic 

Aeration 

REAL This tag is connected to the HMI and 

stores the value the administrator 

inputs as the maximum CO2 setpoint. 

When the CO2 is between this 

setpoint and the minimum setpoint, 

the aeration system stay in ventilation 
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Tag Name Associated 

Tag Mode 

Tag 

Type 

Description of Tag Function / 

Purpose 

mode if automatic controls are being 

utilized. 

VentCO2Min Automatic 

Aeration 

REAL This tag is connected to the HMI and 

stores the value the administrator 

inputs as the minimum CO2 setpoint. 

When the CO2 falls below this 

setpoint, the aeration system will 

switch to ventilation mode if 

automatic controls are being utilized. 

MainOpMode Main System 

Operation 

REAL See Table 1. 

VentModeAuto Automatic or 

Manual 

Aeration 

BOOL When this tag is energized (has a 

value of “1”), the aeration system will 

operate under automatic controls. 

VentModeOnRelay Aeration 

Ventilation 

or 

Recirculation 

BOOL When this tag is energized (has a 

value of “1”), the PLC sends a digital 

output voltage to the relay controlling 

the aeration system valves, and the 

aeration system will be in Ventilation 

Mode. When the tag is not energized 

(has a value of “0”), the system will 

be in recirculation mode. 

VentManualOn Manual 

Aeration 

BOOL When this tag is energized and the 

VentModeAuto tag is not energized, 

the user can manually toggle between 

ventilation and recirculation modes. 

 

Compare Figure 9 to Figure 10 to view more examples of the differences between 

Administrator and Visitor controls. Changes to the “Administrative Aeration Controls > 

Automatic Aeration Parameters,” will be permanent unless the Administrator returns and 

changes them at a later time. In the same way, if an Administrator changes the system from 

Automatic to Manual mode, the system will stay in that operating mode until the Administrator 

switches it back to Automatic. Also, the Administrator users are allowed to change the blower 

parameters to any values, without restriction (within pre-defined ranges put onto the numeric 

input objects). The Visitor Controls, on the other hand, only allow the user to manually change 
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the aeration mode from recirculation to ventilation on command. Expansion to the actions 

allowed under the visitor control mode may be possible as work on this development continues; 

however, such expansions were outside the scope of the current project. To read more about 

possible changes recommended for the Visitor Controls, see the “Recommendations for 

Subsequent Work” section below. 
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Figure 10: Administrative Ventilation Controls. Toggling the Aeration Mode from Manual to Automatic will allow users to choose the circumstances necessary for the 

blower to be in ventilation or recirculation mode, or to manually set the system to the mode they desire.
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 Again, the full ladder logic corresponding to the HMI display shown here is included and 

can be seen in Appendix 2. In addition to these displays which will be navigable by the 

administrative user, a data-logging screen is included in the system; this screen shows plots of 

data versus time for each of the parameters measured by the aeration sensors (see Figure 11). 

Ultimately, a separate HMI display will exhibit data versus time graphs for each subsystem, 

allowing users observing the system to note changes in air quality, light levels, and irrigation at a 

glance without requiring login credentials. 
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Figure 11: Aeration System Data Log. Note: Air Velocity sensor is not currently connected to the PLC, but is included on the data log as it will be added later. 
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Lighting System Ladder Logic and HMI Controls 

 The lighting subsystem controls were divided into three categories: Light Calibration, 

Light Movement, and Lamp Power. While portions of the controls for these categories 

overlapped, they were largely independent of each other. Subdividing the subsystem controls 

enhanced the clarity of the ladder logic in the hopes that subsequent work by other individuals 

will be easier to complete. Figure 12 below shows the current Master HMI screen for the 

Administrator Lighting controls. 
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Figure 12: Master Administrator Light Control HMI Screen. Push buttons beneath “Light Control Modes” heading allow user to switch systems between manual and 

automatic controls. Buttons under “Manual Light Controls” heading will only respond to user when manual Light Movement and Lamp Power controls are enabled. 

Changes to Automatic Calibration Time or numeric inputs below “Automatic Light Parameters” headings will not affect the system unless respective modes are in 

Automatic rather than Manual. 
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Automatic Light Movement 

The automatic Light Movement controls are based on a user-defined desired intensity 

setpoint. When the user changes the setpoint and automatic controls are enabled, the system will 

raise or lower the light so the light intensity hitting the plants falls within a certain dead band 

amount of the setpoint. Depending on how sensitive the plants are to light intensity, the user can 

change the dead band to a wider or narrower range. The automatic light movement controls were 

based on an equation relating light intensity from the lamps to height of the lamps. The equation 

and its derivation were provided by Christian Hitt based on data obtained for his honors thesis 

work to be published in spring 2021. This equation allows the system to operate independently of 

light sensors, which was desirable because plant growth could lead to variability and error in 

light sensing data if sensors became shaded by foliage. An option to include light sensor 

feedback in the automatic movement controls was included, but the administrator can choose to 

turn off sensor adjustment if the light sensors ever become shaded. By converting a user-defined 

intensity setpoint to a corresponding height value using the equation and dividing that height 

value by the velocity at which the linear actuator raises or lowers the lights, the PLC can 

determine the time the linear actuator should raise or lower the lights to achieve the desired 

height and light intensity. Ladder logic used to achieve these controls is included in rungs 16-39, 

shown in Appendix 3 below. 

Automatic Lighting Calibration 

The velocity at which the linear actuator moves the lights is periodically measured by the 

Light Calibration controls. These controls are a programmed sequence of events which can be 

run automatically (at a chosen hour) or manually (at any moment). Unless manual controls are 

left on by the administrator, the calibration will run every twenty-four hours at a time specified 

by the administrator. At the end of the sequence, the velocity value is reset, preventing error if 
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the linear actuator changes speed with age or use. These controls also end with the lights at their 

maximum height, preventing accumulation of error from the light movement equation, which 

could result in an inaccurate light height over time. Proximity switches will be installed to sense 

the upper and lower limits of travel as needed for the calibration process.  Ladder logic used to 

achieve these controls is included in rungs 6-15, shown in Appendix 4 below. 

Automatic Lamp Power 

Automatic Lamp Power controls are based on the clock time. The user can specify a time 

for lights to turn on and another time for them to turn off, and when the PLC registers that clock 

time all three lamps will power on or off. This control was included so administrative users can 

choose to simulate a diurnal cycle, as experienced by plants in natural habitats. Ideas for future 

expansion of Lamp Power controls, including optional control expansion allowing administrators 

to specify the number of lamps to power on or off automatically, and expansion of the light 

system data logging to track on and off times for each individual lamp, are included in the 

“Recommendations for Subsequent Work” section below. Ladder logic used to achieve these 

controls is included in rungs 40-43, shown in Appendix 5 below. 

Manual Lighting Controls 

Manual controls are more straightforward than automatic controls. Manual and automatic 

controls are independent for each of the light control categories, so Administrators can choose to 

turn on manual controls for any individual category they want. If calibration controls are in 

manual mode, the administrative user can press a button to calibrate the lights, and otherwise the 

system will not calibrate. When manual light movement controls are enabled, the administrative 

user can press one button to raise the lights or another button to lower them. The lights will then 

stay at the user-specified height until automatic movement controls are turned on once again. 

Ladder logic used to achieve these controls is included in rungs 7 (Manual Calibration), shown in 
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Figure 15: Portion of rung 12 showing an example of a ".ACC" tag value being stored under a different tag name. When 

the system is running and enters light calibration mode 3, the timer accumulated by the timer is transferred to the 

LightCalTotalTravelTime tag. This allows calculations to be performed using the travel time obtained during calibration. 

Table 3: Timer tags used in light controls. 

Tag Name 

Associated 

Tag Mode 

Tag 

Type Description of Tag Function / Purpose 

LightCalTimer Automatic or 

Manual Light 

Calibration 

Timer This tag stores the time required for the linear 

actuator to raise the lights from the lower limit 

switch to the upper limit switch. This value is 

stored in the LightCalTotalTravelTime tag (see 

Table 5) and used to calculate light movement 

velocity. 

LightRaiseTimer Automatic or 

Manual Light 

Calibration or 

Movement 

Timer This tag times the lights any time they are raised. 

The accumulated movement time is multiplied 

by the light movement velocity obtained from 

the most recent calibration sequence to 

determine the current location of the lights at 

any given time. 

LightLowerTimer Automatic or 

Manual Light 

Calibration or 

Movement 

Timer This tag times the lights any time they are 

lowered. The accumulated movement time is 

multiplied by the light movement velocity 

obtained from the most recent calibration 

sequence to determine the current location of the 

lights at any given time. 

Clock Timing using the PLC 

The clock time tags were used in combination with the “Get System Value” (GSV) 

operator, which obtains the date and time from the programmable logic controller. The seven 

sub-tags are necessary to store the time data which can be retrieved using this operator, the year 

(0), month (1), day (2), hour (3), minute (4), second (5), and millisecond (6). Essentially, this 

means that one tag was created for the Calibration logic and one for the Lamp Power logic, with 

each tag containing seven sub-tags numbered from 0 through 6. Once the tag was created, a rung 
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with only “Get System Value” functions as the operators allows the ladder logic designer to 

obtain date and time information, from the broadest category to the specific category of interest. 

For example, if the operator needed to specify the day for an event, they would include a GSV 

operator to obtain the year, then another to obtain the month, and finally, a GSV operator to 

obtain the day (see Figure 16). 

 

Figure 16: Example of Get System Value (GSV) operator use. For the Lamp Power Automatic controls, the system needs 

to retrieve the hour of the day. In order to retrieve the hour, the Year, Month, and Day must also be retrieved. 

Both the calibration and the lamp power controls were designed to depend on the hour of 

the day. For calibration, the administrator can specify the hour during which they want the light 

to automatically calibrate. When the PLC registers the clock time as being that hour, it will run 

through the calibration system once. This control was achieved by creating the 

“LightCalAutoMode” tag, allowing the PLC to determine the calibration stage at any given time. 

When the system is in LightCalAutoMode 0, the system is waiting to calibrate until the proper 

clock time. When the mode changes to 1, the system lowers the lights until they reach the lower 

limit switch. When the lower limit switch is reached, the mode changes to 2, a timer is started, 

and lights begin rising until they reach the upper limit switch, at which point the timer stops. The 

mode then changes to 3, and the light movement velocity is calculated. The system then moves 

to mode 4, which it will remain in until the clock time no longer equals the prescribed calibration 
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hour, preventing the system from automatically cycling through the calibration sequence 

multiple times during that hour. When the system is in manual mode, the administrator can press 

a button which forces the LightCalAutoMode to change from 0 to 1 and proceed through the 

subsequent calibration steps regardless of clock time. To view all the tags associated with clock 

time, see Table 4. To view key tags associated with light calibration, see  Table 5. 

Table 4: Clock time tags and associated setpoint tags. 

Tag Name 

Associated 

Tag Mode 

Tag 

Type Description of Tag Function / Purpose 

LightCalAutoTime Auto. 

Light 

Calibration 

DINT This tag has seven sub-tags capable of 

storing clock time obtained from the PLC. 

Sub-tag 3, which stores the hour of the day, 

is used to determine when lights will 

automatically calibrate. 

LightCalAutoTimeRight Auto. 

Light 

Calibration 

REAL User-defined time for lights to automatically 

calibrate. The tag value is compared to the 

hour value stored in sub-tag 3 (Hour) of 

LightCalAutoTime. When the tag values are 

equal and calibration is in Auto mode, lights 

will calibrate. 

LampPowerAutoTime Auto. 

Lamp 

Power 

DINT This tag has seven sub-tags capable of 

storing clock time obtained from the PLC. 

Sub-tag 3, which stores the hour of the day, 

is used to determine when lamps will 

automatically power on or off. 

LampPowerAutoOn Auto. 

Lamp 

Power 

REAL User-defined time for lamps to automatically 

power on. Together, LampPowerAutoOn and 

LampPowerAutoOff can be used to 

automatically simulate a diurnal cycle. 

LampPowerAutoOff Auto. 

Lamp 

Power 

REAL User-defined time for lamps to automatically 

power off. Together, LampPowerAutoOn 

and LampPowerAutoOff can be used to 

automatically simulate a diurnal cycle. 
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Table 5: Light Calibration Tags. 

Tag Name 

Associated 

Tag Mode 

Tag 

Type 

Description of Tag Function / 

Purpose 

LightCalAutoTime Auto. Light 

Calibration 

DINT See Table 4. 

LightCalAutoTimeRight Auto. Light 

Calibration 

REAL See Table 4. 

LightCalAutoModeBooleanOn Auto. or 

Manual 

Light 

Calibration 

BOOL When this tag is energized, automatic 

light calibration mode is on. When it 

is not energized, lights are in manual 

calibration mode. 

LightCalManualOn Manual 

Light 

Calibration 

BOOL When this tag is energized and lights 

are in manual calibration mode, 

lights will calibrate. 

LightCalAutoMode Auto. or 

Manual 

Light 

Calibration 

REAL When calibration is not happening, 

this tag has a value of “0” (Waiting). 

When Lights are in auto calibration 

mode and the time is right, or manual 

calibration mode and calibration is 

requested, calibration will move to 

mode 1 and then proceed through the 

proper calibration steps. 

LightPendingMovementMode Automatic 

or Manual 

Light 

Movement; 

Light 

Pending 

Movement 

REAL When either the calibration 

sequence, automatic movement 

controls, visitor controls, or manual 

light movement controls tell the 

system to raise the lights, this tag 

value will change to “1” (Raise). 

When any of the aforementioned 

controls tell the system to lower the 

lights, this tag value will change to 

“2” (Lower). 

LightLoLimSwitchOn N/A BOOL When this tag is energized, the lights 

will not move. 

LightUpLimSwitchOn N/A BOOL When this tag is energized, the lights 

will not move. 

LightCalTimer Automatic 

or Manual 

Light 

Calibration 

Timer See Table 3. 

LightMaxHeight N/A REAL This is the highest the lights can 

possibly be; the value is currently 24 

inches, but could be changed if we 

decide movement should be limited 

to a narrower range. 
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LightCalTotalTravelTime N/A REAL This tag stores the accumulated time 

it takes the system to raise the lights 

from the lower limit switch to the 

upper limit switch. The stored value 

is divided by the maximum height to 

determine the movement velocity. 

Light Velocity Automatic 

or Manual 

Light 

Movement 

REAL This value is calculated every time 

the lights are calibrated based on the 

time required to raise lights from the 

lower limit switch to the upper limit 

switch. 

LightCalculatedIntensity N/A REAL This value is based off the current 

light height and the equation 

obtained by Christian Hitt in his 

honors thesis work. 

LightCalIndicatorOn Light 

Calibration 

Mode 

REAL When LightCalAutoMode is 1, 2, or 

3 (lights are calibrating), this tag will 

be energized, causing an indicator on 

the HMI to blink. 

 

Preventing Relay Chatter 

As a pre-check to prevent interference with the calibration process, all light movement 

rungs have a requirement for the LightCalAutoMode to be either 0 or 4 prior to any actions on 

their rungs being completed. For automatic light movement controls, administrators can change 

the intensity setpoint, and the lights will adjust to the appropriate height for the plants to receive 

that intensity from the lamps. The light movement controls begin with the option to include light 

sensors in determining the intensity. Because plant growth could lead to shading or other 

interference with light sensor readings, inclusion of sensor feedback was made optional. Whether 

sensors are being used or not, light intensity is calculated using an equation derived by Christian 

Hitt as a part of his honors thesis work to be published in spring 2021. When sensors are being 

used, the difference between the calculated intensity and the measured intensity is calculated, 

and the difference is factored into automatic light movement controls (see rungs 16-19, 

Appendix 3). When sensors are not being used, the difference in intensities is set to zero to avoid 
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interference with subsequent movement controls. Tags associated with Light Sensors are 

described in Table 6. 

Table 6: Light Sensor tags. 

Tag Name 

Tag 

Type Description of Tag Function / Purpose 

LightSensorRawInput INT This tag is an alias for the local input which 

receives the voltage output given as feedback from 

the light sensor. 

LightSensorIntensity INT This tag stores the feedback from the light sensor 

after it has been converted to the appropriate units. 

LightSensorAdjOn BOOL When this tag is energized, calculated light intensity 

will be compared to sensor feedback. 

LightCalculatedIntensity REAL See Table 5. 

LightIntensitySensorVSEqDelta REAL This tag stores the difference between sensed and 

calculated light intensity; when light sensor 

adjustment is off, this tag has a value of 0. The 

value of this tag is added to the LightHeightSetpoint 

and therefore adjusts how much / whether lights 

should move based on sensed intensity when they 

are in auto movement mode. 

 

When the administrative user changes the desired intensity setpoint on the HMI, the 

difference between the new setpoint is calculated and compared to the administrator-defined 

dead band value. If the difference in the new setpoint and the current intensity is too large, a 

Boolean tag is actuated telling the lights they need to move. Another mode, 

LightAutoMoveMode, will then change, telling the lights to either raise or lower depending on 

whether the new setpoint was lower than the current intensity (which would cause the lights to 

rise, mode 1) or higher than the current setpoint (which would cause the lights to lower, mode 2). 

Manual movement controls will disrupt the LightAutoMoveMode settings and allow the user to 

manually raise or lower the lights to a desired height by holding down a momentary-contact push 

button on the HMI. See Table 7 for a list of the key tags involved in the light movement controls. 

The rungs of ladder logic pertaining to light movement are included in Appendix 3. 
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Table 7: Light Movement Control tags. 

Tag Name 

Associated 

Tag Mode 

Tag 

Type 

Description of Tag Function / 

Purpose 

LightHeightSetpoint Automatic 

Light 

Movement 

REAL This value is calculated from the 

user-defined desired intensity 

using the intensity as a function of 

height equation derived by 

Christian Hitt as part of his 

honors thesis. When Light 

Sensors are being used, the sensed 

intensity is factored into this 

setpoint value. 

LightCurrentHeight Automatic or 

Manual 

Light 

Movement 

REAL This is the stored value of the 

height of the light fixture at any 

given time. 

LightBaseHeight Automatic or 

Manual 

Light 

Movement 

REAL When lights begin to either raise 

or lower, the initial height of the 

light fixture (prior to movement) 

is moved from the 

LightCurrentHeight tag to this tag 

to allow changes in height to be 

calculated in real time. 

LightHeightDelta Automatic 

Light 

Movement 

REAL This is the difference between the 

LightHeightSetpoint and the 

current height of the lights. 

LightHeightDeltaAbsValue Automatic 

Light 

Movement 

REAL This is the absolute value of the 

LightHeightDelta. It is divided by 

light movement velocity from the 

most recent calibration to 

determine the time the light 

fixture will need to raise or lower 

if movement is required when 

light intensity setpoint is changed. 

LightVelocity Automatic or 

Manual 

Light 

Movement 

REAL See Table 5. 

LightMoveAutoTime Automatic 

Light 

Movement 

REAL This tag stores the value of the 

LightHeightDeltaAbsValue 

divided by the Light Velocity. 

When the lights are moving 

automatically and the Light Raise 

or Light Lower timers (Table 3) 

equal this value, the lights will 

stop moving. 
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LightIntensityDeadband Automatic 

Light 

Movement 

REAL This is a user-defined value which 

is defines the acceptable range of 

intensity values above and below 

the Light Desired Intensity 

setpoint. Inclusion of a deadband 

prevents relay chatter. 

LightMoveNeededBooleanOn Automatic 

Light 

Movement 

BOOL When the difference between the 

current light height and the 

setpoint height based on the 

desired intensity is outside the 

acceptable range based on the 

user-defined deadband, this tag 

will be energized. If automatic 

controls are on, lights will raise or 

lower as necessary. 

LightMoveAutoMode Automatic 

Light 

Movement 

REAL When the 

LightMoveNeededBooleanOn tag 

is energized and the setpoint 

height is less than the current 

height, this tag value will be 

changed to “2” (Lower). When 

the LightMoveNeededBooleanOn 

tag is energized and the setpoint 

height is greater than the current 

height, this tag value will be 

changed to “1” (Raise). 

Otherwise, this tag will have a 

value of “0” (Don’t Move). 

LightMoveVisitorManualOn Visitor Light 

Movement 

BOOL When this tag is energized, 

visitors will be able to lower or 

raise the lights using the 

appropriate buttons on the Visitor 

Control HMI screen. 

LightMoveAutoModeBooleanOn Automatic or 

Manual 

Light 

Movement 

BOOL When this tag is energized, the 

system is in Automatic Light 

Movement Mode. When it is not 

energized, the system is in 

Manual Light Movement Mode. 

LightMoveManualRaise Manual 

Light 

Movement 

BOOL When the system is in Manual 

Light Movement Mode and this 

tag is energized, the lights will 

rise. When the system is in 

Automatic Light Movement 

Mode and this tag is energized, 

nothing will happen. 
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LightMoveManualLower Manual 

Light 

Movement 

BOOL When the system is in Manual 

Light Movement Mode and this 

tag is energized, the lights will 

lower. When the system is in 

Automatic Light Movement 

Mode and this tag is energized, 

nothing will happen. 

LightPendingMovementMode Automatic or 

Manual 

Light 

Movement; 

Light 

Pending 

Movement 

REAL See Table 5. 

LightUpLimSwitchOn N/A BOOL See Table 5. 

LightLoLimSwitchOn N/A BOOL See Table 5. 

LightRaiseDO Light 

Pending 

Movement 

Mode 

BOOL When the system is running and 

the LightPendingMovementMode 

is 1 (Raise), this tag will be 

energized. 

LightLowerDO Light 

Pending 

Movement 

Mode 

BOOL When the system is running and 

the LightPendingMovementMode 

is 2 (Lower), this tag will be 

energized. 

LightRaiseTimer Automatic or 

Manual 

Light 

Calibration 

or Movement 

Timer See Table 3. 

LightLowerTimer Automatic or 

Manual 

Light 

Calibration 

or Movement 

Timer See Table 3. 

 

When either the calibration or the movement controls tell the lights they need to move, 

the LightRaiseDO tag or the LightLowerDO tag will send 24V to the proper output to power the 

linear actuator. As this happens, a timer will start, and the ladder logic will multiply the velocity 

from the last calibration to the elapsed move time and update a numeric display on the HMI, 

allowing the user to see the current height of the lights at any given time (rungs 35 and 36, 
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Appendix 3). As an additional precaution to avoid accumulation of error in height calculations, 

the system is set to check the current height value and compare it to the maximum height (24 

inches) and the minimum height (0) inches. If the current height value is ever calculated as 

greater than 24 inches, the system overrides the height calculation with a value of 24 (rung 38, 

Appendix 3). Likewise, if the current height value is ever negative, the system overrides the 

height calculation with a value of 0 (rung 39, Appendix 3). 

The ladder logic for the lamp power controls was very straightforward. A clock time tag 

was created (Table 4), and the administrative user can input values for an on-time and an off-

time using the HMI. When the clock hour reaches the on-time specified by the administrator, the 

lamps will turn on if automatic controls are on. When the clock time is outside the off-time 

value, the lamps will automatically turn off. If manual lamp power controls are on, the 

administrator can individually turn lamps one, two, and three on or off at will, and they will stay 

on until either the administrator turns them off or turns the system back to automatic controls and 

the proper clock time is reached. The tags necessary to achieve these controls are included in 

Table 8, and the rungs of ladder logic are shown in Appendix 5. 

Table 8: Lamp Power tags. 

Tag Name Associated 

Tag Mode 

Tag Type Description of Tag Function / 

Purpose 

LampPowerAutoTime Automatic 

Lamp Power 

DINT See Table 4. 

LampPowerAutoTimeOn Automatic 

Lamp Power 

REAL See Table 4. 

LampPowerAutoTimeOff Automatic 

Lamp Power 

REAL See Table 4. 

LampPowerAutoModeOn Automatic or 

Manual Lamp 

Power 

BOOL When this tag is energized 

automatic lamp power controls 

are on. When this tag is not 

energized, lamp power controls 

are on manual. 

LampPowerVisitorManualOn Visitor Lamp 

Power 

BOOL When this tag is on, visitors can 

manually power lamps on or 
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off using the Visitor Master 

Control HMI screen. 

LampOneManualOn Manual Lamp 

Power 

BOOL When this tag is energized and 

lamp power is in manual mode, 

lamp one will power on. 

LampTwoManualOn Manual Lamp 

Power 

BOOL When this tag is energized and 

lamp power is in manual mode, 

lamp two will power on. 

LampThreeManualOn Manual Lamp 

Power 

BOOL When this tag is energized and 

lamp power is in manual mode, 

lamp three will power on. 

LampOneEnergize N/A BOOL When this tag is energized, 

lamp one will receive 24V of 

power and turn on. 

LampTwoEnergize N/A BOOL When this tag is energized, 

lamp two will receive 24V of 

power and turn on. 

LampThreeEnergize N/A BOOL When this tag is energized, 

lamp three will receive 24V of 

power and turn on. 

 

The Data Logging for the lights is currently fairly basic, tracking only the Light Intensity over 

time and showing on screen how light intensity changes over a 24-hour period (Figure 17). In the 

future, additional tracking of individual lamp on or off times may be added if desired. 
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Figure 17: Light Intensity Data Log. 
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System Testing  

 A series of protocols was developed to systematically test the functionality of the ladder 

logic and HMI controls. The full protocols, found in Appendix 6, were planned to walk through 

each portion of the system controls and cover all aspects of the completed ladder logic and HMI 

screens, including emergency stop, reset, and start controls, visitor controls, aeration system 

controls (both automatic and manual), and lighting system controls (both automatic and manual). 

Some of the Aeration functionality was not tested in this prototype configuration but was 

verified to work in an earlier version. Some of the light movement functionaliy has not yet been 

successfully de-bugged at the present time. This will be completed after this semester has 

concluded. Tables 9, 10 and 11, below, show a summary of the extent of the development and 

testing that has been completed to date, listing functions tested to assess the emergency stop 

controls, emergency reset controls, and visitor controls, respectively. Aeration controls testing 

was summarized in Table 12. The lighting system testing protocol was broken into three sub-

sections – calibration, movement, and lamp power control testing – covered in Tables 13, 14, and 

15, respectively. Each table includes columns for: pseudo-code, ladder logic, HMI, and 

functional testing, and indicates if each of these development steps have been completed. Some 

functions, such as login and screen navigation, required no pseudo-code or ladder logic, and 

some of the more complex system functionality requires additional de-bugging to be completed 

later. Table 16: Miscellaneous Additional Testing does not have a full testing protocol in 

Appendix 6 as the functions covered within it were included within the other testing protocols. 
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Because this work is part of an ongoing project, plans for necessary and potential future design 

expansion were included. 

Recommendations for Subsequent Work 

The work covered in this paper is part of an ongoing project, and as such it is useful to 

provide ideas for expansion of the controls designed thus far. All items listed here are 

suggestions for future work which may or may not be completed at a later date. With this being 

said, the following paragraphs cover suggested avenues for expansion of current system controls, 

as well as additional system functionality which is recommended. 

The chief work remaining to completely automate the plant growth chamber is 

development and implementation of ladder logic and HMI for control of the irrigation system. 

Controls for this system should include automatic timing to run the pump, manual pump on/off 

controls, nutrient sensing, and automatic nutrient dispensing. In addition to the irrigation 

controls, inclusion of a physical emergency stop button (with a built-in function to alert an 

administrator if it has been pressed by a visitor), is recommended. 

Ideally, all Visitor controls will be made temporary, meaning the system will revert to 

Automatic Administrator control parameters after a certain amount of elapsed idle time. 

Additionally, Visitor controls may be expanded beyond their current limits to allow users limited 

access to automatic controls. This limited access could allow users to change system setpoints 

such as light power times, desired light intensity, and temperature, relative humidity, or carbon 

dioxide setpoints. If such access is provided, controls should hopefully be constrained, meaning 

users can only change the setpoints to values within a certain, limited range. These constrictions 

to the Visitor controls will protect the system from prolonged unsuitable conditions or severe 

changes in air quality and light intensity which could shock the system. The system diagram 
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currently included on the Visitor Control Master screen could be expanded to include animations 

or pop-up screens providing more information on the various systems controlled. These elements 

could also be added to the default Main login screen for interested passers-by. Inclusion of such 

elements would enhance the educational experience of visitors, both students and members of the 

general public. 

Expansion of existing administrative controls is also possible. While the current 

automatic Lamp Power controls only specify the hours during which all three lamps are powered 

on or off, it may be desirable for the system to power on only one or two lamps based on the 

desired intensity. If this fine-tuning were included, users would be able to expand the range of 

intensities the plants could experience. It may be also useful to rename lamp power settings to 

“Lamp Photo-Period Controls” or something similar, so administrators are not mislead into 

thinking the output of individual lamps is adjustable over a range. 

User testing of the HMI would also be beneficial. While this testing was foregone in the 

current work due to COVID-19 concerns and time constraints, feedback from users unfamiliar 

with the project would be helpful to allow improvements to the user experience. Such testing will 

reveal any aspects of the HMI which are unclear or frustrating to Visitors and possible 

Administrators. While multiple rounds of HMI user testing would be best, the system is currently 

ready for a first round of user testing. Based on responses from the first tests, alterations can be 

made and subsequent testing can ensue. 

Prior to user testing, test administrators should decide whether students or members of 

the more general public should test the system. Additionally, administrators should decide 

whether those testing the HMI should receive some guidance, such as an outline with tasks to 

perform, or whether should be given only a description of the chamber and its capabilities and 
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then allowed to navigate and explore the system without prompting. Because the chamber and its 

controls are meant to be an educational tool for visitors to the department, it may be useful to test 

a group of users under both conditions. 
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Appendix 1: Overall Process Control Logic 

 

 

This appendix contains the ladder logic which governs the emergency stop, reset, and start 

controls, as well as the Visitor Controls. Note the comments above each rung help to explain 

what each rung is supposed to accomplish. See Overall Process Control Ladder Logic and HMI 

section in the body of this report for corresponding Table 1 and Figures 6-9. 


