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Automation and control of the MMT thermal system 
J. Duane Gibsona, Dallan Porter, and William Goble, 

MMT Observatoryb, University of Arizona, Tucson, Arizona USA 85721-0065 
 

ABSTRACT  

This study investigates the software automation and control framework for the MMT thermal system.  Thermal-related 
effects on observing and telescope behavior have been considered during the entire software development process.  
Regression analysis of telescope and observatory subsystem data is used to characterize and model these thermal-related 
effects.  The regression models help predict expected changes in focus and overall astronomical seeing that result from 
temperature variations within the telescope structure, within the primary mirror glass, and between the primary mirror 
glass and adjacent air (i.e., mirror seeing).   This discussion is followed by a description of ongoing upgrades to the 
heating, ventilation and air conditioning (HVAC) system and the associated software controls.  The improvements of the 
MMT thermal system have two objectives:  1) to provide air conditioning capabilities for the MMT facilities, and 2) to 
modernize and enhance the primary mirror (M1) ventilation system.  The HVAC upgrade necessitates changes to the 
automation and control of the M1 ventilation system.  The revised control system must factor in the additional 
requirements of the HVAC system, while still optimizing performance of the M1 ventilation system and the M1’s optical 
behavior.  An industry-standard HVAC communication and networking protocol, BACnet (Building Automation and 
Control network), has been adopted.  Integration of the BACnet protocol into the existing software framework at the 
MMT is discussed. Performance of the existing automated system is evaluated and a preliminary upgraded automated 
control system is presented.  Finally, user interfaces to the new HVAC system are discussed. 
 

Keywords: Telescope thermal control systems, MMT Observatory, regression analysis, HVAC, BACnet  
 
 

1. INTRODUCTION 
 
Like other large borosilicate astronomical mirrors, the MMT’s 6.5-meter primary (M1) mirror requires active thermal 
control.  From 2001 through 2008, the telescope operators (TO’s) directly controlled the M1 ventilation system, 
including determining the appropriate ventilation air temperature and setpoints for multiple chillers[1].  Control of this 
system was as much as art as a science with the fluctuating weather and temperature conditions and the long thermal 
response times of the system.  Through use, several “rules-of-thumb” were adopted by the TO’s and thermal control was 
relatively efficient.  Graphical user interfaces (GUI’s) were added to allow semi-automatic control of the thermal system 
by tracking a reference temperature, such as the outside temperature.  Even with this semi-automatic approach, the TO’s 
needed to monitor the M1 ventilation control system throughout the night as it responded to changing thermal and 
environmental conditions. 
 
Automated control of the thermal ventilation system for the M1 mirror began in 2009[2].  This automated control 
combines: 1) a simple linear regression control algorithm between the setpoint of the primary glycol-based chiller 
(manufactured by Carrier Corporation) and the M1 ventilation system air temperature, and 2) a differential air 
temperature controller for a second methanol-based chiller (manufactured by Neslab, now ThermoFisher Scientific) that 
further refines or trims the final discharge air temperature of the M1 ventilation system.  The thermal control system 
attempts to drive the M1 glass temperature towards the ambient air temperature while minimizing thermal gradients 
within the mirror. These algorithms are based upon data gathered prior to 2009.  
 
________________ 
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A rich set of environmental and thermal data has been acquired under automated control over the past six years.  
Preliminary control algorithms for a newly upgraded MMT thermal system have been developed.  This automated 
control software encapsulates much of the control logic developed over the years as well as the necessary safety 
requirements.  Logged telemetry data from this automated system is used in this study for regression analysis of the M1 
ventilation system. 

2.0 THERMAL SYSTEM EFFECTS ON OBSERVING 
Williams et al[1] discuss how the thermal state of a large telescope can have a significant adverse effect on the image 
quality if the system is not properly controlled. They summarize three effects that can be particularly apparent to 
observers:  

1. Focus changes resulting from temperature changes in the telescope’s optical support structure (OSS).  

2. Degradation of the image quality resulting from thermal gradients within the primary mirror.  

3. Poor seeing resulting from differences between the ambient temperature and primary mirror temperature (i.e., 
mirror seeing).    

An extensive data set has been obtained over the past ten years that allows quantitative analysis of these thermal-related 
effects at the MMT.  Analysis of data associated to these three effects is presented below.  These analyses evaluate the 
performance of the current control software and help guide data-driven improvements to this software. 

2.1 Temperature-Focus Relationships 

To a first approximation, the change in telescope focus resulting from temperature fluctuations is defined by a linear 
coefficient that is measured in microns/°C.  Correction for this temperature-focus (“tempfoc”) effect occurs 
automatically within the secondary mirror (M2) hexapod control software.  The temperatures from six thermistors 
attached at various locations on the OSS are averaged to control the tempfoc correction.  As the OSS temperature 
changes, the focal length (the “z” direction) of the telescope is adjusted.  This coefficient is dependent not only on the 
OSS, but also on the secondary mirror and instrument, among other factors.  For example, the f5 M2 mirror is made of 
Zerodur glass while the f9 M2 mirror is borosilicate glass, each with a different coefficient of thermal expansion.  These 
different types of M2 mirrors will affect the relationship of focus changes to temperature changes.  Likewise, thermal 
effects on the instrument and its support structure can affect the overall focal length of the optical system.  At the 
moment, the following temperature-focus (“tempfoc”) correction coefficients are used at the MMT:  -46.7 microns/°C 
for the f9 secondary mirror, ‑13.1 microns/°C for the f5 mirror, and -49.0 microns/°C for the f15 secondary.  The current 
instrument on the telescope is not considered in these temperature-focus corrections.   

Approximately ten years of detailed thermal and telescope focus data are available for the MMT, representing data 
points under a wide range of temperature conditions and telescope configurations.  For this study, it is assumed that the 
telescope is properly focused and collimated after wave-front sensor (WFS) corrections have been applied for the f5 and 
f9 M2 mirrors or while the adaptive optics (AO) f15 secondary mirror is in closed-loop mode.  The focus and 
temperature values are retrieved from secondary mirror logs at a few seconds later than the timestamps of the WFS or 
AO measurements, allowing for any M2 moves to be completed.  These temperature-focus pairs should represent typical 
data under normal observing conditions. 

Figure 1 shows results of temperature-focus ordinary least squares (OLS) linear regression analyses for several different 
telescope secondary/instrument configurations. The observed data are shown as circles in the figure.  The regression-
fitted data are shown as the central line.  This line represents the best linear regression model for the sample data.  The 
upper and lower lines represent the 95% prediction interval.  This 95% prediction interval represents the range in which 
the real value of the dependent value, “telescope focus” in this case, is expected with respect to the independent 
parameter, “average OSS temperature” in these calculations.  

Table 1 presents results of these OLS linear regressions.  A temperature-focus coefficient, the slope coefficient in the 
regression, of around -54 microns/°C is found for the f9/blue and f9/red telescope configurations, with a somewhat 
higher -62 microns/°C value for the f9/spol configuration.  A temperature-focus coefficient of -30.7 microns/°C is found 
for the f5/hecto configuration while a -32.1 microns/°C coefficient is found for f15/aries.  Less scatter is seen in the f9 
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automated focus corrections based upon temperature changes.  The variation of RMS temperatures within the M1 
primary mirror is investigated from 2006 to the present.  Seasonal values in the M1 RMS temperatures range from a low 
of below 0.1°C to a high near 0.2°C, with a mean value of 0.16°C over this time interval.  The lowest seasonal RMS 
values are found during 2011 to 2013.  These data suggest that the optimal range for observing is when M1 RMS 
temperature values are between 0.05°C and 0.15°C.  The M1 glass‑air temperature contrast from 2006 to 2016 has a 
mean value of ‑0.03°C with a low of ‑0.6°C during 2008‑2009, increasing to a high of 0.6°C in 2014, and a decrease to 
below 0.0°C in early 2016, perhaps related to the HVAC upgrade.  The optimal M1 glass-air contrast is found to be 
‑1.0°C to 0.0°C.  These analyses are used to evaluate performance of the thermal system under the existing automated 
control system.  Similar analyses will be used to guide future development of control software for the MMT thermal 
system. 
 
Beginning in 2015, new HVAC equipment is being installed and brought on-line at the MMT.  This new equipment 
includes a larger glycol-based chiller, variable frequency drives (VFD’s) for the main M1 ventilation blower motor, 
larger glycol coolant pumps, multiple three‑way glycol bypass valves, extensive new coolant plumbing, and numerous 
status and temperature remote sensors and controllers.  Four new fan‑coil units (FCUs) have been installed in the main 
MMT enclosure to provide air conditioning.  This new facilities HVAC hardware must be integrated with automated 
control of the M1 ventilation system. 
 
The open‑source, industry‑standard BACnet (Building Automation and Control network) protocol is used to 
communicate via BACnet objects between devices and computers on different physical data layers. A summary is 
presented of the BACnet network topology and integration of this protocol into the existing MMTO telemetry and 
control system, including Redis key-value stores and MySQL relational databases. The new M1 ventilation and facilities 
HVAC systems require a more complex and robust approach to automation and control.  Instead of control solely via 
adjusting chiller setpoints, the ventilation air will be conditioned through the more widely used approach of mixing 
warm and cold glycol coolant through multiple three‑way valves, each associated with an air/glycol heat exchanger. 
This approach provides better overall system response.  
 
A preliminary implementation of automated software control for the upgraded MMT thermal system divides software 
behavior into three regimes, based upon the Carrier chiller setpoint: 1) below ‑10°C, 2) between ‑10°C and 10°C, and 3) 
above 10°C.  Requirements for the new FCU’s prevent the Carrier setpoint from being increased over 10°C as it has in 
the past.  Details of control of chiller setpoints and glycol bypass valve positions are presented for the three thermal 
control regimes. This software control is expected to be refined as additional data is acquired through continued 
operation.  
 
Finally, new graphical user interfaces (GUI’s) have been developed to allow the user to monitor and control the 
upgraded MMT thermal system, including the M1 ventilation and facilities HVAC subsystems. These GUI’s allow 
manual control of the thermal system as well as monitoring of automated control of the system. Real‑time updates of 
environmental and thermal data are provided to users using current web‑based technologies. 
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