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This paper describes the lumped-parameter modeling, identification, and control of the 

payload temperature inside a high-altitude balloon gondola. Experimental methods for 

identifying the lumped thermal resistance and thermal capacitance at the launch-altitude 

and at high-altitude are described. Utilizing the identified values, both a pressure-

independent model and a pressure-dependent model are formulated. With knowledge of the 

thermal resistance, a bang-off control system is sized to keep the payload temperature above 

a prescribed limit. Both of the closed-loop models are validated with recorded flight data. 

I. Introduction 

M AINTAINlNG a payload temperature within the maximum and minimum rated component specifications 

is one of the challenges encountered in carrying out high-altitude experiments [I] . ln order to achieve 

suitable thermal control, it is nece sary to have some knowledge of the heat-transfer characteristics of the 

subsystems that comprise a gondola. 

Modeling of the heat-transfer characteristics of high altitude balloon gondolas has been an area of study since the 

I 960's. The focus of much of the early research has been on long-duration flights where radiative heat-transfer 

dominates the thermal dynamics of a gondola. Design guidelines for passive thermal control that are intended 

mitigate the effects of solar radiation are proposed in [2] and include the use of a conductive gondola surface, a 

gondola surface coating wi th a hi gh absorptivity and low emissivity, and the use of water as a means of heat storage. 

In [3], a cientific payload with an aluminum foil urface coating that sustained damage caused by high-

temperatures i examined. Contradicting one of the recommendations in [2], it was determined through steady-state 

analysis that the low emi sivity of the aluminum foi l resu lted in heat di sipation at an insufficient rate whi ch lead to 

over-heating. A general thermal model is described in [4] and [5]. Here, the gondola is modeled as an isothermal 
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sphere in order to simpli fy the radi ation heat-transfer geometry. This methodology produced resul ts that were in 

close agreement wi th the measured rnght temperatures. More contemporary studies have been carried out with 

numerical software packages [6-7]. 

Short duration fl ights lasting only a few hours are becoming popular fo r both educational and scientific purposes. 

Since a fl oat alti tude is not sustai ned fo r a igni ficant amount of time on the e fl ight , the effects of radi ati ve heat-

transfer are de-emphasized while the effects of initial payload temperature and inte rnal heat dissipation become 

more pronounced. ln thi s paper, a system identification approach is utilized to develop a lumped-parameter thermal 

model for a high-alti tude balloon gondola intended for short-duration f]jghts. ln order to accomplish this, three 

experi ments are carried out as part of the identification process. Two of the experiments are utilized to fi nd the 

equi valent thermal resistance and capacitance of the gondola at both the launch-altitude and at the burst-altitude. ln 

one of the exami ned approaches, the parameters are treated as pressure-dependent, and a linear regress ion is util ized 

to quantify their pressure dependence. Another approach is considered in which the parameters are treated as 

constants. The thi rd identi fica tion experiment is utilized to fi nd the ne t heat-transfer due to radi ation at the launch-

alti tude. Since the analyt ical calcul ation of the radi ative heat-transfer would requ ire several estimations concerning 

the emissivity and absorpti vity of the gondola as well as many broad assumptions concern ing the ever-changi ng 

geometry of the problem [8], it is currently assumed that the measured experimental val ue remains constant 

throughout the fli ght. UtiU zing the identified model, a feedback bang-off temperature controller is designed and 

incorporated into the model. Lastly, the validity of both the pressure-dependent model and pressure-independent 

model of the gondola pictured in Fig. 1 are tes ted with actual flight-data. 

Fig. 1 Preflight gondola. 
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II. Heat Transfer Dynamics 

Lumped-parameter thermal mode ls are developed by decomposing a structure into a finite number of isothermal 

nodes and formu lating a power balance for each node [9- 1 OJ . The power balance takes is of the form: 

Rate of Rate of Rate of 
energy = energy - energy ( I ) 
stored gained lost 

While it is possible to decompose the entire gondola and its internal components into many thermal nodes, such an 

approach is not followed in this work. T here are several reasons for this decision . From a practical standpoint, the 

sys tem identification experiment would require an extensive amount of instrumentation. More importantly, high-

order identification approaches tend to result in many characteristic modes, a number of which may not have much 

effect on the isothermal node that is really of interest, the scientific payload [11]. Furthermore, the nodes that give 

rise to the dominant modes are not a-priori knowledge. By selecting only one thermal node, the effects of the the 

non-dontinant modes are treated as both perturbations and noise and a best-fit first-order lumped paran1eter model is 

easily obtained. 

A graphical representation of the system is shown in Fig. 2 . The gondola is a composite structure comprised of 

Nomex honeycomb carbon fiber paneling with an internal foam insulation lining . The payload consist of electronic 

circuit boards and cameras. The abilit y of the payload and gondola to store heat is lumped into the thermal 

capacitance parameter, C,, . The resistance to heat flow from outside the gondola to the payload as well as from the 

payload to outside of the gondola is lumped into the thermal resistance parameter, RP . The power dissipated by the 

T out 

Fig. 2 Heat transfer model. 
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experiment electronics and cameras is considered to be negligible. However, a feedback controlled resistive heater 

provides the internal input heat, Q H, to the payload. Furthermore, the gondola, and thus the payload, receives a 

significant amount of heat from direct solar, albedo, and planetary radiation, the effects of which are lumped into the 

term Q,11 • • Applying the power balance described in (1), one obtains: 

(2) 

The left-hand term in (2) is the rate of energy stored in the payload, and the last two terms on the right-hand 

side are direct sources of heat applied to the system. The first term on the right-hand side can be attributed to 

Newton 's law of cooling in the case of convection but also describes one-dimensional conduction through a constant 

temperature gradient [ 10]. The term also approximates radiative heat-transfer, which can be shown by linearizing 

the Stefan-Boltzmann equation about the normal operating temperatures [9]. The actual method of heat transfer that 

is taking place will depend upon the altitude of the payload. Both convection and radiation are expected at the 

launch-altitude, while significantly more heat-transfer via radiation is expected at the balloon burst-altitude. 

Regardless, the heat that is lost to the atmosphere is not considered to significantly alter the outside atmospheric 

temperature, T ow . 

III. System Identification 

The lumped parameter heat-transfer dynamics in (2) is described by a first -order ordinary differential equation. 

Assuming that experiments are devised such that T m" and QH+Q,11• are kept constant, the solution of (2) has the 

form 

When t = RpC P, then 

k 1=T p(O)-Tp(oo) 
k 2=T p(oo ) 

(3) 

(4) 

Given a sufficient amount of time such that the steady-state condition is reached, the right-hand side of (4) is easily 

computed from recorded data. The time-constant, R pC P , can then be obtained from a plot of the temperature 
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evolution. 

For heat-transfer problems, the dynamics are often very slow, thus it may take an inconvenient amount of time 

to reach steady-state. An alternative approach is to fi t the collected experimental data to an equation in the form of 

(3) using a nonlinear leas t-squares algori thm. 

Assuming that either steady-state is obtained or that the collected data has been fit to a model in the form of (3), 

then the thermal resistance is found as 

(5) 

and then the thermal capacitance can be computed from the identified time-constant. 

Assuming that the thermal resistance and thermal capacitance are dependent upon the atmospheric pressure, they 

can be considered to be a function of time as the gondola ascends and descends . With this view, (2) describes a 

time-varying linear system in which case the methodology described above is not valid. However, the time-constant 

method can be used to identify the thermal parameters at specific instances of pressure by keeping pressure constant 

throughout the experiment. The pressure dependence can then be approximated via a linear regress ion by utilizing 

the identified parameters at both a launch-altitude pressure and a high-al titude pressure. 

• Identification at Launch-Altitude Pressure 

The identification experiment at launch-altitude (P= 100.3 (kPa )) was performed at room temperature with 

minimal forced-air convection and away from direct sunlight. Three 15 n ceramic power resistors were placed 

inside the gondola and connected in parallel to a 5 V laboratory power supply which ideally delivers 5 W to the 

inside of the gondola when the supply is swi tched on, though the actual measured power was 4.86 W. Previous 

experiments have shown the thermal time-constant of the ceramic resistors to be relatively small which can be seen 

in the collected data, so their heat transfer dynamics are neglected from the model. A thermocouple, routed through 

the package, was used to measure the payload temperature, T P , and a second thermocouple was utilized to measure 

the outside temperature, T°'" . 

The instrumented gondola was given a sufficient amount of ti me to reach the steady- tate temperanire at which 

point the 4.86 Wheat source was switched on. The payload temperature was then measured on one minute intervals 

until the payload reached a near steady-state temperature. The recorded temperature of the payload vs. time is 
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plotted in Fig. 3. 
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Fig. 3 Launch-altitude experiment. 

A nonlinear least-squares curve fitting algorithm was utilized to fit an equation in the form of (3) to the collected 

data. The data points received weights that linearly increase with the time so that the low-frequency dynamics were 

captured more than the high-frequency dynamics that are initially dominant. Using this approach, the time-constant 

can be found to be approximately RpC p= 2930.4. Since the experiment was performed away from direct sunlight, 

it is assumed that the solar heating is zero, Q,,"'=0 (W) . Then, the only source of direct heat is Q H= 4.86 (W) . 

Using the estimated steady-state temperature and the average outside temperature, T0 ,.1 = 295.03 (K ) , the thermal 

resistance is obtained as Rp= 4.8025 (K IW ) which means the thermal capacitance must be Cp= 610. 18 (JI K ) . 

A plot of the identified first -order system response is included in Fig. 3. 

• Identification at High-Altitude Pressure 

The high-altitude identification experiment was performed inside a vacuum chamber at an atmospheric pressure 

that varied between 1033.3 Pa and 959.9 Pa. which corresponds to an altitude well over 30 km. Three 15 n 

resistors were once again placed inside the gondola and connected to a nominal 5 V source which dissipated a 

measured 4.34 W. Again, a thermocouple was utj)jzed to measure the payload temperature. An additional 

thermocouple was utilized to measure the chamber wall temperature which remained at a fairly constant 292.6 K. 

The vacuum chamber was allowed to reach steady-state pressure and then the heaters were turned on. The payload 

temperature was then measured every minute . The recorded temperature is depicted in Fig. 4. 

A nonlinear least-squares algorithm was again used to fit a curve in the form of (3) to the collected data from 
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Fig. 4 High-altitude experiment. 

which the time-constant was found to be RpC p=589 l.O. Utilizing T0 ,,,= 292.6 (K) and assuming that 

Q, •• =O (W ) such that the total applied heat was QH = 4.34 (W ) , the thermal resistance is Rp= 4.3924 (K IW ) 

which implies that the thermal capaci tance is C P = 134 l.2 (JI K ) . The response of the identified linear system is 

also depicted in Fig. 4. 

• Thermal Coefficients as a Function of Pressure 

The thermal resistance and thermal capacitance are known at two pressures, 100.3 kPa and an average low 

pressure of 996 .6 Pa. In order lo establish a dependence of the thermal parameters on pressure, a linear regression is 

utilized . The thermal resistance as a function of pressure is approximated by 

Rp=4.l 29x I0- 6 P+4.3883 (K tw ) (6) 

and the thermal capacitance is 

Cp=-0.00736P + 1348.514 (JI K ) . (7) 

These curves are depicted in Fig. 5. 

It is known that the thermal conductivity of many materials, including foams, decreases with a decrease in 

pressure [12] . Thus, the conductive thermal resistance of such materials increases with decreasing pressure which is 

an intuitive result as a foam becomes more like a vacuum in which no conduction takes place. Therefore, it is 

interesting to note that the thermal resistance of the gondola decreases with a decreasing pressure. 
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Fig. 5 Thermal coefficient pressure dependence. 

• Identification of Launch-Altitude Solar Input 

In order to obtain the solar input, Q '"" , at the launch altitude, the internal heat source, Q H , was zeroed and the 

gondola was pl aced in direc t sunlight and the payload was allowed to reach a near steady- tate temperature. A 

thermocouple was utilized to measure the payload temperature on one minute intervals. A plot of the collected data 

is depicted in Fig. 6. The average outside atmospheric temperature was also measured in a shaded area with 

sufficient convection to be 298.2 K. 

Again, a nonlinear weighted least-squares algorithm was used to fi t a curve in the form of (3) to the collected 

data. Although it is not of direct use for this task, the identified time constant was found to be RpC p= 3095.5 . 

This value is reassu ringly d ose to the time-constant identified when the payload was heated internally, thus lending 
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Fig. 6 Solar input experiment. 
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support to the validity of the structure of the model. Of more importance to the search for Q,11• is the the identified 

steady-state temperature, T ( ctJ )= 3 13 .5 ( K) . Utilizing the previously identified thermal resis tance, 

R P= 4.8025 (KI W) , the following relation provides an expression fo r calculati ng the solar input 

T(ctJ )-T 0111 

Q~,.= R . 
p 

(8) 

This method yie lds Q ,1111= 3.1 889 ( W) . 

IV. Thermal Controller 

The feedback thermal contro ller heating elements are sized assuming worst-case conditions. This implies 

Q,11.=0 ( W ) and the minimum value for T0111 • ln this situation Eq. (6) can be rearranged into 

T (oo)- T mu 
QH (9) 

Here, the steady-state temperature, T ( ctJ) , is a design parameter and is selected as the desired minimum steady-

state payload temperature. The computation of (9) provides the amount of heat in Watts that must be applied to the 

system in a worst-case situation in order to maintain the steady-state payload temperature at a desired value. 

Utili zing a mi nimurn payload temperatu re of 292 K and a minimum outside temperature of 250 K, the requ ired heat 

is 8.7 W. Ln order to achieve this value a re i tive heat source comprised of six 15 n resistors powered from a 4.5 

V supply is utilized . This configuration ideally dissipates 8 .1 W, which was dete rmined to be acceptabl y close to the 

required heat input. 

To ensure that the internal heat source does not generate excessive heat, which may lead to damage of the 

payload, a bang-off feedback controller is util ized . A schematic of the controller is depicted in Fig. 7. A TLY2454 

operational amplifie r is configured as a comparator wi th two inputs; one input is from a potentiometer which is 

utilized to create a setpoint below which the heaters are to turn-on. The other comparator input is connected to a 

temperature ensing network. As the NTC thermistor heats up, its resi lance decreases which leads to a decrease in 

the voltage on the positive operational amplifier input. When this voltage drop s below the voltage seen on the 

negati ve operational amplifier input, the operational amplifier's output saturates at the ground rail and turns off the 

MOSFET which, in turn, stops the current flow through the resistive heaters. When the NTC thermistor cools off, 

its resistance increases and so does the voltage on the positive operational amplifier input. When this voltage rises 
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Fig. 7 Bang-off temperature controller. 

above the setpoint voltage on the negative input, the operational amplifier's output saturates at the 4.5 V rail and 

turns on the MOSFET which then allows current to flow through the heaters. ln future implementations, the 

operational amplifier shou ld be replaced with a dedicated comparator. 

ln order to assist in adjusting the setpoi nt , a light emitting diode is utilized to indicate when the heaters are on. 

T he setpoint for the flight was adjusted so that the heaters turn on when the payload temperan1re drops below room 

temperature, 294 K. Through the use of the controller, the heat supplied by the resistive heaters becomes a function 

of the payload temperature: 

forT p< 294 
forT p~ 294 · 

V. Flight Results 

The validi ty of both the closed-loop pressure-independent model , 

:!!..e. ___ I - ( - ) ( ) 6 10. 18 -
80 

T ,, T 0 ,,, + QH T p +3. 1889 , 
dt 4. 25 

and the closed-loop pressure-dependent model, 

( lO) 

( II ) 
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( )~---1 - ( - ) ( ) Cp P - ( ) T 1, T 0 ,,, +QH T p +3. 1889, 
dt R p P 

( 12) 

is tested wi th flight data recorded by the payload pictured in Fig. l. The measured data includes the internal payload 

temperature, the ambient outside atmosphere temperature, and the atmospheric pressure. ln order to carry out the 

va lidation tests, Eq . (11) and Eq. ( 12) are integrated with respect to time uti li zing the measured T,,,,, and the 

computed feed back from ( 10) as inputs. Due to the varying condi tions that occurred before launch, which involved 

the final assembly and handling of the payload, an initial-condition for the integration was selected at t = 2200 (s) 

which corresponds to approximately the moment of launch as indica ted by the measured pressure and GPS-recorded 

altitude depicted in Fig. 8. The payload temperature predicted by the pressure-independent model and pressure-

dependent model are pl otted in Fig. 8 and Fig. 9, respectively. 

Both models provide relatively good predictions of the payload temperature. The maxi mum error in 

temperature in each case is less than 6.8 K and this occurs during the last 10 km of the descent. lt is very likely that 

this error is caused by neglecting the forced-air convection from the model. This seems especially like ly 

considering the high-ra te of descent , which is nearly double that of the ascen t, through the thick and cold 

atmosphere that is encountered between 8000 and 9000 seconds. Although Jess pronounced, both models a lso 

predict slightly warmer temperatures between 4000 and 6000 seconds. The atmosphere is thinner in this region, 

according to Fig. 8, so the effects of the un-modeled fo rced-air convection are not as significant. The only region 

where the predicted temperature is noticeably less than the measured temperature occurs at around 7000 seconds 

which corresponds to the apex of the f]jght. T his anomaly, though small , is probably related to the fact that the 

rf. ::2i: j 
0 2000 4000 6000 0000 10000 12000 

lime (s) 

1JS~· 2: I 
0 2000 4000 6000 0000 10000 12000 
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Fig. 8 Measured altitude and pressure. 
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Fig. 9 Pressure-independent model response. 

rad iative heat-transfer effects are not thoroughly modeled. Still, the error in the predicted temperature for both 

models is less than 3 K at that altitude. 

The control system's effects are clearly visible in the predicted responses in Figs. 9 and I 0 as evident by the 

sudden changes induced by the instantaneous application of heat. However, the effects are not visible in the 

measured response. This is expected. Since the resistive heaters must undergo a thermal transient, there is 

substanti al low-pass filterin g of the step-Hke input applied by the controller which results in a smooth payload 

temperature evolution. 

VI. Conclusion 

For short-duration lights in which a high-altitude float is not sustained, there does not appear to be a substant ial 

3 10-----------------~ 

280 
g 
~ 270 
~ 
~ 260 
~ 
>-

250 

240 

230 

~o~-~--~--~-~--~--~~ 
0 2000 4000 6000 8000 10000 12000 

lime (s) 

Fig. 10 Pressure-dependent model response. 
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benefit to adopting a pressure-dependent thermal model. However, the identification procedure and validation 

should be carried out on several different payloads to decrease the possibility that the results presented in this paper 

are specific to the one gondola for which the procedure was administered. The implications of adopting a pressure-

independent modeling scheme would be beneficial since the system identification experiments can be easily carried 

out with a minimal amount of equipment. 

Future research in the area of active temperature control should examine methods of quantifying the 

effectiveness of the control systems. This may involve flying two identical gondolas in which the control system 

has been deactivated in one of them. Another interesting topic, assuming that a valid model can be identified, would 

be to study the controller as a fuel-optimal problem especially since such an approach typically results in a bang-

bang or bang-off structure. 
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