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Loop Heat Pipes (LHP) are widely used for thermal control in satellites. They separate 

heat supply and rejection spatially by establishing a capillary-driven cooling cycle featuring 

an evaporator (supply) and a condenser (rejection). By this, it is possible to transport heat 

over longer distances than with common heat pipes. Mass shifts in a LHP between the 

evaporator and the condenser depending on the heat load and the sink temperature are 

counterbalanced by a so-called compensation chamber (CC). By heating the CC it is possible 

to move the natural operating temperature of the LHP to a desired operating temperature 

while obtaining the needed heat conductance. It is common practice to improve the design of 

LHP components with stationary models. In this paper, a stationary model is developed to 

calculate the CC heater power gap between the natural stationary operating temperature 

curve and the desired operating temperature level. The quantified stationary CC heater power 

is then used in a two-degree-of-freedom PI control. It achieves a stable temperature control 

and an improved reaction to disturbances than commonly used PI controllers by separating 

the response to setpoint changes from the response to disturbances. The stationary model 

relies on energy balances of the principal LHP components and on the relevant heat transfer 

kinetics. The model parameters are reliably derived from the experimental characterization 

of the LHP. Furthermore, a more detailed analysis of the condenser is needed for the thermal 

model to be able to map the underlying physics of the system. The operability of the model is 

confirmed by comparing results to corresponding experimental ones throughout the whole 

range of operating parameters considered. The designed control strategy is validated on a test 

bench with a LHP. 

Nomenclature 

CC = compensation chamber 

CM = cooling medium 

LHP = loop heat pipe 

LTI = linear time-invariant 

MEMS = microelectromechanical system 

PID = proportional–integral–derivative 

PT1 = first-order delay 

SSOT = steady-state operating temperature 
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𝐴𝑐𝑜𝑛𝑑,𝑗 = heat transfer area of the 𝑗th condenser segment (in 𝑚2) 

𝐴𝑉𝐿/𝐿𝐿 = heat transfer area of the vapor line / liquid line (in 𝑚2)  

𝐴𝑤𝑖𝑐𝑘,𝐶𝐶  = heat transfer area of the wick (in 𝑚2) 

𝛼0 = outer heat transfer coefficient of the transport lines (in 𝑊/𝑚𝐾) 

𝛼𝐶𝑀 = outer heat transfer coefficient of the CM (in 𝑊/𝑚𝐾) 

𝐶 = numerical parameter of the mass flow condition (in 𝑠2/𝑚2) 

𝑐𝑝,𝐶𝐶
𝐿  = specific heat capacity of the liquid in the CC (in 𝐽/𝑘𝑔𝐾) 

𝑐𝑝,𝐶𝑀,𝑗
𝐿  = specific heat capacity of the 𝑗th CM segment (in 𝐽/𝑘𝑔𝐾) 

𝑐𝑝,𝐿𝐿
𝐿  = specific heat capacity of the liquid in the liquid line (in 𝐽/𝑘𝑔𝐾) 

𝑐𝑝,𝑉𝐿
𝑉  = specific heat capacity of the vapor in the vapor line (in 𝐽/𝑘𝑔𝐾) 

𝑒 = heater control error (in 𝐾) 

𝐺𝑃𝑇1  = PT1 system of the LHP (in °𝐶/𝑊) 

ℎ̇𝑐𝑜𝑛𝑑,𝑗 = enthalpy flow of the 𝑗th condenser segment (in 𝑊) 

𝐾𝑃𝑇1  = gain of the PT1 system (in °𝐶/𝑊𝑠) 

𝐾𝑅  = gain of the PI controller (in 𝑊/𝐾𝑠) 

𝑘𝑐𝑜𝑛𝑑,𝑗 = overall heat transfer coefficient of the 𝑗th condenser segment (in 𝑊/𝑚2𝐾) 

𝑘𝑉𝐿/𝐿𝐿 = overall heat transfer coefficient of the vapor line / liquid line (in 𝑊/𝑚2𝐾) 

𝑘𝑤𝑖𝑐𝑘,𝐶𝐶 = overall heat transfer coefficient of the wick (in 𝑊/𝑚2𝐾) 

�̇� = mass flow rate of the ammonia (in 𝑘𝑔/𝑠) 

�̇�𝐶𝑀 = mass flow of the CM (in 𝑘𝑔/𝑠) 

𝑁𝑇𝑈𝑉𝐿/𝐿𝐿 = number of transfer units of the vapor line / liquid line (in 1) 

�̇�  = heat flow (in 𝑊) 

�̇�𝐶𝐶 = control heating power on the CC (in 𝑊) 

�̇�𝐶𝐶,𝑃𝐼 = output of the PI controller (in 𝑊) 

�̇�𝐶𝐶,𝑝𝑟𝑒 = output of the pre-control (in 𝑊) 

�̇�𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 = overall heat flow to the CM in the condenser (in 𝑊) 

�̇�𝑒𝑣𝑎𝑝 = heat load on the evaporator (in 𝑊) 

�̇�ℎ𝑖𝑔ℎ = highest heat load on the evaporator with positive control heating power (in 𝑊) 

�̇�𝑙𝑒𝑎𝑘,𝐶𝐶  = heat leak between the evaporator and the CC (in 𝑊) 

�̇�𝑙𝑜𝑤 = lowest heat load on the evaporator with positive control heating power (in 𝑊) 

𝑅  = transfer function of the control heater (in 𝑊/𝐾) 

𝑠  = complex Laplace variable (in 1/𝑠) 

𝑇  = temperature (in °𝐶) 

𝑡  = time (in 𝑠) 

𝑇𝑃𝑇1  = time constant of the PT1 system (in 𝑠) 

𝑇𝑅  = time constant of the PI controller (in 𝑠) 

𝑇𝑎𝑚𝑏   = ambient temperature (in °𝐶) 

𝑇𝐶𝐶   = CC temperature (in °𝐶) 

𝑇𝐶𝐶,𝑖𝑛  = temperature of the CC inlet (in °𝐶) 

𝑇𝐶𝑀,𝑖𝑛  = temperature of the CM inlet (in °𝐶) 

𝑇𝐶𝑀,𝑗  = temperature of the 𝑗th CM segment (in °𝐶) 

𝑇𝐶𝑀,𝑜𝑢𝑡  = temperature of the CM outlet (in °𝐶) 

𝑇𝑐𝑜𝑛𝑑,𝑖𝑛  = temperature of the condenser inlet (in °𝐶) 

𝑇𝑐𝑜𝑛𝑑,𝑗  = temperature of the 𝑗th condenser segment (in °𝐶) 

𝑇𝑐𝑜𝑛𝑑,𝑜𝑢𝑡  = temperature of the condenser outlet (in °𝐶) 

𝑇𝑒𝑣,𝑜𝑢𝑡  = temperature of the evaporator outlet (in °𝐶) 

𝑇𝑒𝑣,𝑠𝑎𝑡  = saturation temperature of the evaporator (in °𝐶) 

𝑇𝑠𝑒𝑡  = setpoint temperature (in °𝐶) 

𝑇𝑠𝑖𝑛𝑘   = sink temperature (in °𝐶) 

�̇�𝑐𝑜𝑛𝑑,𝑗  = vapour mass fraction of the 𝑗th condenser segment (in 1) 
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I. Introduction 

common technology for thermal control in satellites is the loop heat pipe (LHP). Using evaporation and 

condensation of a pure working fluid, a LHP transports heat from a heat source, e.g. electronic devices, to a 

remote heat sink, e.g. a radiator. Due to the heat load, the working fluid evaporates in a porous wick which works as 

a capillary pump and circulates the working fluid self-sufficiently through the transport lines between the condenser 

and the structure holding the compensation chamber (CC) and the evaporator1,2. The main objective of the thermal 

control is a constant temperature of the electronic devices, i.e. a constant operating temperature of the LHP. There are 

different approaches to keep a desired constant operating temperature3. A linguistic fuzzy controller for both a bypass 

valve and the radiator emittance of a special loop heat pipe-microelectromechanical system (LHP-MEMS) is evaluated 

in Ref. 4 and Ref. 5. This work considers a LHP with a control heater on the compensation chamber. Initially, this 

LHP control approach was experimentally investigated with heuristic linear PID controls6,7 and two-point-controls6,8. 

However, little attention has been paid to the controller design itself5, although the heater control needs improvement 

to handle the complex performance characteristics of LHPs7. Additionally, several disturbances affect the LHP. 

Besides gains and losses to the ambient structure, the sink temperature of a radiator changes due to the location of the 

satellite in orbit. This temperature varies strongly whether the satellite is in the shadow of the earth or facing the sun. 

Further, the dissipated heat of the electronic devices changes depending on their operation status. These disturbance 

changes result in temperature over- and undershoots while controlling the operating temperature. 

In this work, a two-degree-of-freedom control9,10 consisting of a PI controller and a lookup table from the 

calculated values of a stationary model is introduced to improve the disturbance response of the heater control loop 

and to stabilize the operating temperature against over- and undershoots. Naturally, a two-degree-of-freedom control 

has advantages over a one-degree-of-freedom control, e.g. a common PI controller because of the two independently 

adjustable control design objectives9: the setpoint response and the disturbance response. For the design of the PI 

controller, the control parameters are determined based on a black box model of the LHP. This model-based control 

design saves expensive test bench time and facilitates the heater control design for different LHPs efficiently. In Ref. 

11, the black box modeling approach is successfully used to identify the dynamics and the startup behavior of a LHP 

with adjustable condenser cooling and heat load experimentally from the system’s inputs and outputs. It is shown that 

the LHP temperature dynamics can be described with linear second-order transfer functions in different operating 

points. However, the approach was not used for a control system design. The second degree of freedom of the heater 

control is based on a physically motivated stationary model which is utilized to calculate the power gap between the 

natural and the desired operating temperature. This stationary control heater power is then used to precontrol the LHP. 

In contrast to Ref. 12, the required heater power is also a function of the sink temperature besides the heat load and 

the desired setpoint temperature to cover the whole operating range of the considered LHP. 

This paper is structured as follows: In section II, the experimental and numerical thermal characterization of the 

LHP is presented. After the description of the control design in section III, the main results are stated in sections IV, 

followed by the conclusion in section V. 

II. Thermal Characterization of the LHP 

The present study is based on a detailed experimental and numerical thermal characterization of the loop heat pipe. 

The working principle of loop heat pipes is based on the application of a wick structure which allows a autonomous 

mode of operation. The heat dissipated from electronic devices is used to evaporate the working fluid. The vapor then 

flows to the condenser where the heat is transferred to the heat sink. Returning as all liquid flow, the fluid can either 

be directly conducted back to the evaporator or, for transient states, into the compensation chamber. The liquid flow 

is ensured by the wick structure connecting the liquid line, compensation chamber, and evaporator, and is based on 

capillary effects. The complex set up of the wick structure not only guarantees for the liquid flow towards the 

evaporator, but also provides the capability of leading vapor bubbles, possibly forming inside the evaporation zone, 

into the compensation chamber and therefore preventing a blockage of the capillaries. Due to the high thermal 

conductivity of the evaporator body and the wick structure, the evaporation occurs inside the wick. The forming vapor 

is then led through the so-called vapour grooves to the vapour line where it flows further towards the condenser. But, 

a small amount of the heat load is directly led towards the compensation chamber due to the thermal conductivity of 

the structure which is generally referred to as the heat leak. The resulting steady-state operating temperature (SSOT) 

of the LHP corresponds to the saturation temperature of the compensation chamber 𝑇𝐶𝐶  and is a function of the heat 

load �̇�𝑒𝑣𝑎𝑝 as well as the sink temperature 𝑇𝑠𝑖𝑛𝑘  (cf. Fig. 1). 

An easy and effective way of affecting the natural operating temperature is the use of a heating film on the 

compensation chamber3. Compared to the heat load applied to the evaporator, only a small heat load is required to 
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change the saturation temperature due 

to the change of the liquid-vapor 

distribution inside the compensation 

chamber and the condenser. 

Depending on the desired setpoint 

temperature 𝑇𝑠𝑒𝑡 , a negative heat load 

is required at the compensation 

chamber below the heat load �̇�𝑙𝑜𝑤 at 

the evaporator in Fig. 1. Between the 

heat loads �̇�𝑙𝑜𝑤 and �̇�ℎ𝑖𝑔ℎ, the setpoint 

temperature 𝑇𝑠𝑒𝑡  is fixed with positive 

heat to the compensation chamber. 

Above the heat load �̇�ℎ𝑖𝑔ℎ, the 

condenser must be increased to be able 

to reject the applied heat load at the 

evaporator. Nevertheless, the supply of 

additional heat to the compensation 

chamber requires a profound 

knowledge of the complex 

thermodynamic system in order to 

prevent an unwanted shutdown or 

temperature oscillations of the LHP. 

Furthermore, the actual heat flux of the 

heat leak from the evaporator to the 

compensation chamber is of great interest in order to calculate the correct operating temperature. Therefore, an 

experimental characterization has been performed in order to determine essential process parameters to set up a 

mathematical model for the steady-state operation of the LHP. 

A. Experimental Approach 

The experimental characterization of the present loop heat pipe has been performed using the test facility and 

procedure presented in Ref. 14. According to the expected operation conditions in space, heat loads between 20 W to 

170 W as well as sink temperatures from -30 °C to 20 °C have been chosen for investigation. The heating film used 

to control the operating temperature of the LHP provides an additional heating power of 0 to 10 W. A schematic set 

up of the LHP is shown in Fig. 2. 

The heat is supplied using multiple heat resistors in order to ensure a uniform heat load throughout the evaporator 

body. On the other side of the LHP, the dissipation of the heat at the condenser is based on the counterflow principle 

and consists of five successive cooling plates attached to the LHP condenser. Thus, an individual energy balance can 

be performed for each cooling plate, which, in combination with the temperature sensors on the condenser of the LHP, 

allows a precise 

determination of the 

condensation area. As heat 

losses to the surrounding 

shall be avoided as far as 

possible, a multilayer 

insulation of the LHP is 

applied. By this, internal 

influences of the different 

temperatures of the LHP 

components can be reduced 

as well.  

Due to the 

circumstances of not being 

able to modify the set up of 

the present LHP, only 

 
 

Figure 1. Steady-state operating temperature (SSOT) of a LHP (cf. 

Ref. 3 and 13) 

 
 

Figure 2. Schematic representation of the LHP 
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surface temperatures can be measured. This requires the consideration of possible discrepencies with respect to the 

results of the mathematical model, as the experiment does not provide “internal” fluid temperatures. Nevertheless, it 

can be shown that the needed process parameters can be determined with a satisfying accuracy in regards of a reliable 

calculation of the LHP temperatures. 

B. Numerical Approach 

The mathematical model presented in the following is based on the energy conservation equations of the single 

components of the LHP. Among these are the compensation chamber, the evaporator, the transport lines (liquid and 

vapour line), and the condenser. The latter component requires a special numerical treatment which will be discussed 

later on. The compensation chamber is treated as a homogeneous subsystem being unequivocally characterized by its 

temperature, 𝑇𝐶𝐶 , for the steady-state operation. Following this methodology, the following conservation equation may 

be derived3: 

 

 compensation chamber   0 = �̇� ∙ 𝑐𝑝,𝐶𝐶
𝐿 ∙ (𝑇𝐶𝐶,𝑖𝑛 − 𝑇𝐶𝐶 ) + �̇�𝑙𝑒𝑎𝑘,𝐶𝐶 + �̇�𝐶𝐶          (1) 

 

In Eq. (1), �̇� is the steady-state ammonia mass flow prevailing inside all fluid-carrying components of the LHP, 𝑐𝑝,𝐶𝐶
𝐿  

is the specific heat capacity, �̇�𝐶𝐶 is the control heating power to be applied to the compensation chamber and �̇�𝑙𝑒𝑎𝑘,𝐶𝐶 

is the heat leak. For the latter, the following heat transfer kinetics is given3: 

 

 heat leak transfer kinetics  �̇�𝑙𝑒𝑎𝑘,𝐶𝐶 = (𝑘 ∙ 𝐴)𝑤𝑖𝑐𝑘,𝐶𝐶 ∙ (𝑇𝑒𝑣,𝑜𝑢𝑡 − 𝑇𝐶𝐶)           (2) 

 

The solution of Eq. (2) requires more detailed information on the porous wick, which is unknown to the authors due 

to confidential reasons given by the LHP manufacturer. This is why, at this point, it is made use of the benefit of this 

combined experimental and numerical approach to determine the quantitities �̇�𝑙𝑒𝑎𝑘,𝐶𝐶  and (𝑘 ∙ 𝐴)𝑤𝑖𝑐𝑘,𝐶𝐶 as a function 

of the operational parameters (𝑇𝑠𝑖𝑛𝑘 , �̇�𝑒𝑣𝑎𝑝). By this, the temperature at the evaporator outlet, 𝑇𝑒𝑣,𝑜𝑢𝑡, may be 

determined from Eq. (2) as well. 

In contrast, the temperature of the evaporator itself, 𝑇𝑒𝑣,𝑠𝑎𝑡, is not directly determined by means of an energy 

balance, which is due to a lack of knowledge of the inner structure of this component and the natural striving of the 

system to transport as much heat as possible through the heat leak between compensation chamber and evaporator. 

This would result – numerically – in a continuous increase of the temperature difference between both components. 

In reality, hoewever, this striving is inhibited by the thermodynamic two-phase states prevailing both in the 

compensation chamber and in the evaporator. Due to the finite pressure difference between both states, this also results 

in a finite and – in practice – quite small temperature difference. For this reason, the model also includes calculations 

of the pressure drop occurring throughout all components of the LHP system. The according equations are commonly 

known and taken from the VDI heat transfer atlas15. This procedure allows the determination of 𝑇𝑒𝑣,𝑠𝑎𝑡  from the 

corresponding saturation pressures by means of the Antoine equation of ammonia. 

The temperatures at the outlets of the transport lines, 𝑇𝑐𝑜𝑛𝑑,𝑖𝑛 (vapour line) and 𝑇𝐶𝐶,𝑖𝑛 (liquid line), are determined 

from the following equations which are derived from a differential energy balance of the corresponding transport line. 

 

 vapour line      𝑇𝑐𝑜𝑛𝑑,𝑖𝑛 = 𝑇𝑎𝑚𝑏 − (𝑇𝑎𝑚𝑏 − 𝑇𝑒𝑣,𝑜𝑢𝑡) ∙ exp(−𝑁𝑇𝑈𝑉𝐿)       (3) 

 liquid line       𝑇𝐶𝐶,𝑖𝑛 = 𝑇𝑎𝑚𝑏 − (𝑇𝑎𝑚𝑏 − 𝑇𝑐𝑜𝑛𝑑,𝑜𝑢𝑡) ∙ exp(−𝑁𝑇𝑈𝐿𝐿)       (4) 

 

Here, 𝑇𝑎𝑚𝑏  is the temperature of the ambient. In Eqs. (3) and (4), the numbers of transfer units (𝑁𝑇𝑈) of the respective 

transport lines have been introduced, being defined as 𝑁𝑇𝑈𝑉𝐿/𝐿𝐿 = (𝑘 ∙ 𝐴)𝑉𝐿/𝐿𝐿/(�̇� ∙ 𝑐𝑝,𝑉𝐿/𝐿𝐿
𝑉/𝐿

), where (𝑘 ∙ 𝐴)𝑉𝐿/𝐿𝐿 is 

the product of the overall heat transfer coefficient and the heat transfer area of the transport line. The latter quantities 

may be physically determined by considering the serial heat transfer resistances of the internal ammonia flow, the heat 

conducting pipe wall, and the ambient. The heat transfer resistance of the ambient is thereby quantified in terms of the 

outer heat transfer coefficient 𝛼0, which – at the same time – may be seen as a measure of the quality of the installed 

heat insulation. A comparison of experimental and numerical results yields a low value of 4 𝑊/𝑚𝐾 for this numerical 

parameter, 𝛼0, which confirms the adequacy of the experimental set-up proposed. 

For the closure of the set of equations which is needed to determine the temperatures of all LHP components 

reliably, a balancing method for the condenser is needed as well. However, the temperature and phase distribution of 

the condensing ammonia flow change rapidly and over a wide parameter range. Therefore, the condenser needs to be 
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divided up into many small segments to ensure the consistency of a homogeneous balancing subsystem. Numerical 

pre-investigations have shown that more than 1000 condenser segments are desirable to capture the variable courses 

inside the condenser in an appropriate manner. When doing so, the following energy equations may be formulated for 

one selected segment (index 𝑗) of the counterflow heat exchanger. 

 

𝑗th condenser segment 

 ammonia side      0 = ℎ̇𝑐𝑜𝑛𝑑,𝑗−1 − ℎ̇𝑐𝑜𝑛𝑑,𝑗 − (𝑘 ∙ 𝐴)𝑐𝑜𝑛𝑑,𝑗 ∙ (𝑇𝑐𝑜𝑛𝑑,𝑗 − 𝑇𝐶𝑀,𝑗)     (5) 

 cooling medium side    0 = �̇� ∙ 𝑐𝑝,𝐶𝑀,𝑗
𝐿 ∙ (𝑇𝐶𝑀,𝑗+1 − 𝑇𝐶𝑀,𝑗) + (𝑘 ∙ 𝐴)𝑐𝑜𝑛𝑑,𝑗 ∙ (𝑇𝑐𝑜𝑛𝑑,𝑗 − 𝑇𝐶𝑀,𝑗)  (6) 

 

Here, (𝑘 ∙ 𝐴)𝑐𝑜𝑛𝑑,𝑗 is the product of the overall heat transfer coefficient and the heat transfer area of the 𝑗th condenser 

segment which needs to be calculated depending on the local heat transfer conditions during condensation (internal 

ammonia flow heat transfer resistance) and on the heat transfer resistance of the cooling medium (index 𝐶𝑀). The 

latter is again quantified in terms of a modeling parameter, namely the heat transfer coefficient, 𝛼𝐶𝑀, which has to be 

given a value of 1000 𝑊/𝑚𝐾 to reproduce the experimental data in the best possible way. Again, the choice of this 

parameter is physically plausible in view of the efficient liquid flow heat transfer in the cooling medium pipes. Please 

note that the ammonia enthalpy flows, ℎ̇𝑗, have to be formulated as a function of the local condenser temperature 

𝑇𝑐𝑜𝑛𝑑,𝑗 (single-phase states) or of the vapour mass fraction �̇�𝑐𝑜𝑛𝑑,𝑗 (two-phase states), respectively. As the inlet 

temperatures of both the ammonia flow (𝑇𝑐𝑜𝑛𝑑,𝑖𝑛) and the cooling medium flow (𝑇𝐶𝑀,𝑖𝑛 = 𝑇𝑠𝑖𝑛𝑘) are given, the system 

of equations derived thus has – mathematically speaking – a unique solution.  

This whole set of equations is partially nonlinear and requires a special solution procedure. In the first place, an 

additional equation to determine and update the ammonia mass flow is required. It is based on the overall energy 

conservation of the LHP system and makes use of the linear dependence of the overall heat flow being transferred to 

the cooling medium in the condenser, �̇�𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 (according to an overall ammonia enthalpy balance), on the mass 

flow. Therefore, the mass flow is updated according to the following equation. 

 

 mass flow condition     �̇�(𝑛+1) = �̇�(𝑛) + 𝐶 ∙ (�̇�𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 − �̇�𝐶𝑀 ∙ 𝑐𝑝,𝐶𝑀
𝐿 ∙ (𝑇𝐶𝑀,𝑜𝑢𝑡 − 𝑇𝐶𝑀,𝑖𝑛))   (7) 

 

Eq. (7) already hints at the iterative procedure which is applied to solve the equation system. It contains another purely 

numerical parameter which is chosen as 𝐶 = 10−1𝑠2/𝑚2 to ensure the convergence and stability of the numerical 

solution process. Furthermore, an under-relaxation of the main solution variables (�̇�,𝑇𝐶𝐶) needs to be performed to 

enhance the solution behavior. By this, the mathematical model yields stable and reliable solutions for all operating 

conditions considered experimentally. The solution is considered to be converged when the residuals introduced with 

respect to the overall energy conservation and the changes of the main variables reach values smaller than 10−5, 

respectively. 

III. Heater Control Design 

The control loop of the two-degree-of-freedom control is depicted in Fig. 3. It consists of a PI controller as the 

first degree of freedom and a pre-control as the second degree of freedom. The main objective of the pre-control is a 

stable setpoint response while relieving the first degree of freedom, which mainly commits itself to a stationarily 

accurate system output and a quick but stable disturbance response. In this work, the measured controlled variable is 

the temperature of the compensation chamber, 𝑇𝐶𝐶, because the two-phase compensation chamber governs the 

operating temperature of the LHP3 and its heater control yields the most stable temperatures and the least risk for 

temperature oscillations at low heat loads7. 

The operating point of the LHP is mainly determined by the heat load at the evaporator and the sink temperature 

at the condenser. For this reason, the output of the pre-control is a function of the heat load �̇�𝑒𝑣𝑎𝑝 and the sink 

temperature 𝑇𝑠𝑖𝑛𝑘 . The dependencies of the pre-control output from the heat load and the sink temperature result from 

the stationary model of the LHP in section II-B. The model is used to determine the required stationary compensation 

chamber heater powers at different operating points. A 3-dimensional lookup table with linear interpolation is created 

from the model results with the heat load and the sink temperature as input variables. If further measurable variables 

have a significant impact on the stationary dynamics of the LHP, the input variables of the model, respectively the 

dimension of the lookup table, may be altered. The more accurate the prediction of the required stationary heater 

power and the measurement of the input variables are, the less the PI controller has to correct the prediction and may 

focus on the response to disturbances, which results in a better overall control result. In a satellite, the measurement 
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of the sink temperature is not always available for the heater control. Since the condenser of the considered LHP test 

bench is never fully exploited in its desired operating range (cf. section II-A), the measured condenser output 

temperature  always reaches nearly sink temperature level. Therefore, the condenser output temperature 𝑇𝑐𝑜𝑛𝑑,𝑜𝑢𝑡  is 

connected to the sink temperature input of the pre-control. The resulting prediction error is compensated by the PI 

controller. 

Owing to the thermal capacities of the LHP, changes of the heat load or the sink temperature have a delayed impact 

on the compensation chamber temperature. Therefore, the pre-control output is delayed by a first-order linear time-

invariant (LTI) system, i.e. a first-order delay (PT1) transfer function 𝐺𝑃𝑇1(𝑠), in the following form: 

𝐺𝑃𝑇1(𝑠) =
𝐾𝑃𝑇1

1 + 𝑇𝑃𝑇1 ∙ 𝑠
 (8) 

For the same reason, the circulation of the working fluid may stop if the compensation chamber is heated too 

quickly and its temperature rises above the evaporator temperature. In this case, the required pressure difference for 

the capillary pressure in the wick collapses and the vapor does not flow into the vapor line. Therefore, the step 

response’s velocity of the control loop must be limited. In this work, a rising time of around 35 𝑠 turned out to be 

adequate. An efficient model-based method to determine the corresponding parameters of the PI controller is the 

parameter identification of a linear system with step responses of the controlled variable. A first-order LTI system, as 

in Eq. (8), for parameter identification is chosen in this work since the model reduction of identified higher-order 

systems - stable zeros and poles are close - lead to a first-order system. A 1 𝑊 step of the compensation chamber 

heater from 2 𝑊 to 3 𝑊 is used to fit the parameters of the first-order LTI system to the measured data via the nonlinear 

least squares method, because the setpoint temperature 𝑇𝑠𝑒𝑡  of 27 °𝐶 is reached at 3 𝑊 in the operating point at the 

sink temperature of 10 °𝐶 and at the heat load of 60 𝑊. The resulting first-order LTI system has the time constant 

𝑇𝑃𝑇1 = 451.08 𝑠 and the gain 𝐾𝑃𝑇1 = 4.454 °𝐶/𝑊𝑠. For this linear system, a PI controller for stationary accuracy is 

suggested which is described by the following transfer function: 

𝑅(𝑠) =
�̇�𝐶𝐶(𝑠)

𝐸(𝑠)
= 𝐾𝑅 ∙

1 + 𝑇𝑅 ∙ 𝑠

𝑠
 (9) 

With the desire for the above mentioned rising time and a phase reserve of 62.4 °, the time constant is set to 𝑇𝑅 = 44 s 

and the gain is set to 𝐾𝑅 = 0.075 W/Ks. It was approved that the rise times lie between 30 𝑠 to 60 𝑠 and the phase 

margin between 50 ° to 70 ° for other identified step responses at different operating points, keeping a stable control 

loop outside the chosen operating point due to the chosen pole placement of the controller transfer function. 

Additionally, the heater power on the compensation chamber is limited to 10 𝑊, described by the saturation block 

in Fig. 3. Therefore, an anti-windup strategy against the limitation of the manipulated variable �̇�𝐶𝐶 must be applied to 

the PI controller. Due to a nonzero control error 𝑒, the integrator output rises further during the saturation of the control 

 
 

Figure 3. Block diagram of the two-degree-of-freedom control 
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output, although a higher or lower output than the limitations of the compensation chamber heater power can not be 

realized. In this work, the difference between the values before und after the saturation is subtracted from the integrator 

input. The feedback gain of the anti-windup structure is set to the inverse of the proportional gain of the PI controller16. 

IV. Results 

The 3-dimensional lookup table based on the stationary model for the setpoint temperature of 27 °𝐶 is graphically 

presented in Fig. 4. The finer meshed surface belongs to the stationary model. In comparison, the red dots are 

experimental data points from the test bench and the breakpoints to the second rougher surface. Both surfaces lie 

closely together and the prediction of the stationary model is slightly higher. With the lookup table incorporated in the 

two-degree-of-freedom control, its performance is evaluated and compared with the sole PI controller. 

In the first subplot of the following figures, the temperatures of the compensation chamber (blue), the evaporator 

(red), and the setpoint (orange) are depicted. The second subplot includes the control output �̇�𝐶𝐶 (blue) as well as the 

output of the pre-control �̇�𝐶𝐶,𝑝𝑟𝑒 (red) and the output of the PI controller �̇�𝐶𝐶,𝑃𝐼 (orange) for the two-degree-of-freedom 

control (cf. Fig. 3). Finally, the heat load at the evaporator �̇�𝑒𝑣𝑎𝑝 (blue) and the sink temperature 𝑇𝑠𝑖𝑛𝑘  (red) are shown 

in the third subplot. 

Table 1. Reduction of the compensation chamber temperature over- and undershoots by the two-degree-

of-freedom control in comparison with the common PI controller 
 

�̇�𝑒𝑣𝑎𝑝  in 𝑊 𝑇𝑠𝑖𝑛𝑘  in °𝐶 max. ∆𝑇𝐶𝐶  in 𝐾 (2DoF) max. ∆𝑇𝐶𝐶 in 𝐾 (PI) reduction in 𝐾 reduction in % 

30 - 60 15 0.05 0.08 0.03 38 
60 - 83 15 0.03 0.05 0.02 40 
78 - 30 15 0.09 0.12 0.03 25 
30 - 60 0 0.11 0.17 0.06 35 
60 - 83 0 0.05 0.11 0.06 55 
78 - 30 0 0.17 0.24 0.07 29 
30 - 60 -15 0.19 0.27 0.08 30 
60 - 83 -15 0.12 0.18 0.06 33 
78 - 30 -15 0.31 0.40 0.09 23 
30 - 60 -25 0.25 0.35 0.10 29 

 

 
 

Figure 4. Surface plot of the stationary compensation chamber heater power as a function of the heat load 

and the sink temperature for the setpoint temperature of 𝟐𝟕 °𝑪 
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In Fig. 5, the common PI controller keeps the compensation chamber temperature near the setpoint temperature. 

Changes in the heat load and the sink temperature result in over- and undershoots in both the compensation chamber 

and the evaporator temperature. However, the greater impact on the temperatures has the heat load. At the sink 

temperature of −25 °𝐶, the compensation chamber heater power reaches its saturation and can not maintain the 

compensation chamber temperature at the setpoint anymore. When the heat load decreases to 30 W and the LHP 

reaches a controllable operating point within the compensation chamber heater limitations again, the control is 

immediately capable of restabilizing the compensation chamber temperature owing to the anti-windup structure. The 

performance of the introduced two-degree-of-freedom control is presented in Fig. 6. As the output of the PI controller 

always returns to a value near zero, the stationary model predicts a precise compensation chamber heater power. The 

temperature over- and undershoots are smaller, because the output of the PI controller is superpositioned with the pre-

control output. 

In Table 1, the reduction of the over- and undershoots in the controlled compensation chamber temperature by the 

two-degree-of-freedom control is presented in comparison with the common PI controller at different operating 

conditions. With two degrees of freedom in the control system, the overshoots are reduced up to 29 % and the 

undershoots even up to 55 %. In contrast, there is a temporary stationary inaccuracy with the two-degree-of-freedom 

control in Fig. 6. This can be traced back to the chosen time constant of the lookup table delay. In the experiment, the 

impact of a heat load change on the compensation chamber temperature is faster than the correspondent reaction of 

the lookup table, as the deviation between the output of the pre-control and the ultimate manipulated variable points 

out. Consequently, the time constant of the delay system, Eq. (8), may be smaller. With further parameter 

identifications of transfer functions between the heat load and the compensation chamber temperature as well as the 

sink temperature and the compensation chamber temperature the time constants can be determined. Independent 

delays of the inputs of the lookup table should further improve the performance of the two-degree-of-freedom control 

to both disturbances. Correspondingly, the parameters of the PI controller may be optimized in different operating 

points to yield a smaller rising time and phase reserve for a better disturbance response. 

 
 

Figure 5. Measurement results of the common PI controller 
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V. Conclusion 

In this contribution, a combined experimental and numerical approach for the thermal characterization of a LHP 

has been presented. Based on this, a two-degree-of-freedom control for a control heater on the compensation chamber 

has been designed. It supports a stable and constant LHP operating temperature control despite of heat load and sink 

temperature changes. It yields a better disturbance reaction than the common PI controller due to an additional degree-

of-freedom which is based on the calculations of the required compensation chamber heater power by the described 

stationary model of the LHP. Model deviations of the stationary model are compensated by the PI controller. It has 

been shown that disturbance related temperature over- and undershoots are strongly reduced. A separate delay of the 

lookup table inputs by identifying correspondent step responses and an adaption of the controller parameter to different 

operating points are expected to improve the performance of the two-degree-of-freedom control even further. The use 

of parameter identification for control parameterization has proven to be an efficient method for LHP heater control 

design. 

Acknowledgments 

The work was supported by the German Federal Ministry for Economic Affairs and Energy (BMWi) with funding 

number 50YH1612. The authors want to thank the German Aerospace Center (DLR) and Tesat-Spacecom GmbH & 

Co. KG for their great support. 

References 
1Ku, J., “Operating characteristics of loop heat pipes,” SAE Technical Paper No. 1999-01-2007, July 1999. 
2Maydanik, Y., “Loop heat pipes,” Applied Thermal Engineering, Vol. 25, April 2005, pp. 635-657. 
3Ku, J., “Methods of controlling the loop heat pipe operating temperature,” SAE Technical Paper No. 2008-01-1998, June 2008. 

 
 

Figure 6. Measurement results of the two-degree-of-freedom control 



 

International Conference on Environmental Systems 
 

 

11 

4Bodendieck, F. et al., “Precision temperature control with a loop heat pipe,” SAE Technical Paper No. 2005-01-2938, July 

2005. 
5Dong, S.-J., Li, Y.-Z., Wang, J., and Wang, J., “Fuzzy incremental control algorithm of loop heat pipe cooling system for 

spacecraft applications,” Computers & Mathematics with Applications, Vol. 64, No. 5, September 2012, pp. 877-886. 
6Ku, J., Paiva, K., and Mantelli, M., “Loop heat pipe transient behavior using heat source temperature for setpoint control with 

thermoelectric converter on reservoir,” 9th Annual International Energy Conversion Engineering Conference, American Institute 

of Aeronautics and Astronautics, 2011 
7Ku, J., Paiva, K., and Mantelli, M., “Loop heat pipe operation using heat source temperature for setpoint control,” NASA 

Technical Reports Server, Tech. Rep. 20110015274, 2011. 
8Khrustalev, D., Stouffer, C., Ku, J., Hamilton, J., and Anderson, M., “Temperature control with two parallel small loop heat 

pipes for glm program,” Frontiers in Heat Pipes, Vol. 5, No. 9, 2014. 
9Araki, M. and Taguchi, H., “Two-Degree-of-Freedom PID Controllers,” International Journal of Control, Automation, and 

Systems, Vol. 1, No. 4, 2003. 
10Deshmukh, G.L. and Kadu, C.B., “Design of two degree of freedom PID controller for temperature control system,” 

International Conference on Automatic Control and Dynamic Optimization Techniques, Pune, India, September 2016. 
11Huang, B.J., Huang, H.H. and Liang, T.L., “System dynamics model and startup behavior of loop heat pipe,” Applied Thermal 

Engineering, Vol. 29, No. 14, 2009. 
12Goncharov, K. A. et al., “On Methods for Loop Heat Pipe Control by External Heat Action,” Solar System Research, Vol. 

47, No. 7, 2013. 
13Chuang, P.-Y., “An improved steady-state model of loop heat pipe based on experimental and theoretical analyses,” Ph.D. 

dissertation, Pennsylvania State University, Department of Mechanical and Nuclear Engineering, January 2003. 
14Knipper, P., Meinicke, S. and Wetzel, T., „Thermal Characterization of a Heat Transport System for Satellite Application,” 

Proc. of the 2nd World Congress on Momentum, Heat and Mass Transfer, April 2017. 
15VDI-Gesellschaft (ed.), „VDI-Waermeatlas,“ Springer-Verlag, Berlin Heidelberg, 2006. 
16Gyoubu, S. et al., “Anti-windup feedfoward controller design for reference input,” SICE 2003 Annual Conference, Vol. 2, 

August 2003. 


