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Abstract — This paper presents the model-based design of a cascade control for loop heat pipes (LHPs).
LHPs are passive, two-phase heat transport systems, which have been developed for the thermal control of
aerospace systems. Through evaporation and condensation, the working fluid inside the loop transports large
amounts of heat from the heat source to the heat sink. For a constant temperature near the heat source, the
LHP itself must be controlled. It is common practice to control the temperature of the compensation chamber
(CC), which governs the evaporator temperature of the LHP as the nearest measurable LHP temperature
to the heat source. However, changes of the dissipated heat at the heat source and of the temperature at
the heat sink disturb the evaporator temperature when controlling the CC temperature at a fixed setpoint
temperature. For this reason, a cascade control is designed based on a nonlinear dynamical model of the
LHP in this work. Thus, not only the CC temperature, but also the evaporator temperature is controlled
in two control loops. In addition, the influences on the evaporator temperature during LHP operation are
decreased compared to the direct control of the evaporator temperature.

Zusammenfassung — Diese Arbeit prisentiert den modellbasierten Entwurf einer Kaskadenregelung fiir
Loop Heat Pipes (LHPs). LHPs sind passive, zweiphasige Wirmetransportsysteme, welche fiir die Ther-
malkontrolle von Luft- und Raumfahrtsystemen entwickelt wurden. Durch Verdampfung und Kondensation
transportiert das Arbeitsmedium im Kreislauf grole Wiarmemengen von der Wirmequelle zur Wirmesenke.
Fiir eine konstante Temperatur an der Wérmequelle muss die LHP selbst geregelt werden. Typischerwei-
se wird die Temperatur der Kompensationskammer (CC) geregelt, die die Verdampfertemperatur der LHP
als die niichstgelegene, messbare Temperatur zur Wirmequelle bestimmt. Jedoch stéren die Anderungen
der dissipierten Wéarme der Warmequelle und der Senkentemperatur die Verdampfertemperatur, wenn die
CC-Temperatur auf eine feste Solltemperatur geregelt wird. Aus diesem Grund wird in dieser Arbeit eine
Kaskadenregelung auf Basis eines nichtlinearen, dynamischen Modells der LHP entworfen. Dadurch kénnen
in zwei Regelungschleifen nicht nur die CC-Temperatur, sondern auch die Verdampfertemperatur geregelt
werden. Des Weiteren werden die Einfliisse auf die Verdampfertemperatur wiihrend des Betriebs der LHP im

Vergleich zur direkten Regelung der Verdampfertemperatur verringert.

I. INTRODUCTION

Loop heat pipes (LHPs) are widely used for the thermal
control of satellite components [1]. Their working princi-
ple is based on capillary forces in a primary wick instead
of mechanical pumping forces. Besides the passive driving
force for the mass flow, the two-phase system reaches a high
thermal conductance at a small temperature difference be-
tween the heat source, which is the electronics in a satellite
component, and the heat sink through the evaporation and
condensation of the working fluid. The transient mass dis-
tribution in the entire loop is balanced by the two-phase
compensation chamber (CC). In addition, this CC supplies
the primary wick with liquid through the secondary wick
for a continuous heat transport. For a more detailed de-
scription of the LHP working principle, the reader is re-
ferred to [2]. To keep the temperature of the heat source
in a small temperature corridor during LHP operation,
the LHP operating temperature itself must be controlled
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against changing operating conditions. First, the temper-
ature of the heat sink, e.g. the radiator of the satellite, at
the LHP condenser changes due to the variable insolation
of the satellite in space. Second, the amount of dissipated
heat of the electronics near the LHP evaporator depends
on their operating status. A widely used control strategy
is the application of a control heater on the balancing CC
[3]. For the control heater, two-point-controllers [4], [5],
[6] and proportional-integral-derivative (PID) controllers
[5], [6] for different directly controlled LHP temperatures
have been designed heuristically and tested experimentally.
However, the common method of maintaining the LHP op-
erating temperature in a small corridor is to control the
CC temperature [3]. This method yields the most stable
temperatures and the least risk for temperature oscillations
at low powers compared to directly controlling the evapo-
rator temperature or the heat source temperature [6]. Due
to the recent development of an dynamical control model
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of the LHP in [7] for the model-based control design for the
control heater, more sophisticated control algorithms can
be designed to improve the overall thermal control perfor-
mance of the LHP. Current model-based controllers focus
on the sole control of the CC temperature [8], [9]. Hence,
an adequate model-based control design for the evaporator
temperature of the LHP should improve the temperature
control of the electronics, which is the main goal of the
thermal control of satellite components with LHPs.

In this paper, a cascade control based on linear feed-
back controllers for the control heater is designed based on
the recently developed nonlinear dynamical model in [7].
Instead of directly controlling the evaporator temperature
as the nearest measurable LHP temperature to the heat
source, the inner loop of the cascade control still controls
the CC temperature, while the outer loop controls the evap-
orator temperature. By separating the system’s dynamics
into two parts for the two cascaded control loops, the over-
all control performance is improved compared to the direct
control in a single control loop. Another advantage of the
cascade control structure is the simple extension of the sin-
gle LHP control loops in the literature based on the CC
temperature with another outer control loop based on the
evaporator temperature to preserve their benefits in the in-
ner control loop. The additional lightweight temperature
sensor on the evaporator is often already integrated in the
LHP system for monitoring the interface between the heat
transport system and the heat source.

In Section II, the dynamical LHP model is described.
After the design of the cascade control in Section III, the
numerical results of the introduced cascade control in com-
parison with the direct control are shown in Section IV,
followed by the conclusions in Section V.

II. DynaMicAL LHP MODEL

The nonlinear dynamical LHP model developed in [7]
is taken as the control model for the subsequent cascade
control design:

with @(t) = [Tee(t), Teo(t), Teo(t)] T, u(t) = Qec(t), and
d(t) = [Qev(t), Tsx(t)] 7. The nonlinear state-space model
(1) contains the CC temperature T..(t), the evaporator
temperature Te, (), and the condenser temperature T, (t)
as state variables x1(t),...,x3(t) in (). These state vari-
ables correspond to the mean temperatures in the colored
subsystems depicted in the schematic of the LHP in Fig. 1.
Furthermore, the input variable u(t) describes the heat in-
put Qc.(t) by the control heater on the CC. Finally, the
external influences on the LHP by the heat source and
the heat sink are included in d(t) as disturbance variables
Qev(t), the heat flow to the evaporator, and Ty(t), the
temperature of the heat sink. All three state variables are
measurable outputs yi (t), ..., y3(t) of the system and form
the output vector y(¢).

The nonlinear differential equations of the LHP state-
space model (1) are defined as follows (In order to ease
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Fig. 1. Schematic of the LHP (cf. [2])

notation, time dependencies are dropped):
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with the lumped thermal capacities C.., Ceyp, and C¢, of
the corresponding subsystems, E]ZD being the mean specific
isobaric heat capacity of the respective liquid phase, ARy,
being the specific heat of evaporation, and 7 being the
mass flow rate of the working fluid. The parameters Ry
and R, correspond to the thermal resistances of the heat
flow from the evaporator to the CC as part of the heat
input Q.. (t) and of the heat flow from the condenser to the
heat sink, respectively. The parameters are determined in a
chosen operating point, where the system reaches a steady
state, as described in [7].

III. MODEL-BASED CASCADE CONTROL DESIGN

The structure of the LHP cascade control is presented in
Fig. 2.

Teﬁu E ) Tca EL‘ . cc T c 71 )
set e Rl set T °C RQ Q GQ cc Gl 2V

Fig. 2. Cascade control of the LHP
As depicted in Fig. 2, the total LHP system is subdivided
into two single-input-single-output (SISO) subsystems for
both cascaded control loops. These SISO subsystems are

FDIBA CONFERENCE PROCEEDINGS, VOL. 4, 2020



described by transfer functions in the Laplace domain with
the complex variable s. For the model-based design of the
two cascaded linear feedback controllers R;(s) and Ra(s),
the corresponding subsystems G1(s) and Gz(s) are derived
from the nonlinear LHP state-space model (1).

At first, the nonlinear LHP state-space model (1) is lin-
earized at the chosen operating point, which yields the fol-
lowing linear LHP state-space model:

A.’B(t) = Alin . Am(t) + blfm : Au(t) + Elin : Ad(t)a (5&)
Ay(t) = Cuin - (1), (5b)
with Az(t) = [ATw(t), ATu,(t), ATo(t)]T, Aut) =

AQ..(t), and Ad(t) = [AQey(t), ATsr(t)] . The matrices
in (5) are defined as

A ooy o (Gm)

Alin = B -B 0 P (6)

0 C - (éﬁ,m + Q;CO)

- 1
Cee

blin = 0 5 (7)
| 0
[0 0

Elin = Clm) 0 ) (8)
L CcolRw
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Ciun=10 1 0], (9)
0 0 1

with the substitute parameters

1/, 1
A— CCC (cpm—&—le>,

(10)

(11)

1 (,. 1
C= c <cpm - 2Rco> . (12)
The linearized LHP state-space model (5) is converted
by the Laplace transformation into the transfer functions
G1(s) and G(s) of the LHP subsystems in both control
loops as follows:

6= 570 = e 03
(h@%—igﬂj
= [1 0 O} (s I — Alm)il “biin. (14)

First, a feedback controller Ry(s) for the inner control loop
is designed according to the transfer function Ga(s) in (14).
Then, the inner control loop

Go(s) = Ra(s)Ga(s)

= 1T Ra(5)Gals) (15)

is combined with the transfer function G1(s) in (13) to form
the transfer function
Gea(s) = Gei(s) - Gi(s), (16)
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of the controlled subsystem for the second feedback con-
troller Ry (s) in the outer loop.

The combination of a P and a PI controller is commonly
used in the industry for its good performance [10]. For
the stationary accuracy of the entire cascade control loop,
an integral part in one of the controllers is sufficient [11].
Thus, the transfer functions of both controllers are given
as

_ATE(s) 1+Tys

Bals) = ABo(s) 7 5 (17)
_AQe(s)

Ra(s) = % Fols) Ko (18)

The three controller parameters K1, T1, and K in (17)
and (18) can be calculated with the robust response time
algorithm in MATLAB (see [12]). With sufficient phase mar-
gins and limited robust response times for both controllers,
the stability of the control loop and a continuous heat
transfer are ensured, since the self-sufficient LHP work-
ing principle limits the maximal CC temperature gradient.
For improved stability characteristics of the overall cascade
control, the dynamics of the inner control loop should be
faster than the dynamics of the outer control loop [11], i.e.
a smaller robust response time of the inner control loop.

IV. NUMERICAL RESULTS

The validation of the proposed cascade control for the
temperature control of LHPs is performed with the experi-
mentally validated numerical LHP simulation of [13]. This
simulation, which was already adapted and used for con-
troller validation in [9], provides a safe test environment
for LHP controllers based on the variation of the measur-
able LHP temperatures by a control heater. The follow-
ing operating point (op) is chosen, where the LHP reaches
steady-state conditions at the desired setpoint temperature
T, = 28.58°C. In the operating point, the model param-
eters are determined, and the nonlinear LHP state-space
model (1) is linearized:

TABLE 1. VALUES OF THE STATE VARIABLES, INPUT VARIABLES, AND
MODEL PARAMETERS IN THE CHOSEN OPERATING POINT

operating point

model parameter

Q% = 4.653 W
)P = 60.00 W
T = 0.000°C

C.. =12.00JK!
C., =3.000JK!
C.o =9.000 K1

Ry, = 1.004KW!
m = 50.32mgs !
R =0221KW!

TP = 26.86°C
TP = 28.58°C
T = 0.000°C

Following the procedure in Sec. 3, the three controller
parameters are determined with a phase margin of 60.00°
and a robust response time of 14.00s and 18.62s as

K, =0.153 s71, T, = 2.556, Kpo=1.960 WK™
For the comparison of the relevant disturbance responses of

the introduced cascade control loop in Fig. 2 and a direct
feedback control loop of the evaporator temperature, a PI
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controller R3(s) is designed based on the transfer function
G3(s) of the total evaporator system:

_ ATw(s)
AQec(s)
=[0 1 0] (s-T— Aun)" - buin.

G3(s)

(19)

Accordingly, the transfer function R3(s) of the correspond-
ing PI controller is given by
AQ..(s) 14+ T3s

Rs(s) = ——— = Kps - P

= AF(s) (20)

with the controller parameters
Kp3 =0089WEK ts™! Ty =14.55s

at a phase margin of 60.00° and a robust response time of
18.73s.

The performance of the presented cascade control
(dashed red) in comparison with the performance of the
direct controller (dotted green) for a typical LHP distur-
bance profile is depicted in Fig. 3.
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Fig. 3. Disturbance response of the presented cascade control loop in
comparison with the direct control loop

Despite the changes of Qev and T, in the third and
forth subplot, both controllers keep T, near T<% (solid

set
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light blue) in the upper subplot. However, the over- and
undershoots in T, due to the disturbance changes are re-
duced visibly by the cascade control resulting in an overall
smoother T,, than with the direct controller. The improve-
ment of the control performance is emphasized quantita-
tively by the root mean square error (RMSE) between T,
and T<Y, for both controllers, which are RMSE = 0.007 K
for the cascade control and RMSE = 0.033 K for the direct
controller. Thus, T, is kept in a smaller corridor by the
cascade control as intended.

V. CONCLUSIONS

A cascade control for the temperature control of LHPs
has been designed based on a dynamical LHP state-space
model. By controlling not only the CC temperature, as
commonly done in the literature, but also the evaporator
temperature as the nearest measurable temperature to the
heat source, an improved temperature control performance
of the LHP has been achieved compared to the direct con-
trol of the evaporator temperature. With the improved
LHP temperature control, an improved thermal control of
aerospace systems in general is possible. For a complete
validation of the proposed LHP controller, its application
on a LHP test bench is required in future work. Neverthe-
less, the simulation results have already shown the promis-
ing benefits of the cascade control for LHPs.
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