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Thermohydraulic Dynamics and Fuzzy Coordination
Control of a Microchannel Cooling Network
for Space Electronics

Yun-Ze Li, Member, IEEE, and Kok-Meng Lee, Fellow, IEEE

Abstract—This paper presents the dynamic model, analysis,
and fuzzy control of a microchannel-heat-exchanger (MHE) space
cooling network for dissipating exhaust heat of onboard electronic
components inside spacecraft to the outer space environment.
Along with a method for modeling a nonlinear fluid resistance
network, a detailed analysis of flow rate changes and temperature
transients of the MHE cooling network is given, providing a basis
for developing a fuzzy coordination control strategy. The fuzzy
controller employs two synergic PID controllers to simultaneously
control both fluid- and radiation-based cooling mechanisms. The
fuzzy coordination controller has been numerically evaluated,
demonstrating a better performance than single-input PID con-
trollers in terms of its ability to leverage between two actuators
in rejecting disturbances and preventing overmanipulation. This
unique feature will benefit the operating reliability of the MHE
cooling network under stiff space working conditions.

Index Terms—Dynamic model, fuzzy control, microchannel
heat exchanger (MHE), space cooling network, thermohydraulics.

I. INTRODUCTION

ICROCHANNEL heat exchangers (MHEs) have been

widely employed in the cooling and thermal manage-
ment of ground-based electronic systems with high power
density (like high-heat-flux insulated-gate bipolar transistors
[1], high-power diode laser bars [2], and printed circuit boards
[3]). Because of their compact structure and light weight,
they are also very promising in an advanced thermal con-
trol architecture for future spacecraft and space applications
(micro- and nanosatellites in near-Earth orbits [4] and Mars
landers [5]) and other interplanet missions, where networked
MHEs are required to dissipate exhaust heat from multiple
high-power-density electronic units. In general, many high-
power-density electronic units, including avionics (onboard
processors and power and inertial management units), telecom
(solid-state power amplifier, deep space transponder, and UHF
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transmitter), and science payload, are needed on a modern
practical spacecraft [4], [5]. A multiexchanger network is often
required to gather exhaust heat from different electronic units
and dissipate the heat into the space environment [6], [7] by
radiation. Successful development of an MHE cooling network
for space applications requires a good understanding of its
thermohydraulic dynamics.

Significant research effort has been focused on MHEs with
liquid-state cooling fluid [4], [5] for their easy design and safety
operating characteristics [8] that make them more suitable for
aerospace applications. Among these, some MHESs integrated in
a single-phase pumped cooling loop with water as the working
fluid [4], [5], [8] for the thermal and hydraulic performance
have been demonstrated to have heat-removing ability of up
to 25 W/ecm? and can meet hydraulic performance criteria,
requiring less than 1-Ib/in® pressure drop. However, most of
the recently reported investigations focused on the flowing
mechanics [9], [10] and heat transferring phenomenon [11],
[12] inside the MHEs. Based on these, optimal design models
and related algorithms have been developed to improve ther-
mohydraulic performances at a system level, including energy
efficiency, weight, volume, and manufacturability [13], as well
as to optimize exchanger level parameters like pressure drop
and thermal resistance [14]. Relative researches that focused on
similar traditional size heat exchanger networks include analog
dynamic simulation techniques for mass flow rate distribution
analysis in [15], model reduction control strategies [16], and
predictive control algorithms in [17]. Fuzzy-logic-based intelli-
gent controls (which have been successfully demonstrated for
controlling moving objects [18] and electric machines [19]-
[21]) also show promises to improve control performances of
thermal-fluid systems; for example, gas-turbine plants [22],
MHEs [23], water-bath cooling systems [24], and, more re-
cently in [25], fuzzy logic units are used for the high-precision
control of a thermoelectric cooler and its cooling fan.

A space MHE cooling network is a complex nonlinear ther-
mohydraulic system consisting of a fluid network and a space
radiator (with variable emissivity coatings [8] and, more re-
cently, micromachined louver assay [7]); its dynamic modeling
and control system design are challenging. Conventional PID
controllers employing a single input have a number of practical
drawbacks, which include frequent adjustment of the louver
array (on the outer surface of the space radiator) and signif-
icantly reduce the reliability of the thermal control system.
On the other hand, the fast hydraulic-based PID control often

0278-0046/$26.00 © 2011 IEEE
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introduces undesired hydraulic disturbances in the MHEs and
is only suitable for applications where disturbance is small. For
these reasons, we present here an improved controller that takes
into account the dynamic characteristics of the hydraulic and
thermal actuators to overcome problems associated with single-
input PID controls.

The remainder of this paper offers the following.

1) Along with a method for modeling a nonlinear fluid
resistance network, the thermohydraulic dynamic model
of a cooling network which consists of MHEs, a fluid
bypass, and a micro-electromechanical system (MEMS)
based louver array is provided.

2) A detailed analysis is performed to investigate the effects
of key manipulating inputs, and disturbances (due to
flow rate variation and heat load changes) on temperature
transients of the MHE cooling network are discussed.

3) A fuzzy coordination strategy, which employs two syn-
ergic PID controllers to leveraging between two inputs,
a fluid-based cooling system and a radiation-based one,
is derived and numerically evaluated against two single-
input PID controllers.

II. SYSTEM DESCRIPTION AND DYNAMICAL MODELING

Fig. 1 shows a space cooling network of MHEs [Fig. 1(b)]
with a MEMS louver array [Fig. 1(c)]. The cooling net-
work typically includes a hot circuit, a cold circuit, and a
micropump.

1) The hot circuit is composed of one or more MHEs (de-

noted as MHEx-1, ..., MHEx-i, ..., MHEx-n in Fig. 1)
mounted on high-power-density electronic components,
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Fig. 2. Block diagram representing the space cooling network.

where exhaust heat is transferred into the cold fluid as it
flows through the MHE:s to the cold circuit.

2) In the cold circuit, the fluid temperature decreases as
it flows through MHEx-c, where heat is removed from
the heated fluid to the outer space through a MEMS
louver array on the space radiator located outside of the
spacecraft.

3) The micropump recycles the single-phase working fluid
between the hot and cold circuits.

Without loss of generality, in the following discussion, pure
water (with specific heat ¢,,) is assumed, and temperature is in
degrees Celsius (°C).

The objective is to control the temperature 6, at the hot
circuit outlet regardless of the changes in electronic heat load
or in hydraulic facts such as inlet flows through the MHEs in
the hot circuit. As illustrated by the block diagram in Fig. 2,
the cold circuit offers two mechanisms to control the hot circuit
temperature 6,, namely, the MEMS louver array at MHEx-¢
and the bypass channel of the three-way T-valve at the entrance
of the cold circuit.

MEMS Louver Array: As shown in Fig. 1(c), the two sur-
faces of each louver cell are coated such that the surface
emissivity is low when fully closed and high when fully
opened. The heat transfer mode at the outer radiator surface
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is dominated by radiation since there is no air surrounding the
spacecraft in the orbit environment. Thus, the cooling capacity
of the network can be effectively set by opening an appropriate
number of louver cells. We define the exposing degree 1, of the
radiator surface as the ratio between the exposed area under the
opened louver cells and the total area of the radiator surface.
Mathematically, the heat flux leaving the radiator is given by

Qr =c.0A (0, +6)*,  wheree, = (e, — &) +21 (1)

o is the Stefan—Boltzmann constant, and A, and 6, are the total
area and the average temperature (6 = 273.15) of the space
radiator surface, respectively. In (1), the equivalent radiator
emittance . is approximated as a linear function of the low
and high surface emittances (denoted respectively as €; and €,)
of the louver cell with 1, as a controlling variable.

Bypass Channel of the Three-Way T-Valve: As shown in
Fig. 1(a), the flow distribution at the cold circuit inlet is con-
trolled by a three-way T-valve. The T-valve can be modeled hy-
draulically as two independent two-way valves in parallel such
that the mass flows through the bypass channel and MHEx-c
are proportional to ¢, and (1 — ¢y), respectively, where ¢, is
the manipulating variable of the T-valve.

A. Fluid Flow Model

For a typical MHE space cooling system, the fluid flow
system has a much smaller time constant than its thermal
system dynamically and is neglected in system modeling. For
clarity in illustration and providing a basis for performance
analysis, we model the valve, MHESs, and associated inlet/outlet
pipes, which are connected in series in a branch, as a nonlinear
flowing element satisfying the relationship

G = o/AP/R = \/ AP/Rqg,

and where AP and G are the pressure difference across and the
mass flow rate through the element, respectively, the parameter
 characterizes the valve opening, and R is the flow resistance
of the MHE and associated inlet/outlet pipes. For a fluid circuit
consisting of n such branches in parallel or in series, the overall
resistance Ry, the total pressure drop AP,., and the mass
flow rate (G,o; across the fluid network, as well as the flow
rate distribution law for each branch, can thus be derived using
nonlinear circuit theory; the results are summarized in Table I,
where 1 < i <n.

From Fig. 1(a), the mass flow rate through the micropump
for a given pressure supply P can be written as

Gc: \/Ps/(Rh+Rc) (3)

where R, and R, are the effective flow resistances that charac-
terized the hot and cold circuits, respectively. Using Table I, the
flow resistance across the hot circuit is given by

where Roq = R/¢* (2)

! = P1 + .t #i 4t #n
VR, VR VvV R; VR,

Since the three-way T-valve at the inlet of the cold circuit can be
treated hydraulically as two independent two-way valves (with

4)

TABLE 1
NONLINEAR PARALLEL AND SERIES FLOW NETWORK

Parallel Series
< e S S 2
Riet [Z ?; /Rl_ j Req.i=Z(Ri/¢7i )
i=1 i=1 i=1
n
APpy APz ZAPI = Rnchi2
i=1
Gnel zGl =4 APncl/RncL Gi
i=1
Gi / GncL Din Rncl/ Ri 1

valve opening variables ¢}, and 1 — ¢, and branch resistances
Ry and R,., respectively) in parallel, the flow resistance across
the cold circuit can be written as

L _1-w 2
\% Rc \% RT \% Rb
The corresponding mass flow rates through MHEx-i, MHEX-c,

and the bypass channel (G;, G,, and Gy, respectively) are
given by

(&)

G Ry,

G. - i R (6a)
G, R,

S _(1- e b
G, (1— ) R, (6b)
Gb o Rc

G. - b . (6¢)

B. Heat Transfer and Temperature Dynamic Model

The temperature dynamics of the space cooling system are
contributed by three sources: the radiator in the cold circuit, the
n MHEs in the hot circuit, and the working fluid recycling in
the network.

For compactness in presentation, a general effectiveness of
an MHE is defined in

Ea: = (az,x - oo,x)/(ei,x - 0£) (7
where 0, 0; ., and 0, , are the temperatures for the structure
and the inlet and outlet water of the MHE being considered,
respectively, and the subscript « € {r,i} represents MHEx-c
with the radiator and MHEX-: in the hot circuit, respectively.
The value of the effectiveness can be calculated from

Sx =1~ €xXp [_(nzthh,x)/(Gzcw)} (8)

where G, and ¢,, are the mass flow rate and the specific heat
of the water flowing through the MHE, respectively, and 7,,
hy, and Ay, , are the fin efficiency, convective heat transfer
coefficient, and area of it, respectively. Note that the walls
between the micro flowing channels are modeled as fins. This
is a widely accepted approximation when rectangle flowing
channels are involved in a small-size heat exchanger (see [1]).
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Cold Circuit Dynamics: The radiator temperature 6,. is gov-
erned by the conservation of energy in

3
—0)+ A Y g —Qr (9)

Jj=1

Mrcrér = Grcwgr(ai,r

where M, and c, are the mass and specific heat of MHEx-c
and its connected surface radiator, respectively, 6; , is the inlet
temperature of the water flowing through MHEXx-c with effec-
tiveness &, in (7) and (8), the heat flux ), leaving the radiator is
givenin (1), and a; and ¢; are the absorptance and input radiant
heat flux density at the radiator’s outer surface, respectively,
where the subscripts “j = 1, 2, 3” denote the contributions from
the solar radiation, Earth radiation, and albedo (or the Earth
surface reflectivity of sun radiation), respectively. The values of
g; are determined by the in-orbit position and attitude of the
spacecraft [26].

The water temperature . at the cold circuit exit can be
calculated by

(Mcéc)éc - Grcw(eo,r - 90) + Gbcw(ao - 0(;) (10)

where M, and ¢, are the total mass and the average specific heat
of the cold circuit pipe and working fluid system, respectively,
and 0, - is the water outlet temperature of MHEX-c given by

90,7‘ - ei,r - gr(ei,r - 97") (11)

Hot Circuit Dynamics: Similarly, the dynamics of the ith

exchanger (MHEx-7) temperature 6; is given by
Mici; = Qi — &Gicy(0; — 0,) (12)

where M; and c; are the mass and specific heat of MHEx-i,
respectively, @; is the exhaust heat input, and 0, ; is the inlet
temperature of the water flowing through MHEx-7 with effec-
tiveness &; in (7) and (8).

The exit water temperature 6, of the hot circuit can be
computed from (8)

(Mnen)bo = cuw Y Gi(Bo,i — 0) (13)
=1

where M}, and ¢, are the total mass and average specific heat

of the hot circuit pipes and working fluid, respectively, and
Oo,i = 0i; +&i(0; — 0i). (14)

Thermohydraulic Dynamics: Neglecting the heat loss of the
pipes in both the hot and cold circuits

5)

The thermohydraulic dynamics of the space cooling network
can be expressed in state-space form consisting of n + 3 state
equations with two inputs

X =F(X,Q,g(¢s, P.), T(ur))

where X = [04,.. .,
vector, Q = (@1, . .

(16)

Oiy. s 0n,0,,0,,0.]7T is the state variable
3 Qis ..., Q)T is the heat load vector, the

TABLE 1II

VALUES OF MHE SPACE COOLING NETWORK PARAMETERS
Parameter (Unit) Symbol Value
MHE
Channel depth and width (um) D >, 350x100
Channel space (pum) Wy 120
Channel length (cm) L 2
Working Fluid
Average density (kg/m’) or 983.2
Specific heat (kJ/(kg.C)) cf 4.179
Mass flow-rate MHEx-/,2 (kg/s) Gy, Gy 0.983x1072
Mass flow rate in MHEx-c (kg/s) G, 1.181x10°2
Space Cooling network
Number of MHEs in hot circuit 2
Number of MHE in cold circuit 1
Heat load of MHEX-7,2 (W) O, O 205.4
T-valve bypass value op 0.15
Radiator’s exposing degree Ur 0.9

vector function F() represents the temperature dynamic models
in (9)-(15), the vector function g() consists of the nonlinear
hydraulic equations from (3)—(6), and T'() is the radiator’s
cooling ability function defined in the nonlinear equation (1).

C. Simulation of Cooling Network Dynamics

As an illustration, we numerically simulate an MHE space
cooling network with geometric parameters and initial operat-
ing parameters given in Table II. The interest is to investigate
the effects of key parameters on the temperature. Four cases are
considered.

Fluid Flow Variation:

Case I (hot circuit flow variation): a 20% step reduction in the
inlet valve value ¢; to MHEx-1.

Case II (cold circuit flow variation): a 10% step reduction in the
bypass value ¢y at the inlet of the T-valve.

Heat Flow Variation:

Case III (cold circuit radiation): a 10% step reduction in the
exposing degree i, of the space radiator.

Case IV (hot circuit load): a 10% step increase in the heat load
@1 to MHEx-1.

The simulated step responses illustrating the hydraulic ef-
fects on the temperature dynamics are graphed in Fig. 3,
where the left and right columns correspond to Cases I and II,
respectively. The effects of the four cases on fluid and MHEXx
temperatures are compared in Figs. 4 and 5, respectively. For
ease of comparison, Table Il summarizes the settling time of
the state variables. As the disturbances caused by the reduction
in the inflow to MHEx-1 (Case I) are much smaller than those
in the other three cases (II, III, and IV), 1% criterion is used for
the settling time for Case I and 2% criterion for the other cases
in Table III.

The results offering some insights are summarized as
follows.

Case I (Left Column of Fig. 3): A 20% step reduction in
MHEX-1 inlet opening results in an 8.7% decrease in G,, a
slight 2.7% increase in (G2, and a direct 20.1% drop in G1. As
a result, the following are observed.

1) The average MHEx-1 temperature rises sharply, while

that of MHEx-2, it immediately decreases and then
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TABLE 1II
SETTLING TIME OF THE STATE VARIABLES

Settling time in sec. (1% criterion for I; 2% criterion for I, III, IV)

Cases

91 92 Hr 00 90
1 61 99 131 127 78
I 163 163 250 225 174
111 377 377 427 405 416
v 258 267 323 284 266

exponentially increases to a new steady state; the final
changes are 4.9% and 0.6% when the respective settling
times are 61 and 99 s.

2) A short but sharp temperature drop can also be observed
at the MHEXx-c outlet. However, the radiator temperature
slowly returns to its initial value (with a settling time of
131 s) since the total heat load of the cooling network
remains unchanged.

3) The working fluid temperature at the cold circuit outlet
drops slightly and then climbs to a new steady-state value
1.2% higher than its initial value, while the hot circuit
outlet temperature increases to a higher steady-state value
after its immediate 2.6% climb up. The settling times are
127 and 78 s, respectively. This slows the increase of 6.,
resulting in the later stage increase of the temperature of
hot circuit MHEs, 6, and 6, in Fig. 3.

Case Il (Right Column of Fig. 3): The 10% step reduction in
the T-valve bypass increases G- by 30.3% and is accompanied
with a 6.3% decrease in G; and G.

1) Because of a sudden increase in the mass flow rate
through MHExX-c, the radiator temperature 6, and its
fluid outlet temperature 6, rise, but the short transients
die immediately and then drop to their initial values
exponentially.

2) The exponential decrease in the fluid temperature 6. at
the cold circuit outlet results in lowering 6, 61, and 65 in
the hot circuit to new steady values. The respective drops
are 6.4% for 0, and 6.1% for #; and 0.

3) The thermal and hydraulic parameter changes in Case 11
are more obvious than that in Case I according to Fig. 3
and the respective settling time values in Table III.

Effect on Fluid Temperature (Fig. 4):

1) The fluid temperatures at both hot and cold circuit outlets
respond more quickly to flow changes (Cases I and II)
than thermal changes (Cases III and IV). The change in
MEMS louvers (Case III), however, has a dominant effect
on the steady-state value of the fluid temperature.

2) The absolute final fluid temperature change of 6, in
Case II is only 22.8% of that in Case III, and the re-
spective settling time ratio between same cases is 41.8%,
according to the results in Table III and Fig. 4.

3) The aforementioned one suggests that the T-valve is more
useful for rapid rejection of small disturbances, but the
radiator is more suitable for settling of large disturbances,
as changing the valve opening to hot circuit MHEs is
relatively ineffective to the global operating parameters
such as 60, and 0...
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Fig. 6. Fuzzy coordination control.

Effect on MHE Temperature (Fig. 5):

1) The MHEXx-1 temperature increases to step changes de-
fined in Cases I, III, and IV but decreases to step change
in the bypass (Case II).

2) The steady radiator temperature is insensitive to
Cases I and 11, since there is no change in the total heat
load or radiation cooling, but settles to a new steady state
higher than its initial value in response to Case III or IV
(due to the decrease in radiation cooling or increase in
heat load); the final steady value changes are 49.4% and
20.1%, respectively.

3) The adjustment of the exposing degree must be employed
when strict working temperature range is required for the
safe operation of the MEMS radiator according to the
aforementioned observations.

III. Fuzzy COORDINATION CONTROL

A safe temperature range is often required for reliable work-
ing of onboard electronic components cooled by the space
cooling network; the fluid temperature at the hot circuit outlet
is chosen as the controlled variable since it reflects the impacts
of different MHESs more reasonably than the temperature values
at other positions. Fig. 6 shows the fuzzy coordination control
system that employs two synergic PID controllers to simultane-
ously adjust the bypass and the exposing degree of the radiator.
Unlike the separate PID control that manipulates only one of
two variables u € {¢y, p, }, the fuzzy coordinate control (FCC)
includes a fuzzy decision unit (FDU) to derive a coordination
factor )\ that takes the actuator characteristics into account.

Synergic PID Controllers

The control law for the synergic PID controllers is given
by (17), where the coordination factor A is determined by
the FDU

Db,k Db, k-1 Ak 0 App,k
) — ) _|_ ) 1’7
|:ﬂr,k’:| |:Ur,k—1:| |: 0 1- >\k:| |:Aﬂr,k:| ( )
where the subscripts “k” and “k — 1” represent values evalu-
ated at the current and previous sampling instants, respectively,
(Kp,T;,T,;) are the proportional gain and the integral and dif-

ferential time constants of the PID controllers, respectively, and
Ty is the sampling period. In (5), the incremental manipulating

Fuzzy sets and linguistic values

NS NHNM NL ZE PL PM PH PS

L Sets Ranks Linguistic values
o 1.0 !
2 /,\ NS -4 Negative super
2 08 / NH -3 Negative high
%_ 06} NM =2 Negative medium
K:; NL -1 Negative low
5 041 ZE 0 Zero
JED 0.2f PL 1 Positive low .
ﬁ NM 2 Positive medium
0.0r i ; i . 7 ) NH 3 Positive high
12 -08 -04 00 04 08 12 _NS 4 Positive super

Normalized e, de, and 1,
Fig. 7. Fuzzy sets and membership degree functions.

values (Ayy 1, and Ay, for the bypass and louver) are given
in terms of PID gains

Appi | _
A,UT',k

Kop {Aek +

%:1 er + % (Aek - Aek,l)
Kpr {Aek + %ﬂi;ek + % (Aek — Aekfl)}
(

18)

where Aep, = e, — ep_1.

FDU

The FDU consists of a fuzzifier transforming e; and Aey,
into fuzzy values, an inference engine reasoning upon linguistic
rules in a database, and a defuzzifier that transforms the FDU
output into a real crisp number \; to provide single-valued
control signals for the plant. The fuzzy decision rule at the kth
sampling instant has the following form:

IF ¢ is E; and Aey, is CE;, THEN Ay is DEy; 5 (19)

where E;, CEj, and DEg(m-) are the fuzzy sets reflecting
the linguistic values of ey, Aeg, and Ak, respectively, and
the subscript variables 4, j, and £(¢,j) denote the analytical
rank associated with the linguistic values in a nine-element
set {NS,NH,NM, NL, ZE, PL, PM, PH, PS} defined in Fig. 7.
Gaussian membership functions, which overlap with each other
to provide a smooth output transition between regions, are
used to define the linguistic values in both the fuzzifier and
defuzzifier.

The coordinate factor output from the FDU is given by the
following defuzzification algorithm which takes the form

9 9 9 9
MNe= D03 Ny [ DD migy Q0)

i=1 j=1 i=1 j=1

In (20), Ag(;,5) and ny(; ;) are the discrete element and member-
ship degree of the output fuzzy set D Ey; ;) representatively.

Fuzzy Rule Design Considerations

The fuzzy control law is designed to overcome problems
associated with separate louver or T-valve PID controls which
exhibit the following disadvantages.

1) Frequent adjustment of MEMS louvers (on the outer
surface of the space radiator in the space environment)
could significantly reduce the reliability of the thermal
control system.
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TABLE 1V

Fuzzy DECISION RULES

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 58, NO. 2, FEBRUARY 2011

E/CE;, NS NH NM NL ZE PL PM  PH PS
PIZ PL PV
PL PL PIY PLL PL
PM PH PM PM PL
PH PH PM PL PIU
PH PIL PLL
PH PH PM PL PIU
PM PH PM PM PL
PL 1L, I2IL; 1L, 18,
PL 19 PL

Fig. 8. Surface map of the fuzzy decision rules.

2) Dynamical response is much slower than the PID control
with the bypass channel of the T-valve.

3) The fast bypass-based PID control, however, could intro-
duce some undesired hydraulic disturbances in the MHEs
and is only suitable for applications where disturbances
are small.

Based on the aforementioned considerations, the fuzzy rules
are designed such that the T-valve controller is given a more
important role when the control error and its variation rate
are relatively small. On the other hand, the louver controller
dominates when they are large. Thus, a large coordinating factor
A to the T-valve controller is required for small control error and
small error variation rate and vice versa.

For the two-input system (e, and Aeyg, each with nine
linguistic values given in Fig. 7), a fully populated rule base
will have 9 x 9 = 81 input rule combinations. The rank-based
fuzzy decision rules are constructed using the rule generating
policy in

1(3,j) = nInt (aexp (—(i* + j°)/B))

where the function nInt(x) rounds off x to its nearest integer
number and the parameter values of « and 3 are set to four and
nine. The rules are listed in Table IV and graphically shown
in Fig. 8.
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IV. RESULTS AND DISCUSSION

The FCC is numerically evaluated in terms of the dynamic
response to a 10% step reduction in the input heat load @); to
MHEZXx-1. The results, which examine the closed-loop control

TABLE V
PARAMETERS OF THE SIMULATED CONTROLLERS
Fuzzy coordinate control (I1I) Separate PID control
Parameters | T-valve  Radiator | Parameters | PID (I)  PID (II)
Kby 0.6 -0.4 Ky 0.6 -0.4
Tingy) 20 20 T; 20 20
Tab(ry 0 0 Ty 0 0
Sampling period, 75=1.0 second.
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Fig. 9. Simulated responses of FCC. (a) Hot circuit temperature. (b) Mass

flow rate.
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Fig. 10. Working fluid temperatures. (a) Hot circuit outlet. (b) Cold circuit

outlet.

effects, are compared against two single-input PID controls
which serve as a basis for comparison.

1) PID (I): T-valve bypass as manipulating variable.

2) PID (II): Radiator exposing degree as manipulator vari-
able. Note that no mass flow is manipulated in PID (II).

3) FCC (III): Synergic control of T-valve and exposing
radiator degree.

The values of the control parameters used in the simulation

are summarized in Table V.

The temperature responses in the hot circuit and the mass
flow rate responses in the cooling network under FCC are
shown in Fig. 9(a) and (b), respectively. Comparisons against
the two classical PID single-input controllers are shown in
Figs. 10-13. The closed-loop overshoots and settling times
(1% criterion) of the simulated transients are summarized in
Table VI and are denoted as «y and 7, respectively.

Some major observations are summarized as follows.

1) As shown in Fig. 9(a), FCC (III) achieves the objective
of maintaining 6, as expected. The new steady-state
temperatures of MHEx-1 and MHEXx-2 are within 0.5 °C
from their initial operating values. This small variation
is due to the fact that MHEx-1 and MHEx-2 in the hot
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TABLE VI
CLOSED-LOOP OVERSHOOTS AND SETTLING TIMES
PID (I) PID (1) FCC (III)

(%) t(sec)  y(%) r(sec)  y(%) 7 (sec)
0, 0.98 172 0.91 113 0.99 134
0. 1.22 298 1.02 196 1.22 259
6, -3.55 163 -2.55 103 -2.92 124
6, -11.09 447 1.52 212 -4.11 280
G 1.02 197 - - 0.58 53
G, -11.65 SIS - - -3.92 340
oy 14.59 590 - - 7.70 458
Ly - - -2.35 255 -1.82 191

circuit experience less than 2% changes in flow rates, as
shown in Fig. 9(b). Flow rate changes primarily occur in
MHEXx-c (10%) and the bypass (20%) in the cold circuit
as designed.

2) As shown in Figs. 10(a) and 11(a), all three schemes
achieve the control objective of maintaining 6,. PID (II)
and FCC (III), however, offer a better temperature dy-

namic performance than PID (I) [as shown in Figs. 10(b)
and 11(b)] in rejecting disturbances in (). The overshoot
of 0,. in FCC (III) is reduced to 37.1% of that in PID (I)
according to the values in Table VI. This will benefit the
safe operation of the MEMS radiator.

3) FCC (IIT) demonstrates an excellent flow rate manage-
ment ability as compared to PID (I) in Fig. 12; the varia-
tion of flow rate GG,- through MHEXx-c has been reduced by
70%, and the settling time has been shortened to 59.1%
when the radiator, in addition to T-valve, is manipulated
through FCC.

4) More importantly, FCC (III) keeps the T-valve and radi-
ator from being overmanipulated. As shown in Fig. 13,
changes in ¢} and p, are within 27% and 5% of their
initial values, respectively. As a comparison, FCC (III)
requires only 25% of ¢, for PID (I), where only the
T-valve is manipulated, while the value of u, for FCC
reduces to 80% of that for PID (II) with only radiator
control. It is worth noting that, unlike FCC (III), either
PID (I) or PID (II) cannot simultaneously control the
actions of the T-valve and radiator.

V. CONCLUSION

The thermohydraulic model, dynamic analysis, and fuzzy
coordination (FCC) control of a single-phase MHE cooling
network for space electronics have been presented. Specifi-
cally, the network consists of a flow-based control mechanism
through a T-valve bypass and a radiation-based MEMS louver
array for cooling space electronics. Models for calculating the
fluid distribution and temperature transient in an MHE space
cooling network have been derived. These models provide a
basis for developing an FCC strategy for manipulating the
T-valve bypass value and the exposing degree of the radiator
simultaneously.

Numerical investigations on both open- and closed-loop
performances suggest that the T-valve can provide a relatively
rapid rejection to small disturbances and that the radiator
louvers are more effective for gradually settling larger dis-
turbances. The FCC system results in excellent temperature
control effects, less mass flow rate disturbances, and a smoother
trajectory in the manipulating variables. The results have also
demonstrated that the FCC is more reliable and robust than
two separate PID control approaches by avoiding frequent
adjustments of the T-valve and radiator and by intelligently
changing the coordinating factor based on the varying control
situations.

While the analysis and fuzzy coordination control are pre-
sented in the context of space cooling networks, it is expected
that the methods presented here will have potential applications
in other thermal control systems where MHEs and forced liquid
cooling technologies are employed.

APPENDIX

The fluid flow in the microchannels is typically in the range
of laminar flow (Reynolds number Ny, less than 2300). The
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friction factor and heat transfer coefficient of the MHE are
given in [1]

f=(4.7419.64G)/Nge = (AP/L)Dy(0.5p50%) " (A1)
h =ks(—1.047 + 9.326G) /Dy, (A.2)
where ky, py, and v are the thermal conductivity, the density,

and the flowing speed of the working fluid, respectively, and
the geometric parameter and hydraulic diameter are given by

r2 +1
=t 12 (A3
D 27
D “Ter (A.3b)
w

where r,, = w./D.
The equation for calculating the flow resistance though an
MHE can be deduced from (A.1)

R =0.5(L/Dy)(4.7 +19.64G)(Nge) *(psA%)"t  (A4)

where A is the cross-sectional area of the microchannels in
MHE:s.
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