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Abstract

The functionality of gasoline and diesel engine thermal management systems can be en-
hanced through the introduction of a smart thermostat valve and variable speed water pump.
A nonlinear tracking controller is presented in this paper for advanced thermal management
systems applicable to ground vehicles. Specifically, the controller is designed to ensure that the
engine temperature follows a desired temperature trajectory which may be prescribed based on
operating conditions. Further, the heat rejected from the system at the radiator is controlled by
adjusting the radiator fan’s speed. The controller ensures that the engine temperature tracking
error is asymptotically forced to zero while compensating for the unmeasurable heat input from
the engine’s combustion process. Representative numerical results are presented to illustrate
the performance of the proposed controller.

1 Introduction

Passenger and commercial ground vehicles use a variety of sensors, actuators, and on-board con-
trollers to monitor and regulate the operation of the internal combustion engine, transmission,
chassis, and safety subsystems. These mechatronic system components permit improved vehicle
performance, fuel economy, tailpipe emissions, and occupant safety [2]. For example, the spark
ignition engine often features electronic throttle control, fuel injectors, exhaust gas recirculation
valve, and electronic spark to control the combustion process (e.g., [3]). However, the engine cool-
ing system components and thermal control strategy have not been significantly redesigned to realize
greater engine thermal efficiency [14]. Thus, an opportunity exists to introduce a smart thermostat
valve and electric water pump to enhance the fluid flow regulation process [16].

The traditional automotive cooling system components include a wax based thermostat valve
and crankshaft driven water pump. However, a servo-motor valve and pump can better regulate
the coolant fluid flow in the engine to realize fuel economy gains and emission reductions. Ad-
vanced thermal system technologies can provide 1%-3% fuel economy improvements through lower
parasitic losses, higher operating temperatures, reduced component temperature fluctuations, low-
ered emissions, and alternative engine block monitoring temperatures [18]. As a side note, thermal
management system concepts can be applied to other systems including power electronic circuits.



In high density computer installations, water cooling may provide an attractive alternative to the
commonplace air cooling which relies on local room air conditioners.

Automotive thermal management system research has been pursued for two decades. Xu et
al., [19], [20] developed, simulated, and tested a control scheme for various components of a heavy
truck diesel engine cooling system with an accompanying model. Xu et al. introduced a computer
controlled fan clutch, variable speed pump, and a modified thermostat with limited controllability.
Einaudi and Mortara [6] proposed a PID controlled vacuum actuated mixing valve for higher engine
temperature levels. Similar research was pursued by Kenny et al. [9] with a stepper motor driven
butterfly valve under engine control unit (ECU) supervision. A servo-motor pump and butterfly
valve were studied by Couetouse and Gentile [4] to regulate cylinder head temperature for reduced
fuel consumption and enhanced passenger comfort. Recently, electric pumps have been proposed [1],
[8] to reduce engine internal parasitic power for greater thermal efficiency, resulting in the reduction
in component weight, and improved emissions through consistent cylinder temperature control.
Melzer et al. [10] proposed a comprehensive thermal management system to meet an engine’s
cooling system needs; however, the controller structure was not fully explored. Gunter and Nalim
[7] compared the transient performance of electrically heated wax-based thermostat valves with
a conventional component. Wagner et al. [15] presented multi-node thermal models to estimate
the temperature of in-cylinder and cylinder head components for air and liquid cooled internal
combustion engines. A mechatronic thermostat valve was designed and modeled by Wagner et al.
[17] for the continual on-line regulation of the coolant flow using in-cylinder temperature estimates.

In this paper, a Lyapunov-based nonlinear control algorithm will be designed for precise tem-
perature tracking during transient operations. To compensate for the unmeasurable heat input, a
recent idea found in [11] and [12] is modified to develop a tracking controller in the presence of
an unknown disturbance. The controller ensures global asymptotic engine temperature tracking.
The control design only imposes boundedness and smoothness restrictions on the unmeasurable
disturbance signals. Representative numerical results are presented and discussed to investigate
the enhanced engine thermal management system control architecture. The paper is organized as
follows. In Section 2, the control objectives are stated. The system model for the thermal system
is presented followed by the open-loop tracking dynamics, in Section 3. In Section 4, the design of
the proposed tracking controller is presented along with the corresponding closed-loop error system.
The stability analysis is given in Section 5, followed by representative numerical simulation results
in Section 6. Concluding remarks are presented in Section 7.

2 Problem Statement

The control objective for an advanced automotive thermal management system is twofold. First,
it is necessary to ensure that engine temperature follows a desired temperature profile while com-
pensating for the unmeasurable combustion process heat input. To achieve this goal, the coolant
flow rate must be controlled along with an auxiliary heating element located in the coolant circuit
flowpath just before the engine block. Second, to ensure that the engine temperature remains con-
trollable, and that radiator temperature remains bounded, the radiator fan speed must be varied
to control the heat dissipated at the radiator.



3 Dynamic Model Development

3.1 System Description

The automotive thermal management system consists of the engine, which produces heat as a result
of fuel combustion in its cylinders, the radiator, the thermostat valve, and the pump as shown in
Figure 1. To avoid overheating the engine, coolant is forced through jackets in the engine by means
of the water pump. The coolant transfers heat to the radiator which is finally dissipated to the
surrounding ambient environment. Additionally, the system may sport a heater coil (i.e., quick
heat coil) to rapidly raise the engine’s operating temperature in colder temperature zones.
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Figure 1: Advanced spark ignition engine thermal management system architecture

To initiate the model-based controller design process, a reduced order dynamic model shall be
established for the system which permits real-time applications. A two-node lumped parameter
thermal model is presented to describe the transient phenomena of the thermal network shown in
Figure 2. Simply put, the system corresponds to a variable resistive element heating the coolant, a
radiator with adjustable heat rejection, smart thermostat valve and a variable speed water pump.
The cooling system has been divided into two nodes (viz., engine and radiator). The smart valve
controls the quantity of coolant that flows through the radiator. Based on the various coolant flow
paths, heat energy is exchanged between the two nodes.

3.2 Model Formulation

The thermal dynamics for the two nodes in the vehicle thermal management system architecture
may be expressed as

CeTe == _Cpcmcool (Te - Tj) + an (t) + QH (t) (1)
CrTr = Cchmcool (Te - T’r’) - Qout (t) (2)
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Figure 2: Reduced order engine thermal management system schematic

where T,(t), T.(t) € R! denote the temperature of the coolant at the engine and radiator nodes,
respectively, C., C, € Rldenote the thermal capacitance constants associated with the engine and
radiator coolant nodes, respectively. 7icoo (t) € R! is the mass flow rate of the coolant at the engine
that can be controlled by the speed of the pump. The control input, H (¢), represents the smart
valve position satisfying 0 < H (¢) < 1; note that H (¢) = 0(1) corresponds to a fully closed(open)
valve position. The positive constant ¢, € R! is the specific heat of the coolant. The signal
T; (t) € RY, denoting the temperature of the coolant at the junction, is algebraically related to the
engine and the radiator temperature by

T, = (1— H)T, + HT,. (3)

The heat energy entering the system from the combustion process at the engine node is denoted by
the unmeasurable variable Q;, (t) € R'. Additionally, the control input Qg (t) € R! may also be
applied to increase the engine’s operating temperature. At the radiator, the heat energy lost to the
ambience is Qo (t) which can be explicitly expressed as

Qout = QO (t) + K (T"r= - Too) Wian (4)

where Qg (t) € R! represents the unmeasurable heat lost at the radiator due to uncontrollable air
flow through the radiator, T,, € R! denotes the ambient temperature, the control input denoted by
Wan (t) € R is the speed of the radiator fan, and the positive constant x € R is defined as

K = EpyArcy, (5)
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where ¢ € R! is the heat exchanger efficiency, p, € R! is air density, A € R! denotes the area of
heat exchanger exposed to the radiator fan, r € R! is the nominal radius of the fan, and ¢,, € R! is
the specific heat of air. In this model development, the heat capacity rate of air has been assumed
to be smaller than the coolant (i.e., M4Cpq < MeooiCpc)-

Remark 1 [t is assumed that the function Qy, (t) and its first two time derivatives remain bounded

at all time, such that Qi (1), Qin (), Qin (t) € Leo.
Remark 2 From the physics of the problem, it is clear that the signals Qi (t) and Qo (t) always
remain positive (i.e., Qim, Qo > 0).

Remark 3 In the analysis, it is assumed that the ambient temperature, Ty, € R is constant and
satisfies

T, —Tw>eco Vt>0 (6)

where g9 € R is some positive constant, and T, (t) was introduced in equation (2). It is also assumed
that T, (0) > T, (0) to facilitate the boundedness of signal argument used in the subsequent stability
analysis.

3.3 Open-Loop Error System Development

To quantify the control objectives, the filtered tracking error signal, denoted by s (¢) € R!, and an
auxiliary signal y (t) € R!, are defined as

s=é+ fe (7)
y=1+51 (8)
n

where 3 € R! represents a positive control gain, ; € R! is a positive constant for analysis, the
engine temperature tracking error signal, e (t) € R is defined as

e="Ty—T, 9)

and T,4 (t) € R! is the desired trajectory for the engine temperature. The auxiliary signal n (t) € R!
introduced in equation (8) is defined as

n="T,—1T,. (10)

After taking the first time derivative of equation (7), and then multiplying both sides of the resulting
equation by Ce, and then substituting the system dynamics given by equations (1) through (3), the
open loop error system for the engine temperature control system can be written as

C.s = —e+ N(T.,T.,t) — iy (11)
where the unknown disturbance function, denoted by N (T, 1., t) € RL, is defined as
N(T., T, t) 2 Colug — Qun + Cefié + e (12)
and the auxiliary control input u; () € R! is defined as
uy = Qpu —uz (T, = T;) (13)
where the control input us (t) € R! is defined by
U3 = CpeHMMcool (14)



Remark 4 It is assumed that the desired engine temperature profile is always bounded and is chosen
so that its first three time derivatives remain bounded at all times (i.e., Teq (), Teq (t), Teq (), Tea

(t) € Lag).

Remark 5 Based on the definition of s (t) given in equation (7), standard arguments [5] can be used
to prove that: (i) if s (t) € Lo, then e (t), é(t) € L, and (%) if s (t) is asymptotically regulated,
then e (t), é(t) are asymptotically requlated.

Remark 6 Based on the definition of y (t) given in equations (8), it is easy to see that if y (t) € L,
then n(t) # 0. Further, if y(t) € L, then it is also clear from equations (8) and (10) that if
T.(0) > T, (0) (See Remark 3), then T, (t) > T, (t),vt > 0.

To ensure that all signals remain bounded, we design the control input w gy, (t) for the dynamics
of the auxiliary signal y (¢) introduced in (8). To this end, the time derivative of y (t) given in
equation (8) is taken. After using equation (10) and its first time derivative, the system equations
given by equations (1), (2), and (3) are substituted to obtain

j = (Ci T Ci) Wy +e) ~ 5 @+ Q) -+’ (15)
GO 20— - (T~ Ty + 1)

where the control input us (t) € R! is defined as uy = Kkw g

Remark 7 It may seem that the control problem has three control inputs, Qg (t), us (t) and us (t),
and only one tracking objective. However, it is noted here that the three control inputs are unipolar.
Hence, a commutation strategy is designed to implement the bipolar control input uq (t), as

0 Vul S (0, OO)
_Jo0 Vuy € (—o0, 0]
@n = { Uy Vuy € (0, 00) } (17)

From these definitions, it is clear that if uy (t) € Lo and if n(t) # 0,Yt > 0, then Qg (1), us (t) €
L. The choice of H (t) and 1. (t) to produce the required control input defined in equation (16)
can be determined based on enerqy optimization issues. Further, this allows ug (t) to approach zero
without stagnation of the coolant. The unipolar control input us (t), introduced in equation (15),
will be designed to ensure that all signals remain bounded in the closed loop system.

4 Control Development

In light of the error definitions in Section 3.3, the control objective is to design a controller that
forces the engine temperature tracking error signals, s (¢) and e (t), to zero while compensating for
the unknown disturbance N(T.,T},t). It is assumed that the signals 7, (t) and T, (t) are available
for measurement by thermocouples or thermistors. It is also assumed that the radiator constants
comprised in x are known along with the specific heat of the coolant, c..



4.1 Control Formulation

Based on the subsequent stability analysis, the following continuous control law! is proposed to
achieve the first control objective

uy(t) = (ks + B) e(t) — (ks + 8) elto) + [ [8 (ks + B) e(7) + psgn(e(r))] dr (18)

where k, p € R! are positive control gains, tg is the initial time, sgn(-) denotes the standard signum
function, and 8 € R! was previously introduced in equation (7). Based on the structure of the
commutation strategy given in equation (16), the control input us (¢) is designed as

uy = Kyuj + K, (19)

where control gains K, K, € R! are positive constants. The control law in equation (18) ensures
asymptotic tracking for the engine temperature provided the control gain p is chosen sufficiently
large relative to a reference trajectory-based bound. The proof of this result is presented in the
following two subsections. In particular, the closed-loop error system is first developed under the
proposed control law. Its stability is then analyzed using a Lyapunov-based argument.

4.2 Closed-Loop Error System Development
After taking the time derivative of equation (18), the following system is obtained
Uy = (ks + B)s + psgn(e) (20)

upon use of equation (7). After substituting equations (20) into (11), the closed loop system may
be rewritten as

Cos = —e — (ky + B)s — psgn(e) + N(T,,T,, ). (21)
In order to write the closed loop error system in a more convenient form, N (t) € R! is defined as
N&N-N, (22)

where the signal Ny(t) € R! is defined as
Ny(t) £ N(Tog, Tog,t) (23)

where N (-) was defined in equation (12). Using these definitions, the closed loop error system given
in equation (21) may be rewritten as

Cos =—e— (ks + 3)s — psgn(e) + N(TE,TE,IS) + Nd(Ted,Ted,t). (24)

Remark 8 It can be shown (see Appendiz A) that N (-) defined in equation (22) can be upper
bounded as follows

N < py Iz (25)

where z(t) € R? is defined as
= s, (26)

and py € R is some positive constant. The inequality given by equation (25) will be utilized in the
subsequent stability analysis.

!The second term in (18) is used to ensure that u(tg) = 0.
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Remark 9 From the definition of N4 (t) given by equation (23), and the explicit definition of N (t)
given in equation (12), the following expressions can be obtained

Ny (t) = CToq — Qin, (27)

Nd (t) = Ce Ted _an
Clearly, from Remark 1, and Remark 4, Ny (t), Ny (t) € Loo.

To obtain the second closed loop error system, equation (19) is substituted in equation (15) to
obtain

i = (G ) o) - Ko (1 = Ty dly+-2 29
-G @+ Zun| - Kg G- TGy

5 Stability Analysis

To prove the stability of the closed-loop system, the closed loop system given in equation (28) is
first upper bounded as

) 1 1 1 1
Y= {(5 + 5) uz(y + 1) — 50Kn6u§(y + 61)2} - 50Ke6(y +e1)? (29)

where Remark 2 and Remark 3 have been used. After completing the square for the bracketed term,
and expanding the squared term in the last term, in equation (29), it may be rewritten as

Yy < ag—aoagy (30)
where oy and ay € R! are positive constants of analysis defined explicitly as

(Ce + C'T)2 _ 2e150K,

_ 31
N LK,c20, T, (81
From equation (30), the bound for y (f) can be established as
a
y(t) < y(0) exp(—aat) + a—2 [1 = exp (—ast)]; (32)
1
hence, y (t) € L. From Remark 7, it is clear that 7 (t) # 0,Vt > 0.
Lemma 1 Let the auziliary function L(t) € R be defined as follows
L2 s(Ng— psgne)). (33)
If the control gain p is selected to satisfy the following sufficient condition
1.
p > INa(t)| + 5 | Nult)] (34)

then

/t L(r)dr < ¢, (35)

to

where the positive constant ¢, € R is defined as

Cp = ple(to)] — e(to)Nalto). (36)



Proof. See Appendix B.

Theorem 2 Provided that the control gain p is adjusted according to equation (34), the control law
of equation (18) ensures that all system signals are bounded under closed-loop operation and that

lim e(t), é(t) = 0. (37)

t—o0

Proof. Let the auxiliary function P(¢) € R! be defined as follows

P2~ [ L(r)dr (39)

where ¢, and L(t) were defined in Lemma 1. It is easy to see that the use of Lemma 1 ensures
P(t) > 0. Continuing with the proof, the function V (¢,z): R, x R®*— R, is defined as

1 1
Va4 -0+ P (39)
2 2
where z(t) € R? is defined as
v 2 [z1 VP* (40)

and z(t) was defined in equation (26). Note that equation (39) can be bounded as
Alal® <V < Al (41)

where \;, Ay € R! are defined as follows
1
Y 3 min {1, C,.} Ay £ max {1,C.}. (42)

After taking the time derivative of equation (39) and substituting from equations (7) and (24), the
expression obtained for V' (¢) is given by

V = —fBe?— s>+ sN —kys* +s(Ny— psgn(e)) — L
= —fBe®>— Bs* 4+ sN — ks> (43)

upon use of (33). After applying equations (25) and (26), the right-hand side of equation (43) can
upper bounded as follows

' 2 2

V< =3 llz)” + [ow Il ll2]] — & |s[] - (44)

After completing the squares on the bracketed term in equation (44), V (¢) may be further upper
bounded as

V< —yll2l®. (45)
where v € R! is a positive constant that is defined as
2
PN
= A3 — : 46
g 37 . (46)

From (45), it is straightforward to see that e(t), s(t) € L. From Remark 5, é(t) € L. After
taking the time derivative of equation (9) and using the system dynamics given in equation (1), the
open loop expression for é(t) is obtained as

Ceé == CeTed - an (t) —Up. (47)
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Using the previously made arguments, Remarks 1 and 4, and equation (20), it can be stated that
uy (t), Uy (t) € Loo. The fact that n () # 0,Vt > 0 implies that us (t) € L. From the above facts
and Remark 7, it is clear that Qpy () € L. From equation (19), it is easy to see that us (t) € L.
Using Remark 4 and the prior facts, it can be seen that T, (t), 7. (t) € Loo. In order to show that
T, (t) € L, the first time derivative of equation (10) is calculated and simplified as

= - {(C’ie—irc%) U3+C%U2] 7I+Cie(Qm+QH)+C%Q0(t)+C%
Standard arguments may be applied to equation (48) to prove that 1 (t) € L, since the first
term within the brackets always remains positive (see Remark 7) and the second bracketed term
is bounded based on previous arguments . Standard signal chasing arguments can now be used
to show that the remaining signals in the system also remain bounded in closed loop operation.
In particular, é(t), $(t) € L. Equations (26) and (45) can also be utilized to show that e (%),
s(t) € Lyo. After employing a corollary to Barbalat’s Lemma [13], it is easy to show that (37) is
valid. &

(Te - TOO) Ug (48)

6 Simulation Results

Figure 3: Scaled Automotive Thermal System Setup

The simulated scaled thermal system (See Figure 3) was assumed to have the model described
by (1), (2), and (3). The unmeasurable heat from the engine, Q;, (t) and the unmeasurable heat
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dissipated from the radiator, Qg (), were chosen to be ([18])
Qin (t) =900 (1 +cos (0.2¢)) W and @ (t) =50(1+sin(0.1¢)) W (49)

respectively. The system parameters were chosen to be

cpa = 1107 J/kg’K ¢, = 3098.2 J/kg’K T, =293.15°K r=02m e =038
p, = 1L.177 kg/m?*  C, = 100 J/°K A = 1.435 m? C,. =100 J/°K (50)
The reference engine temperature trajectory was chosen to be
Teq = 360 + 10sin(0.1¢)°K
The temperatures of the engine and the radiator were initialized to be
T. (0) = 360°K T. (0) = 303°K (51)
The control gains for the proposed control laws were chosen to be
K, =800 =1 p=2500 K, =001 K.=1. (52)

In Figure 4, the desired and actual engine temperatures are shown. The corresponding tracking
error, e (t), is shown in Figure 5. It is observed that the tracking error remains within 0.5°K at
all times. Figure 6 shows the engine and radiator temperatures. The corresponding control inputs
required to achieve the control objective are shown in Figures 7 through 9.
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7 Conclusion

In this paper, the design of a nonlinear tracking controller has been presented which ensures that
the engine temperature follows a desired temperature profile, and all signals remain bounded. A
complete stability analysis, using Lyapunov-based techniques, has been presented to demonstrate
that the proposed control law guarantees global asymptotic regulation of the engine temperature
tracking error. Representative numerical simulation results have been presented to validate the
performance of the proposed control law.
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A Appendix A

To simplify the following derivations, we start by rewriting (12) and (23) as follows

N(T.,T..t) = CeToa — Qi + Bé + e (53)
and . .. .

Nd — N(TedvTedvt) = C’ejﬁed - Qin (54)
respectively. After substituting equations (53) and (54) in equation (22), the following expression

is obtained for N (¢) )
N = f3é + e, (55)
which may be upper bounded as .
N < Ble[ +e| . (56)

Using the definition of z (¢) given in equation (26), N (¢) can be bounded as

N < py 2 (57)

B Appendix B

After substituting (7) into (33) and then integrating in time, the following expression is obtained

/t L(r)dr = /t e(r) (Valr) = psgu(e(r)) dr + | 0 Nyryar o /t 0 sgne(r)ar. (58)

to 0

After integrating the second integral on the right-hand side of (58) by parts, equation (58) may be
rewritten as

/t Lir)dr = /t 5e(r) (Nalr) = psgu(e(r) dr + () Nu(r), — | o(r) T 7

to

= ple(n)lls,

dr
—ple@®)] + ple(to)] - (59)

_ l e(7) (ﬁNd(T) _ dNa(r) ﬁpsgn(e(T))> dr + e(t)Na(t) — e(to) Na(to)

The right-hand side of (59) may now be upper bound as follows

[ e < [ lemn (1) + | 2| < go) dr el (Vo) - )
+ple(to)| — e(to)Nalto). (60)

From (60), it is easy to see that if p is chosen according to (34), then (35) holds.
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