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Abstract Hybrid systems theory [7] which combine the continuous-
In thi r we intearate nonlinear control and i variable dynamical systems(CVDS) and discrete event sys-
S paper, we integrate nonfinear control a SlJperySOtems(DES) and the interactions of them is a promising

;ﬁgtrg'lrtii?]g:gan.s'gE\E;A?msroggn?f é.?setat'rég’d\éinnr?‘iheapproach to improve the control of HVAC systems. CVDS,
: itioning ( ) sy - ISt W '9 as the name, are usually modelled by differential equations

nonlinear controllers by Lyapunov theory and backsteppin%Ind theoretically measured by norms. DES are systems

;Egn thvlvji Zﬁ?\}ee :E: g:zggg :\?;rfcsflosr:er%f ::(')Sdefy?rtg%aracterized with event-driven and discrete states that u
. ; sy . “different performance measurement due to discrete dynam-
the continuous plant. Finally we design the supervisor

. }f:s, and therefore the space of interest are often not metric
controller of the discrete event model and thus complete t §] Because of the different nature of CVDS and DES. we
design of a hybrid control system. With the switching logic_ " '

can not directly use conventional design methodologies for

controlled by the supervisor and the good performance Wbrid systems. Control of hybrid systems usually involves

th.e nopllnear controller, \we can achieve many specification) i, multi-layer controller architecture which has betper-
with this systematic design.

formance then the single controller by the effect of switchi
[9]. For the multi-layer controller, the logical control in
the upper layer is used to decide the switching rules. The
servomechanism control in the lower layer is used to satisfy
the performance specification or constraints of the CVDS.
HVAC systems for buildings are major consumers ofn this paper we design a satisfactory nonlinear contrafier
electrical energy through the world [1]. Improving the egyer the lower layer for the heating and cooling subsystems and
efficiency of HVAC system while maintaining the comfort isa supervisor in the upper layer for decision making.
the primary goal in the development of controller design. From discrete abstraction, we can extract a DES model
With increasing complexity of modern HVAC systems, howfrom the hybrid system with some properties preserved
to control and optimize the operation with guaranteed perfo[10], [11]. In the DES model, the occurrence of discrete
mance, stability and reliability becomes a challengingiéss events cause the transitions between discrete states (e.g.
since the air conditioning process is highly non-lineae thHeatingOn-CoolingOff, HeatingOff-CoolingOff, ... etcThe
interaction between the temperature and humidity contrglupervisory controller oversees the event sequence and con
loops is significant and the constraints imposed by norrol the on/off behaviors of system. When the system op-
ideal actuator behavior are considerable. To control sudration stays in one mode, the continuous state trajectory
systems efficiently and effectively in the presence of dyieam (temperature) with the corresponding differential equrati
interaction and random disturbance so as to conserve enesgyl be controlled by the nonlinear controller. The process
while maintaining the desired thermal comfort level regsir completes the control of hybrid systems. Briefly, DES and
more than a conventional methodology. A good controlle€VDS may affect each other and causing the system highly
for the air-handling units (AHUS) is extremely desirable fo complex and difficult to be controlled. We discuss the HVAC
human comfort and energy saving. Classical HVAC contraddystem, both the DES and CVDS, and then design the
techniques such as the ON/OFF controllers (thermostatk) asupervisor and nonlinear controller for it.
the proportional-integral-derivative (PID) controllease still The rest of this paper is organized as follows: In section 2,
very popular because of their low cost [2]. Some advancedle give some preliminaries about the hybrid system model
control method such as adaptive control and predicativend some concepts of supervisory control. In section 3 we
control are also studied in literatures [3], [5], [4]. In [6] introduce the model of a HVAC system and apply Lya-
the actuators’ dynamics is considered and the feedbapkinov method with the backsteeping technique to design the
linearization approach is adopted to design the controllenonlinear controller for the heating and cooling subsystem
However in the long run, these controllers are expensiM@ section 4, discrete abstraction of the continuous plant i
since they operate at a very low-energy efficiency. performed and the supervisor is designed. Thus we complete
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the design of a hybrid control system. Finally, section ®f all sample paths that demonstrate the possible behaviors
concludes the paper. of G. That is

[I. PRELIMINARIES L(G) ={t € Z|3(xo,1)!}

In this section, we introduce the structure of hybrid system
models and fundamental concepts of supervisory contrm
theory.

here d(xp,t)! means that there exists a statec X such
at d(xo,t) = X. Let ['(x) be the feasible events at state
i.e., events that could happen at stat&low we can start to
A. Hybrid System Model discuss the control of DES.

Hybrid control systems consist of three parts [11]: the 1h€ main concept of supervisory control is to restrict
“plant” contains all the continuous dynamics, including th the “illegal” behaviors that we do not want. We care about

continuous controller. The “supervisor” is a discrete dNer}/\/hetherthe states start from the initial states can beiteghs

system which controls the logic. The supervisor is usuall the me}r.ked_ states by availat?le evgnt sequences. Ggnerall
specification of the DES is defined by a langu&ge

described as a finite automaton and designed by the D X )
theory. The “interface” plays a key role in hybrid systents, iand what the supervisor need to do is to make the language

connects the continuous and discrete dynamics, like a A/b(S/G) belongs to the specification, that i§(S/G) C K,
D/A converter, see Fig. 1. Supervisory control of hybrid""heres/G means thaG is supervised by the supervis8r

. . z B
systems is based on the discrete event system tHeimyete Vr\]/e can regard the superV|sSréL(G)h—>$ a‘i Ia function
abstraction is used to approximate the continuous plant ingghat maps a event sequencelgB) to the feasible event set.

a DES model and thus the techniques of supervisory contrbP! @y évent sequentehatG generated so far, the feasible
can be applied. It is a important step in this approactEVent set function of controlled DES/G is
Researches of discrete abstraction are active in the field of M6 (8(x0,t)) = S{t) NT (8(Xo0,t))
hybrid systems.
The procedure of supervisory control of a discrete event

system is summarized as follows:
SUPERYISOR .
[ 5 j 1) According to the problem we concerned, label the
L‘Ill T Plant events possible “illegal” states in seK. The illegal states
[ INTERFACE ] mean the states that violate our requirement, e.g.,
Mode Decision precedence constraints or dead locks.
"""'f-(fN.'l:UZi:;.'\;:"'"'"": 2) LetH be the automaton obtained from removing the
( (?om‘gm R . illegal states fronG.
N J ‘ 3) Let the system specificatidt = L(H) and design the
. supervisor to make the system behave well.
0—' A l— -
' I1l. PLANT OF THE HVAC SYSTEM
" o— 5 - : .
—»./)/ ' As we mentioned above, the “plant” represents all the con-
— Z 1 ‘ tinuous dynamics of the hybrid control system, including th
: 3 nonlinear controllers which are the candidates of switghin

Continuous Plant

----------------------------

: A. HVAC system
The air in the room is assumed to have a uniform tem-
Fig. 1. A switching control system model with the supervisor. perature distribution and the heat loss between components
is neglected. The system operates as shown in Fig. 2.

The outdoor air enters the system at temperafg(e) and
volumetric flow rate fo(t). Air with temperatureTp and
The Ramadge-Woham supervisory control theory providefow rate f(t) passes through the heat exchanger where an
a mathematical framework for the design of discrete everimount of heat is exchanged with the air. Since we have
systems. Here we follow the definitions and notations in [12he assumption of perfect mixing, the air temperature withi
and give a brief introduction to the theory. A discrete everdnd exiting the heat exchangerTigt), which represents the
system can be described by amtomaton: supply air temperature. After being cooling or heating in
G = {X,Z,5,%0, Xm} the heat exchanger, the air at temperaf[gr@as;es into the
thermal space with the help of fan and the air temperature
whereX is the set of discrete statesjs the set of events (or in the thermal space i33(t). The heat load in the room
alphabets)p : X x £ — X is the state transition functionyg is included asQp. Air leaving the thermal space is drawn
is the initial state, an, is the set of thenarked states. Let through the fan and some portion of it excluded from the
>* denote the set of all finite strings from the event Eet system whereas the reminder is recirculated to mix with the
e.g.,.u= 010, € 2* whereoy, 0 € 2. A language is the set fresh air from outdoor.

B. Ramadge-Wbham Supervisory Control Theory



Heal oxchanger the heating and cooling operation modg, and nc are
Outside heating and cooling constants, respectivélyl,, T3, O ) and
ALE i Filter C‘gfﬂ'}ilﬂs Z Fan C(T2,T3,©c) are our controller used for heating and cooling.
P PN pup System variables and parameters are described in Table | and
. C 3 the parameter values within are adopted from [16].
>
4[ Thermal Space U§; TABLE |
Exhausted HVAC SYSTEM VARIABLES AND PARAMETERS
Air
p [ air density [ 119Kg/n?
Cp constant pressure specific heat of air1005 J/Kg°C
Vhe effective heat exchanger volume 1.719m°
Fig. 2. Model of the HVAC system [4] Vis || effective thermal space volume 1655115 m°
fo volumetric ventilation airflow rate 2 m3/s
volumetric circulate airflow rate 8.0231nP/s
. L . t time sec
_The schematic layout of a HVAC system is illustrated in T || temperature at location C
Fig. 3, where a group of components working together to [ Q_ || thermal load Watt

move heat to somewhere (heating), andrémove heat from

somewhere it is not wanted (cooling) andpuat it there as

it is un-subjectable (ventilating)[13]. The HVAC system isB. Nonlinear Controller Design For The Plant
complex and there are some researches working on it wWith | ot the continuous states— X, %] T = [T, T

g and make
supervisory control, e.g., [14].

a substitution ofT; to (1), then we have
X1 = \i [(To—X2)fo+ (X2 —xp) f
4 O ”HC(Xl-,XZ«,@H)*GC"]CC(XLXZ-,@C)}

)

pCp

The objective of the nonlinear controller is to regulate the
state x, = T3 to a set pointx; = T. In the following
procedure we will use the concept of backstepping control
to complete the task. Define the ermr= x, — x5, then

Compressor Evaporator

. . 1
ez=Xz=V[(X1—Xz)f+QL] ®)
Fig. 3. HVAC schematic layout. ts PCp
and (2) can be rewritten as
For the system operates wikhdifferent modes, we model _ 1
it as the equation of this form: i = f(x,e)+ (OHNHC(X1,€2+ X5, On)
VhePCp
X = 2y (X, U, O) —OcncC(x1, €2+ %3,0c)) 4
& = X=h(x,e) (5)
where Oy indicates which mode is operating no®y is a Where
time-varying variable which has binary value 0 or 1 and is ¢ . —f f—fo Tofo  f—fo_,
determined by the supervisor. Here 0 and 1 means OFF and &) = VheXlJr Vhe Q2+ Vhe + Vhe %
ON respectively. Consider the single-zone thermal system f f f, QL
h(x;,&2) = S X—5 &

in Fig. 3 The following thermal dynamic equations [15] are

——X
Vis Vs Vs 2 VisPCp
derived from the principle of conservation of energy

Suppose thate, can be stabilized by a smooth state

dz feedback control whem; = @(ey). If there is a Lyapunov
pCpVheE = 1PCp(Ta=T2) +OnNHC(T2 To, On) function Vi (&) that satisfies the inequality
—0cncC(T2, Ts,0c) Y
dT: Vi= S [h(g(e2), €2)] < ~W(ez ©)
[)Cp\/tsd—t3 = prp(Tz—T3)+Q|_ (1) 062[ (9(e2),€)] (€2)

whereW(e;) is always positive, them, will converges to
zero and this meang — x5. Let z=x; — ¢(e2) as the error
of xq, then

where Tz is the air temperature in the buildingp is the
resulting temperature of heat exchanger &na the temper-
ature outsideT; = Tz + %(TO —Ts) is the mixed temperature

obtained fromT, and T, where % means the system-to- z = x—9(e)
fresh-air volumetric flow-rate ratio®y and ©c indicate & = h(z+oe(e)e) (7)



From above equations we will stabilize by controlz. Now
define a Lyapunov functionz(x1,e) =Vi(e2) + %22 and let
z=v, then

- oM(e). | .

V =

2 de, e+z
oVi(e)
= h
9, [h(z+ @(e2), &2)] +2v
. &hoosingv =— d\géze” ($2) —kz with a positive constant
, then

Va(x1,6) <W(e) —kZ < 0

By Lyapunov analysis we know thai ande, are asymp-

totically stable. Since =x; — @(e2) andz=x; — ¢(e2), from
oVi(e)

(4) and applyv = =52/ (91 ) —kz we have
o | M(e) dh
X1 = V+o(e)= e (0X1) K(x1—¢(e2))
d
+%h(x17e2)
1
= f(x, &)+ €] C(Xy, 68 +%5,0
(X1,€2) Vhe,DCp( HNHC (X1, € +X5,0H)

—0OcncC(x1,8 +X%5,0c))

and thus yields the controller

v aV;
Cluxa On) = 572 (P42 (5)

—k(xa ~ ple2)) + £2h0x,e2) — f(x1,2))

when®y =1, ©¢c =0, and
Clxa, %, Oc) = =2 (- 24(e2) (20
—K(xa — @(ez)) + 32h(x, &) — (x1,e2))

whenOy = 0, ©Oc=1.

C. Smulations of the Nonlinear Controller

thermal loadQ_ = 84970V. Fig. 5 shows the temperature
tracking to 25C and 35C consecutively withl, = 30°C and

the thermal loadQ, = 8000x (T, — T3)W. From the figures

we can see that the performance is satisfactory with respect
to the responding time and the transient response.
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Fig. 5. Temperature tracking.

Since the number of switchings are always finite in a finite

Using the system parameter values in Table | and supposige (nonzeno) and each subsystem is asymptotically stable,

the reference set point of; = 21.66°C and the outdoor
temperaturel, = 29.44°C, then we have

VhepCp = —4.864x10°%

f(x1,8) = —4.667+3.503(&+x5)+110145

h(x, &) = 4.847x10 3x; —4.847x103(ex+x5)
—0.148

Note thate, = X, — x5 = T3 — T5". By the analysis in previous
subsection, we choos4 (e;) = %(e2+x§)2 and

 —ka(e2+%5) +4.847x 1073 (e + x3) — 0.148

o(e)

4.847x 1073
with a positive constantky, then Vl(ez) = —ko(e2 +
X;)2 = —kx3 < 0. Hence the controllerC(x,0) =

C(x1,X2,0H)On +C(X1,%2,0¢c)Oc is derived from previous
section. Note that the value & and©¢ will be determined

by the supervisor which will be discussed in next section.

it can be shown that the Lyapunov like function is decreasing
at every instants when the mode switches in and hence by
the analysis of multiple Lyapunov function [17], we know
that the overall system is stable under switchings.

IV. DISCRETE ABSTRACTIONAND SUPERVISORY
CONTROL OF THE HVAC SYSTEM

Once we designed a set of nonlinear controllers for the
continuous plant, the problem is how to determine the
switching mechanism or the control modes. This is the
main objective of the supervisor. To design supervisory
controller for the hybrid systems, we have to approximate
our continuous plant into a discrete event model and thus
the Ramadge-Woham framework can be applied.

A. Discrete Abstractoin
Discrete abstraction is the technique that used to reduce

Fig. 4 shows the cooling performance of the nonlineaa continuous dynamic system into a discrete event system

controller with@c =1, Ty = 21.66°C, T, = 29.44°C and the

while preserving the important dynamics we care about in



the original continuous system. The direct way to extract How to judge the occurrence of the plant events is an
the DES model from the continuous plant is partitioning thémportant part of discrete abstraction. The popular method
state space by several hypersurfaces [11]. In our intefestto determine whether the continuous state cross the hy-
the HVAC system, we would like to keep the temperatur@ersurfaceh; is by performing the gradient analysis at the
X2 = T3 in some fixed range. So we divide the continuou®oundaries of adjacent partitions on the continuous state
state space into three parts space [11].The concept can be interpreted by Fig. 7. Suppose
the DES plant statep, and p¢ are adjacent, if the trajectory

Xz <20, 20< X <25%2 > 25 cross the hypersurfach (x) = 0 from p, to pc, then the

This can be done by defining the smooth functions following conditions must be satisfied: whemw, i in the
place ofhj(x) < 0 andh(¢) =0, thenOxh(&)- f(&,C) > 0.
hi(x) = x-20 And if Py, is in the place ofy(x) > 0, thenOxh(&)- f(£,C) <
ho(x) = 25-x% 0. This is clear from Fig. 7. After defining the partitions and
We collect the continuous states in each state space parti-
tion as the DES plant states, P, and g3, respectively. To V(&) f>0=(8<90)
define the abstracted DES model, we introduce the transition
relation of it. When the continuous state cross form one V. (&)

discrete statep;"to another statep;; a plant event X;; is
generated. Thus when a plant event occurs, it means there
might be a state transition (see Fig. 6). The transited DES
plant state is effected by the previous DES state and the
the control signal®, hence the whole DES plant model
could be characterized as an automa®#a (P, X,0,,7), - h <0
where P is the set of DES state{ is the set of plant
events,© is the set of control signals which is given by the
supervisor,y : P x ©® — 2P is the transition relation of DES Fig. 7. The gradient analysis on the hypersurface.

states and plant events, aAd P x P — 2% is the transition

relation of DES states and control signals. The relation cdf@nsition relations, the DES model of the continuous plant
be summarized as follows is derived and the DES model automaton is shown as Fig.

8.

Bin—1 x© % pin]

Bln— 1] x pln] 2 K[n] 1 o, <1 0,1

Note the causality of the transitions between each compo- (w (w \
nents.
\ < \)
% j

- heating mode
p =
. / 32 \ h2 (x) =25— X, 1n1t1al
\ / ‘223 (plant event) /—\/ (—\\/
D \
b, -~
(e U e
\ ) /
~ Xip
D c
X
cooling mode
Fig. 6. Partition of the continuous plant state space. Fig. 8. DES plant model of the HVAC system.

For the setup of heating-cooling control mode, the system )
will identify the initial DES plant state. If the initial stais B SUPervisory Controller
P1, ©c will be zero for all the times (i.e., cold days, heating The supervisory controlle§ oversees the HVAC system
mode on). Conversely, if the initial state B, ®y will be  and determines the value @ for the nonlinear controller
zero. C(x,0). We define the supervis@= (é )N(,@,é,(p), where
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V. CONCLUSIONS

In this paper, we discuss the HVAC system with both the
continuous and discrete dynamics and complete a systemati-
cal design for this hybrid control system. First we design th
nonlinear controller for the heating and cooling subsystem
inside HVAC system. Then we extract a discrete event system
model from the continuous plant by discrete abstraction. A
supervisor for the DES plant is then designed and hence
both the continuous and discrete phases of the hybrid system
are controlled. A practical HVAC system contains many
complex behaviors that we do not describe in this paper.
There are still many problems to be considered such as
the interactions between components other then the heating
and cooling exchangers, and the the discrete abstraction
of them . We will consider more working components of
this system and include analysis of the nondeterminism of
discrete abstraction in the future work.



