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ABSTRACT
An optimal combination of the characteristics of an 

air conditioning system and the control strategy is 

necessary to minimize costs and the energy demand. 

Therefore a sequential control for such a system was 

developed, tested by simulation and implemented in 

an existing plant. The simulation runs have been done 

with TRNSYS [1],[2].  

For the sake of comparison, an optimized control was 

calculated using a nonlinear optimization method [3]. 

For this purpose, TRNSYS had to be combined with 

MATLAB [4],[5] which includes some optimization 

tools.  

INTRODUCTION
Both control strategies, sequential and optimized 

reference control, are tested with the help of a DEC 

(Desiccative and Evaporative Cooling) air 

conditioning system. The basic configuration of the 

system is shown in Fig.1. 

Figure 1: DEC device 

The device consists of the following components: 

sorption regenerator, heat regenerator, humidifier and 

air heater for supply air and humidifier and air heater 

for return air. The supply air fan as well as the return 

air fan transport the air masses. The heaters are 

loaded by hot water. A cooling device is not required. 

In winter the DEC system works as a conventional  

air conditioning system. With the aid of the two 

regenerators a high level of recovery of heat and 

humidity is possible.  In the summer the heater for 

supply air is out of action. The dehumidification is 

done by the sorption regenerator. The cooling can be 

achieved by an adiabatic humidification. 

Figure 2 illustrates the principle of the classical 

sequential control. There are the two control loops 

temperature (2a) and humidity (2b) of the supply air. 

Each component of the air handling system is 

controlled in dependence of the supply air conditions 

and on the control status of all the other components. 

Figure 2: Classical sequential control scheme 

METHODOLOGY
The optimization problem is the determination of the 

control signal of each component (rotational speeds 

of the sorption regenerator ( 1u ),  the heat regenerator 

( 2u ) and the fans ( 5u ), valve lifts of supply air 

heater ( 3u ), supply air humidifier ( 4u ), return air 

humidifier ( 6u ) and return air heater ( 7u )). 

On the assumption that the air mass flow is constant 

there are only six control variables which have to be 

determined. They can be integrated into the control 

vector u, Eq.(1). 

T
AB,ERHAB,BEFZU,BEFZU,ERHRWRS ]HHHHnn[=u

          (1) 

The rotational speed of the regenerators and the valve 

lifts of the humidifiers and air heaters, respectively 

are restricted, Eq.(2). 
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There are also some secondary conditions which are 

to be fulfilled. These conditions concern: 
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1. Range of tolerance of the temperature and absolute 

humidity ratio of supply air, Eq.(3). 

max,ZUZUmin,ZU

max,ZUZUmin,ZU

xxx ≤≤

ϑ≤ϑ≤ϑ
    (3) 

2. Freeze-up control of the return air heater, Eq.(4). 

min,A,RWA,RW ϑ≥ϑ       (4) 

3. Freeze-up control of the sorption regenerator, 

Eq.(5).

formationicedx

dh

dx

dh ≥       (5) 

SIMULATION
The modelling of the DEC air conditioning system as 

described in Fig.1 was done with the help of an 

appropriate TRNSYS model [6]. The stationary 

behaviour of the components is reproduced by 

approximated transfer functions which result from  

measurements or characteristic curves, respectively. 

The building model is based on the standard 

TRNSYS with some modifications mainly concerning 

the calculation of heat transfer through walls and the 

processing of solar radiation inside the windows. As 

the differential quotient information is used for the 

optimization all state variables of the simulation 

model have to be stored separately. 

OPTIMIZATION
Optimization means the determination of the control 

vector u, Eq.(1) so that the costs of the operation are  

minimum and the secondary conditions Eq.(2) to (5), 

which have to be formulated as constraint functions, 

Eq.(6), are fulfilled at the same time.  

( ) 0gi ≤u          (6) 

The constraints g are also necessary to describe 

bounds of the control  variables determined by the 

technical reality. 

The total costs of running the air conditioning system 

contain the costs of the electric energy required to 

drive the regenerators as well as the costs of the heat 

and water of the air heaters and humidifiers. It can be 

calculated as follows. 

BEF,WERH,QRWRS,El KKK)(fK ++== +u  (7) 

The optimal control vector u
0

that minimizes the 

constraint function, Eq.(7), can be found by solving 

the Kuhn-Tucker equations, Eq.(8), (9), (10).  

( ) 0g ≤0u          (8) 

( ) 0g =00
T

uλλλλ        (9) 

( ) ( ) ( ) 0f,L 00000
T

=∇+∇=λ∇ uuu gλλλλ   (10)            

This kind of  calculation is supported by the 

MATLAB Optimization Toolbox [5]. That was why 

the simulation program TRNSYS and the 

optimization tools of  MATLAB were combined in a 

suitable manner. Thus, MATLAB is the server and 

TRNSYS is the client application. While TRNSYS is 

used to simulate the costs and the constraints, 

MATLAB calculates only the control vector. The 

data exchange between both programs is done 

directly by special gateway routines. The flow chart 

in Figure 3 shows the sequence of the computation to 

get an optimized control function u.

Figure 3: Sequence chart for optimization 

If necessary an initial simulation run has to be done 

to get some transient states for systems with non-

negligible storage effects as known from buildings. 

These final states are concurrent with the initial 

conditions for the optimization period following 

afterwards. On the basis of these initial conditions, 

the optimization period has to be passed through 

several times until the optimum is found. After that a 

simulation period without optimization leads to the 

next optimization interval.   

Because the optimal control value is looked for, the 

optimization period is identical with one simulation 

time step. This means a new control vector u has to 

be calculated at each time step.  
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RESULTS
To get an overview of  a wide range of the air 

conditioning system’s operating states without the 

necessity to take a full year into consideration, 

because this would increase the simulation and 

calculation time to an impracticable amount, 52 

typical steady state ambient air conditions were 

chosen. These points are mapped in the Mollier h,x-

chart in Figure 4.  

Figure 4: Mollier  h,x-Chart  

A building always is characterized by an instationary 

thermal and humidity behaviour. Because this is 

obstructive to a simulation which only looks at 

different steady state ambient condition points which 

are timewise independent from each other the entire 

simulation model does not include a building model. 

That means a structural analysis of the DEC system is 

carried out without any transient processes and for 

each steady state point the optimum operation of the 

air conditioning device has to be found. Initial 

simulation runs are not necessary. The return air 

temperature is assumed to be within a  normative 

range of comfort, Eq.(11). 








 °−ϑ
+°=ϑ 0,

3

C26
maxC22 AU

AB   (11) 

There are no latent loads. The humidity ratio of the 

return air is assumed to be the same as that of the 

supply air, Eq.(12). 

ZUAB xx =         (12) 

The secondary conditions concerning temperature 

and humidity ratio of the supply air are listed in 

Eq.(13).
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     (13) 

With regard to the freeze-up control of the return air 

heater and the sorption regenerator, respectively the 

following requirements, Eq.(14), have to be taken 

into account. 

formationice

A,RW

dx

dh

dx

dh

C6

≥

°≥ϑ
      (14) 

The air conditions at the outlet of  each component of 

the DEC system, as they were calculated by the 

optimal control, are illustrated in the h,x-chart of 

Figure 5. The comfort region is marked. 

Figure 5: Steady-state points for optimal reference 

process 
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Figure 6 shows a comparison of the control signals in 

dependence of the selected ambient temperature 

points. The differences between both control modes 

are clearly recognizable. 

Figure 6: Comparison of the control signals of the 

sequential control and the optimal reference 

process (a: sorption regenerator; b: heat 

regenerator; c: supply air heater; d: supply 

air humidifier; e: return air humidifier; f: 

return air heater) 

The absolute costs K corresponding to Eq.(6) for 

each point are drawn in Figure 7. The differences 

between  both control modes are small.  

Figure 7: Comparison of absolute costs 

Each steady state point has a certain probability of 

occurence σi. This annual frequency distribution in 

dependence of the associated temperature is 

represented in Figure 8. 

Figure 8: Annual frequency of ambient temperature 

If we compare the absolute costs K with the 

frequency weighted costs Kσ with 

KK σ=σ          (15) 

we find that the latter are more different. They are 

shown in Figure 9. 

Figure 9: Comparison of  frequency weighted  costs 

The costs of the optimal reference process always 

should be lower than the costs of the sequential 

control otherwise it would not be an optimal process.  

If sometimes this request seems not to be fulfilled this 

is caused by the different numerical accuracy of both 

control algorithms especially concerning the 

constraint functions. 

The most important difference between the two kinds 

of control is the humidity ratio of the supply air as it 

is illustrated in Figure 10. Especially during summer 

there are high differences. 
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Figure 10: Comparison of humidity ratios of supply 

air

As a next step of the analysis, a simulation run of the 

DEC air conditioning system for a typical summer 

day is carried out with both kinds of control 

(sequential as well as optimized control).  The 

courses of the ambient temperature and solar 

radiation curves are shown in Figure 11. 

Figure 11: Ambient conditions  

The building model which is integrated now is a large 

room with low thermal capacity. The repetitive 

profile of internal time dependent thermal and 

humidity loads is illustrated in Fig. 12. 

Figure 12: Loads profile  

The ventilation of the room is based on the principle 

of displacement. Therefore, the  supply air 

temperature ϑZU has to be lower than the room 

temperature ϑR. The setpoint of the supply air 

temperature is evaluated by Eq.(16). 

( )( )C12,C18,K3maxmin RZU °°−ϑ=ϑ   (16) 

The air volume of the system is not constant. It is 

modified by a PI-control to compensate different 

thermal loads and to fit the permissible range of room 

temperature. Figure 13 demonstrates the dependence 

of the permitted operative room temperature range on 

the ambient temperature.  

Figure 13: Range of permitted operative room 

temperature 

The air humidity of the room has to be within a 

certain range of tolerance, too. The restrictions are 

formulated in Eq.(17). 
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g
5

%65

R

R

≤≤
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     (17) 

Figure 14 shows temperatures and humidity of the air 

conditioned room. Both air temperature and operating 

temperature are identical independent from the kind 

of control. During the period of use (7 a.m. – 8 p.m.) 

the DEC system is ON and the operating temperature 

is within the permitted band of setpoints. The upper 

setpoint is displayed in the graphic and it is easy to 

make out its slope in dependence of the ambient 

temperature. The courses of the humidity ratio shows 

some differences between the control strategies. The 

optimal reference process ends in a higher humidity 

ratio during the first half of the day. 

- 1237 -



Figure 14: Temperatures and humidity ratio of the 

room 

If the air conditions resulting from the controls during 

the period of use are drawn in a h,x-psychrometric 

chart, Figure 15, the differences are more obvious. 

Nevertheless all the points are within the marked area 

which is the permitted range between setpoints. 

Figure 15: Comparison of the total costs for a 

summer day 

The total costs during this summer day are shown in 

Figure 16. Optimal control as well as classical 

sequential control  lead to identical costs. Because of 

the high ambient temperature and the corresponding 

solar radiation the costs raise up abruptly. The 

different control signals, depicted in Figure 17, only 

insignificantly affect the total costs. 

Figure 16: Comparison of the total costs for a 

summer day 

Figure 17: Comparison of the control signals of 

sequential control and optimal reference 

process for a summer day 

CONCLUSIONS
The technology of Desiccative and Evaporative 

Cooling (DEC) in air-conditioning systems requires a 

special control strategy to produce the requested air 

conditions at low energy costs. Therefore, a 

sequential control (temperature and humidity) was 

developed at the Dresden University.  

Alternatively to the sequential control an optimized 

control is available. This optimal control strategy 

guarantees a minimum of cost and/or energy 

consumption of the system. A comparison of 

sequential and optimal control strategies is 
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represented. The different costs for heating, 

electricity and water are calculated. The result is not a 

time-dependent optimal open loop control function 

but an optimal control of different components of the 

air conditioning system at a fixed time. 

NOMENCLATURE
A Outlet 

AB Return air 

AU  Outside air 

BEF Humidifier 

El Electric energy 

ERH Air heater 

FO Exhaust air 

g Secondary condition; 

constraint 

h Enthalpy 

H Valve lift 

K Costs 

L Lagrange function 

n Rotational speed 

Q Heat 

R Room 

RS Sorption regenerator 

RW Heat regenerator 

u Control vector 

W Water 

x Absolute humidity ratio 

ZU Supply air 

ϑ Temperature 

λ  Lagrange multiplier 

ϕ Relative humidity ratio 

σ probability of occurence 
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