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Abstract: Drying-process of many kinds of farm produce in a close room, such as 
mushroom-drying machine, is generally a complicated nonlinear and time-
delay cause, in which the temperature and the humidity are the main controlled 
elements. The accurate controlling of the temperature and humidity is always 
an interesting problem. It’s difficult and very important to make a more 
accurate mathematical model about the varying of the two. A math model was 
put forward after considering many aspects and analyzing the actual working 
circumstance in this paper.  Form the model it can be seen that the changes of 
temperature and humidity in drying machine are not simple linear but an affine 
nonlinear process. Controlling the process exactly is the key that influences the 
quality of the dried mushroom. In this paper, the differential geometry theories 
and methods are used to analyze and solve the model of these small-
environment elements. And at last a kind of nonlinear controller which 
satisfied the optimal quadratic performance index is designed. It can be proved 
more feasible and practical than the conventional controlling.  
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1. INTRODUCTION  

In recent years, the yield of mushroom has been increased year by year. It 
makes the demand of high quality drying-technology urgent. Drying 
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mushroom needs to gain an ideal goal in a limited period or as quickly as it 
can. In order to reduce the cost of drying process, proper drying methods 
must be selected. The requirements can be satisfied by the drying 
equipments which used heat energy associated with solar energy. They not 
only make best use of the regenerative solar energy but also can ensure the 
drying time with heat energy when solar energy is not sufficient. It is a kind 
of combined and efficient drying method.   

The environment of the drying machine likes a small green house. The 
main indexes are illumination, temperature, humidity, air-flowing speed and 
the quantity of heat. The temperature can’t be too high in a long time during 
the process of mushroom-drying, otherwise the shape, color and the nutrition 
of the dried mushroom are damaged. The drying time can not be very long. 
The check of the products depends on the humidity of dried mushroom. In 
drying process, changes of temperature and humidity are not simple linear 
but complicated nonlinear. The traditional linear control can not content the 
needs to exactly control and get high quality products. A comparatively strict 
and exact control method is needed to get high quality and grades of the 
products. So, to make an ideal mathematical model about the varying of 
temperature and humidity in the drying machine is the important thing.   

1. MODEL 

Consideration of the cost, glass wall is used to make full use of solar in 
day. It’s paved at night. The ventilation-holes is used to ventilate naturally. 
Heat energy associated with solar energy control the temperature in machine. 
So the temperature control dynamic model satisfies the following heat 
balance equation (Daskalov,1997): 

  cacventtrancradheatrad
i

p QQQQQQ
dt
dTCV ����� U     (1) 

Where V is the volume of the machine )( 3m  , U  the air density 
)/(1200 3mg , pC the specific heat of air )/(1.006 KgJ � , iT  inner air 

temperature , radQ  the solar radiant energy, heatQ  the heat energy by 

burning fuels, cradQ  the radiant energy of long waves, tranQ  the heat losses 

for transpiration , ventQ  the heat losses for air flowing , cacQ  the heat losses 
due to transmitting, and as the value very low compared with the others, it 
can be ignored. The right parts of the Eq. (1) as follows: 

aasrad IAQ W��                                                                  (2) 
Where sA  is the areas of the sunshine˄m2˅ , aW  transmitance of the 

glass(0.89), aI the solar radiant intensity )/ 2mW˄ . aI is a variable changed 
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with the time. For simplification, the average radiant intensity of a day in 
summer or autumn is used. It’s approximately 70 W/m2. 

),( irpheat TThQ �                                                              (3) 

Where rT is the desired inside temperature ( K ), iT  the inside air 
temperature ( K ), ph the heat of burning fuels per temperature unit ( KJ / ). 

According to Stefan-Boltzmann lawˈthe radiant energy of long waves as 
follow˖             

4
12 icrad TAQ VH                                                                  (4) 

Where 1
2112 )1( ��� HHH  is emissivity between interfaces, 2,1 HH are the 

emissivities of glass and air respectively, 0.32,0.91   HH .V coefficient of 

Stefan-Boltzmann, V = 428 /W1067.5 Km �u � , CK $273� . 
AEQ mtran � O                                                                     (5) 

Where tranQ is the absorbing energy of transpiration of the 

products( hJ / )ˈ A  the area of the products( 2m ), )57.05971868.4 t� ˄O  
the parameter of the transpiration heat( gJ / ), t the temperature of the 
products in transpiration, in this case it used the rT , mE the intensity of 

transpiration( hmg �2/ ), mE  can be denoted as:  

])
2.15

exp(109.3[2.1 3
i

i
em qTkE �u �                                (6) 

Where ek is the coefficient of the evaporation which has relation to the air 
speed, )(149.0223.0 aire vfk u� ( hg / ) (Daskalov,2006) ,for 
comprehensive consideration, it uses 0.5(Govriachev, 1968).  

Substitute Eq.(6) into Eq.(5), it gains: 

� � irir

iririi

iirtran

qAATTATA
qATTATAqTA
AqTTQ

1500432.1)2.15/exp()005.085.5(
432.1)2.15/exp(005.01500)2.15/exp(85.5

))2.15/exp(109.3(5.02.1)57.0597(1868.4 3

��� 
��� 

�uuuu� �

  (7) 

)(vent irnap TTvCQ � U                                                      (8)  
Where ventQ  is the heat losses of the air flowing, nav  the natural 

ventilation ratio ( min/3m ), it uses the average value 2.5 min/3m . 
Substitute Eqs.(2)-(4)and (7)-(8) into Eq.(1), it can get:   

� � )(1500432.1)2.15/exp()005.0

85.5()1()( 41
21

irnapirir
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VHHWU     (9) 
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The humidity dynamic model of the drying machine is as follow: 

][)(
io

nami qq
V
v

V
AE

dt
tdq

�� 
                                                                    (10) 

Where oq  the outside absolute humidity ( 3/ mg ), iq the inside controlled 

absolute humidity( 3/ mg ). 
Substitute the Eq.(6) into Eq.(10),it can get ˖

o
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])2.15/exp(109.3[6.0 0
3

  (11) 

In additionˈas the temperature and humidity inside are higher than those 
outside, the temperature and humidity outside have little effect on those of 
inside. So naor vqT ,,   can be regarded as constants.  

We take place all the constants in Eqs.(9) and (11) with 2050 ,...,,,..., bbaa , 
then we can observe˖ 
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Where nT
ii RXqT � ,][X  is the state vector, T

ii qT ][X
���

  the 
differential of the state variables, phu  , Ru�  the control variable, 

iqty  )( , Ry� the output variable. 
 Apparently,  the differential Equation set contents the normal form: 

°
¯

°
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So it is a SISO multivariable affine nonlinear control system. Where 
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The control purpose is to find an optimal control law u which can make 

the state variables reach the idealist values and the energy consumed is the 
least. At the same time, it’s to find a coordination transform )Z(M , changing 
the nonlinear system into a linear system as equation set (17) , namely 
exactly linearization.  

°̄
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� 

�

DuCXY
BuAXX

                                                                                  (17) 

2. METHODS AND RESULTS 

According to the theory of differential geometry about exact linearization, 
the affine nonlinear system must have the relative degree r equal the order of 
the state variables n. so we first calculate the following Lie derivative (Lu 
Q.,1996). 
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Where )(XhL n
f denotes the rth order Lie derivative of )(Xh  along f . 

)(XhLL fg the mix Lie derivative of )(Xh  along f and g . 
So the relative degree of this nonlinear system r-1=1, r=2=n .  
Now looking for a coordination mapping )Z(M : 

iqXh   )(Z1                                                                                     (21) 
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So, we get the Brunovsky normal form: 
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Compared with the Eq. set (17), we can get: 
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     is the control law. 

Then we will determine the input variable V which is the control input of 
the linear system of the Brunovsky normal form. To the most reasonable 
way is using the linear optimal control design method with the quadratic 
performance index (LQR method) to produce the V*.   

It can be proved that the system is a controllable system as the rank of the 
matrix ....]|||[ 2BAABB  is n.  

Selected the linear quadratic performance index (LQR) as follow: 

dtRVVQZZJ TT³
f

� 
0

)(
2
1                                                (28) 

Then we can get the control vector V which makes the performance index 
functional J reach its extremum. 

)(*)(** 1 tzKtZPBRV T � � �                                        (29) 
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Where *V denotes the optimal control vector, *K  is the optimal 

feedback gain matrix: 
     ** 1 PBRK T�                                                               (30) 

*P is the solution of the Riccati algebraic equation, RQ,  are semi-
positive and positive definite weighting matrices, respectively. 
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Solving the equation, we gain: »
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It is the optimal control law of the original affine nonlinear control system.  

3. CONCLUSIONS 

By analyzing the real working environment of the drying-machine and all 
kinds of effects, dynamic mathematical model of the complicated drying-
process was made. It is an affine nonlinear control model. An optimal 
control law was obtained by exactly linearizing the model with differential 
geometry theories and solving the Riccati equation. The final control law is 
satisfied the optimal quadratic performance index. It can make loss of the 
energy least and the control object ideal.   
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