
Chapter 15
Identification of Non-stationary
and Non-linear Drying Processes

Piotr Wolszczak and Waldemar Samociuk

Abstract This chapter discusses a problem of control of a non-stationary and a non-
linear drying process of food raw materials, especially yeast. Industrial yeast drying
is a non-stationary and a non-linear process with a transport delay. In this work the
identification of the yeast drying process was presented. Models for different time
intervals of the closed control system were developed. Changes in the model param-
eters (non-stationarity) caused deterioration in the stability reserve. The developed
models will be used to synthesize the control system in the future.

15.1 Introduction

The non-stationary and non-linear processes control is troublesome, especially if
there is a transport delay and the process concerns a vivid material. Industrial drying
of yeast is such a process. Active dried yeast (ADY) is used in industrial processes; in
the craft brewing sector, distilling and baking industries and in wine production [12].
There is supply of warm air to the object during drying, too high temperature has
an disadvantageous influence on its fermentation capacity [13]. Dried yeast vitality
is influenced not only by the temperature value but also by the rate of its change
[9, 19]. During industrial production, various types (strains) of yeast are used which
are resistant to temperature to varying degrees [5, 24]. “Skim milk-a widely used
protective agent-was used and in all strains, the highest viabilities following air-blast
drying were obtained using 10% skim milk” [15]. Drying is continued until the dry
weight of the yeast culture is approximately 93–95% dry weight [3] or 92–96% [2].

P. Wolszczak (B)
Faculty of Mechanical Engineering, Lublin University of Technology, Nadbystrzycka 36, 20-618
Lublin, Poland
e-mail: p.wolszczak@pollub.pl

W. Samociuk
Faculty of Production Engineering, University of Life Sciences in Lublin, 28 Głęboka Street,
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When designing control systems, a compromise between the complexity of the
controlled process model and the effort necessary to obtain a reliable mathematical
description is inevitable. Finding models from the laws of physics can be trouble-
some. For this reason, control systems based on the experimental data are designed.
The indirect approach uses the collected data to identify the controlled processmodel,
which is then used to synthesize the controller in accordance with the project objec-
tives [1]. This method is based on the system identification tools ([4, 10, 11, 16–18,
25, 27]).

The selection of fixed parameters of the classic control system (PID) for the
entire drying cycle can be impossible, therefore it is necessary to use complex control
systems (Robust control, Adaptive Control, IMC) [25]. In addition, due to the process
safety and high sensitivity of the material to a high temperature (over-regulation), it
is advisable to use security systems (locks) at the appropriate SIL level [22, 23].

To enable high quality control it is necessary to know the object properties, saved
in the form of an operator transfer function and the range of changes in the process
parameters. The aim of the work is to determine the evolution (non-stationarity) of
the yeast drying process. The mathematical model of the process (object) is used to
determine the structure of the control system (controller type) and the settings of this
controller. The basic process properties such as static characteristics, time constant
and delay identified using recorded input and output signals or derived from physical
laws. The direct approach does not focus on the exact approximation of the process.

During design control systems for processes in which the model parameters
change their, it must be taken into account the stability of the control system. For such
systems the robust control methodology is recommended [7, 8]. The robust control
takes into account the model of object and is designed for correctly operates of the
controller in uncertain object parameters conditions. The uncertainty of the model
can be caused by: linearization of non-linear objects, inaccurate values of the model
parameters, identification errors (disadvantages of the use of measurement data, too
low sampling frequency, which impoverishes the characteristics of the object). In the
robust control methodology the range of uncertain and the limits of properties vari-
ability are defined before mathematical modelling. The operation of robust control
system adaptation within these limits and the change of the adopted process control
principle is no necessary.

15.2 Food Raw Material Drying Process

Food raw material drying process produces cellular stress as presented in Fig. 15.1
[6]. The drying surface offsets into inside the organic material. The surface of the
drying surface changes depends of shape of organic object (round grains, slices,
agglomerations, a layer of wet powder or compound and complex shapes). The
drying surface area effects the change in speed of moisture transport.
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Fig. 15.1 The offset of the
drying surface during
drying process of organic
material [26]

In yeast drying case the temperature value and the rate of temperature change
affects the fermentation capacity and lifespan [9, 19]. The level of fermentation
capacity degradation depends on the dynamic of the drying process [13].

Different yeast strains used in industrial production distinguishes degrees of resis-
tant to temperature [5, 24]. Moreover to immunize yeast for high temperature some
additives like skim milk can by used [15].

The level of yeast degradation depends both on the drying method and on the
parameters of the drying process (mainly temperature and its rate of change) [13].
When yeast is dried, the protoplasmic proteins are transformed from hydrosol to
hydrogel. This leads to the reversible stop of the vital functions of the systems
(anabiosis), depending on the amount of water left [14]. Adverse cellular stress
occurs during drying [6]. For example, the optimal temperature of spouted bed is
about 40 °C [20].

The drying process is the supply of warm air to the yeast. The yeast loses water
during heating. This process is shown schematically in Fig. 15.2.

The drying process control is based on two values: yeast temperature TY and air
temperature TA. This is shown on the diagram in Fig. 15.3.

Industrial drying yeast process has non-stationary and non-linear character, there-
fore the control processes with classical control in this case system are difficult. Due
to impossibility of using fixed parameters of the controller of the classical con-
trol system for the entire drying cycle, it is recommended to use complex control
systems [20].

Process of organic object drying in dryer equipped with one heater located outside
the drying chamber is presented in Fig. 15.4. In this schema the drying system

Fig. 15.2 The yeast dehydration process

Fig. 15.3 Control of yeast drying, T0—setpoint signal, p—control signal, TA—air temperature,
TY—yeast temperature
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Fig. 15.4 Block diagram of the continuous drying process (normal variant), (a), (b), (c) and (d)—
heat streams flowing into the dryer, (e), (f), (g) and (h)—heat streams flowing out of the dryer; heat
balance: a + b + c + d = e + f + g + h; left block—preheater, right block—drying chamber.
L—mass flow of dry air [kg/s],G—mass flow ofmoist material [kg/s], c—specific heat [kJ/(kg*K)],
i—specific enthalpy [KJ/kg] of dry air, x—absolute humidity of air [kg of steam/kg of dry air], t—
temperature [°C], W—mass flow of evaporated water from the material [kg/s]; indexes: s—initial
value (start), w—water, e—finish value (end), tr—transporter, 0—atmospheric air, 1—heated air,
2—humidified air [26]

operates without air recirculation.
Figure 15.5 presents thermodynamic transformations accompanying drying pro-

cess in the adiabatic process that is different than in the real case. In the schema
the heat loss index Qloss and the dry air mass flow L are localized. The difference
between enthalpy of humid and atmospheric air is denoted by Δiad means.

Fig. 15.5 Simplified
enthalpy diagram with
thermodynamic curves of the
drying air in a dryer (normal
variant), 0–1ad—heating in
the adiabatic process,
0–1re—heating in the real
process, 1ad–2—adiabatic
dampening, 1re–2—real
dampening. i—specific
enthalpy [KJ/kg] of dry air,
x—absolute humidity of air
[kg of steam/kg of dry air],
t—temperature [°C]
ϕ0—relative humidity of
atmospheric air; indexes:
0—atmospheric air,
1—heated air, 2—humidified
air, ad—adiabatic process
(theoretic), re—real process
(with losses) [26]
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15.3 Subject of Research

The object of the research was the wet yeast layer dried by heated air flows. The
air used for drying is mixed from two air streams: cool and heated air for obtaining
right air temperature. The drying cycle takes more than seven hours and the yeast
temperature cannot exceed 50°, which would destroy their functions.

The temperature of the yeast is monitored and controlled by air temperature
according to the defined drying curve shown in Fig. 15.6. The temperature of the
yeast layer is gradually raised during the drying cycle. The described process of the
drying surface offsets in thewet organic layerwith developed shape causes disruption
in the drying control process. Examples of the series of drying cycles are shown in
Fig. 15.6. Time series contains: setpoint signal, throttle opening, temperature under
the sieve and temperature of the yeast layer. Disruption in the drying control process
revealed in the increasing form the value of the error (the difference between the
setpoint and wet layer temperature). Changing the sensitivity of the object caused
by changes in the physical properties increases the risk of overheating the yeast. The
current solution of this problem is step changing the controller’s parameters dur-
ing the process. The control system contains two sets of controller parameters. The
controllers’ parameters change is made at predefined time. Such a solution involves
problems like: mismatching of to the moment of real change of the object’s property
and its dynamic. The change in properties can be gradual and complex while next
parameters set for controller is introduced by step function.

Controlling of the organic product drying process with one PID controller proved
to be ineffective. It was prepared a set of the controller parameters, used for a simple
switching control model and adapted to changing object properties, as illustrated in

Fig. 15.6 Example sets of signals recorded during drying process. Signals: setpoint trace—required
temperature of yeast layer on sieve [°C], control signal—hot air throttle opening [°C], the controlled
variables—temperature below sieve and yeast layer temperature [°C] [26]
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the Fig. 15.6. The next settings are switched on according to the adopted model of
the product temperature curve control.

15.4 Process Identification

There is a transport delay in the analyzed process, but it is difficult to determine
because it requires carrying out an experiment that is currently not possible due to
ongoing production. Process data is masked by previous states (large inertia of the
process)—Fig. 15.7. The main transport delay is caused by the distance between the
dried yeast and the heating element. It is possible to determine this delay analytically,
but the knowledge of all geometric and technical parameters is needed (they are
currently unavailable). At this stage of work, it is planned to identify the process
without taking into account the delay. This delay is probably small compared to the
inertia of the process (0.7 s—Fig. 15.8). The drying process begins in the 32.5 min of
the cycle (beginning of the air temperature TA increasing). The product’s temperature
value begins to grow from the 33.2 min recording of results (TY ). Thus, the transport
delay is 0.7min (42 s). Figure 15.8 shows the time courses ofTY andTA temperatures.

The recorded data comes froma closed system that includes an object, ameasuring
transducer, a controller and an actuator. Intuitively, it can be assumed that it is an
inertial object with a delay, but it is uncertain. Yeast is an organic material in which
various processes undergo. They have a significant influence on heat transfer. The

Fig. 15.7 TA and TY temperature in at the beginning of the process
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Fig. 15.8 TA and TY temperature in analyzed process

parameters of the object are changing, so the object is nonstationary. The recorded
results come from a closed, stable system. Models (discrete operator transmissions)
for different time intervals were determined in order to examine whether the system
is non-stationary.

Identification of model parameters describing the relationship between air
temperature and product temperature.

The model describing the relationship between the discrete value of air tempera-
ture and product temperature can be described by a discrete equation (with aggregated
parameters) of the form:

Ty (k) + a1Ty (k − 1) − · · · − anTy (k − n) = b0TA(k − h) + b1TA(k − 1 − h) + · · · + bnTA(k − n − h) (15.1)

where h is a discrete time delay, ai, bi are model parameters.
The product temperature values Ty(k) can be determined from the model as fol-

lows:

T̂y(k) = b0TA(k − h) + · · · + bnTA(k − n − h) − a1Ty(k − 1) − · · · − anTy(k − n)

(15.2)

Using the reverse operator and substituting:

∇Ty = Ty(k) − Ty(k − 1) = (
1 − z−1

)
Ty (15.3)
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∇TA = TA(k) − TA(k − 1) = (
1 − z−1

)
TA (15.4)

A∗(z) = a1z
−1 − a2z

−2 − · · · − anz
−n (15.5)

B(z) = (
b0 + b1z

−1 + b2z
−2 + · · · + bnz

−n
)
z−h (15.6)

we obtain

T̂y(k) = B(z)TA(k) + A∗(z)Ty(k) (15.7)

The above model has been supplemented by external disturbances:

T̂y(k) = B(z)TA(k) + A∗(z)Ty(k) + η(k) (15.8)

Using the transformation

Ty(k) − A∗(z)Ty(k) = B(z)TA(k) + η(k) (15.9)

A(z) = 1 − A∗(z) (15.10)

leads to

Ty(k) = B(z)

A(z)
TA(k) + 1

A(z)
η(k) (15.11)

The first part of the equation describes the process of heat exchange between the
air temperature Tx(k) and the mass of product Ty(k). The second part of the equation
takes into account interference effects in this model. The dependency corresponding
to the part of the first equation can bewritten in the form of a discrete transfer function
as (with a transport delay):

G(z) = Ty(z)

TA(z)
= B(z)

A(z)
= b0z−1 + b1z−2 + b2z−3

1 + a1z−1 + a2z−2 + a3z−3
z−h (15.12)

where z−1 is the backward difference operator shift (i = 1, 2, 3, …, n) and h is the
transport delay.

Finally, the heat exchange process is described by third order discrete transmission
without delay h as

G(z) = b0z−1 + b1z−2 + b2z−3

1 + a1z−1 + a2z−2 + a3z−3
(15.13)

Parameters of identified model are presented in Table 15.1.
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Table 15.1 Parameters of identified model

Interval no. Sample no. b0 b1 b2 a1 a2 a3

1 0–5000 0.0451 −0.0067 −0.0379 0.3713 0.3191 0.3085

2 3000–8000 0.0595 −0.0153 −0.0437 0.3380 0.3309 0.3300

3 5000–10000 0.0447 −0.0093 −0.0349 0.3523 0.3195 0.3272

4 10000–15000 0.0104 0.0019 −0.0121 0.3466 0.3348 0.3183

5 15000–20000 0.0246 0.0040 −0.0284 0.3269 0.3212 0.3515

6 17500–22500 0.0062 0.0216 −0.0276 0.3355 0.3199 0.3441

Table 15.2 The roots of discrete transmittances

Sample no. Re1 Im1 Re2 Im2 Re3 Im3

0–5000 −0.3141 0.4583 −0.3141 −0.4583 0.9994 0

5000–10000 −0.3236 0.4718 −0.3236 −0.4718 0.9995 0

10000–15000 −0.3266 0.4601 −0.3266 −0.4601 0.9998 0

15000–20000 −0.3365 0.4882 −0.3365 −0.4882 0.9998 0

The model parameters change with the drying time. The roots of discrete trans-
mittances of the closed system are determined in Table 15.2. The roots (zeros of
the characteristic equation) were calculated for the time periods for which discrete
transmittances were determined—Table 15.2.

The system is stable if and only if

∧

i∈1,k
|zi | < 1 (15.14)

where zi are the roots of the control system with closed loop (feedback) and k is the
number of roots.

Root No. 3 (Re3) is located very close to the unit circle. It means that the system
is very close to the stability limit.

The identification concerns separated elements of the system like actuator and
object as well as object including a dryer and product. The actuator element that was
the throttle can be characterized by the linear transfer function, whereas, the object
can be characterized by the non-linear function.

Nonlinear ARX (AutoRegressive with eXogenous inputs) models have structure:

y(t) = f (y(t − 1), . . . , y(t − na), u(t − nk), . . . , u(t − nk − nb + 1)) (15.15)

where u and y are finite numbers of previous inputs and outputs, na and nb are numbers
of past output and input terms, which are used to predict the output and nk is the
delay from the input to the output, defined as the number of samples.

In Fig. 15.9 an examples ofmeasured process signals and simulatedmodel outputs
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Fig. 15.9 Examples of measured process signals and simulated model output a schema of the
actuator and object inputs and outputs, b actuator output signal (temperature below dried product
layer), c object output signal (temperature of product)

are presented.Themodel of actuatorwas identifiedby linear transfer function (15.16).
Fit to estimation data performs 92.25% (FPE1 = 1.957, MSE2 = 1.956).

U (s)

X (s)
= −650.4 · s4 − 199.2 · s3 + 5 · s2 + 0.08 · s + 3.2e − 6

s5 + 1026 · s4 + 360.1 · s3 + 6.8 · s2 + 0.03 · s + 2e − 6
(15.16)

The model of object was estimated by nonlinear ARX model using elements
(15.17). Estimation fit to data perform 99.85% (FPE= 0.000159, MSE= 0.000155)

y1(t − 1), y1(t − 2), u1(t − 1), u1(t − 2) (15.17)

Final prediction error (FPE): 0.0001701, Loss function: 0.0001698. Fit toworking
data: 93.32%

1FPE: Final prediction error means percent fit to estimation data.
2MSE: Mean-square error.
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15.5 Process Simulation

The first stage of the control developing was registration of the signals from the real
object. Second stage was identification of the object and estimation of mathematical
model of the object. The identification concerns separated elements of the system
like actuator and object as well as object including a dryer and product. Similarly,
for the estimation there were exposed the complete time series (symbol AB) of the
process and parts (symbols A and B) as results of division in the moment of change
of controller’s set parameters. The third stage was the preparation of the systems for
simulation using the classical PID controlled. For ten drying cycle the set of transform
functions has been prepared. The functions have different order value of transform
functions (characteristic equation). During the identification of the mathematical
models, the order of characteristic equation of the objects and function coefficients
are adapted. Additionally, the estimation of nonlinear function to identify the model
of the object was conducted.

Identification of the mathematical model was conducted separately for the first
(A) and second (B) parts of drying cycle. Recorded signals were also used to identify
process elements mentioned in Fig. 15.3. Due to the use of a temperature below the
sieve signal, it was possible to identify the properties of the yeast layer and process
analysis.

For improvement of the currently operating control system the mathematical
modelwas used to optimize the PID controllers’ parameters and for optimizemoment
of switching the PID controller settings. In the Fig. 15.6 can be seen fluctuations in
the input and control signals occurs before the switching of the PID controller set-
tings. The control system simulation with identified objects allowed for correction
of the time of the controller’s settings. The system simulation results after correction
of the changeover time of the controller’s settings presents Fig. 15.10. The object is

Fig. 15.10 Simulation of drying process characterized by two transfer function GA, GB, and two
controllers PI (Kp = 1.7, Ki = 0.785) and PID (Kp = 1.3, Ki = 0.312, Kd = 0.758), with limited
output in range from 20 to 80 [°C] switched in 180th time unit of simulation [26]
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identified by two transfer function GA and GB. The switch time is set in 180th time
unit of simulation. The simulation results are presented in Fig. 15.10. Such control
system should protect the product from overheating.

GB = 34s3 + 2.5s2

s4 + 33.4s3 + 2.5s2
(15.18)

GB = 25s3

s4 + 25.1s3
(15.19)

15.5.1 Robust Uncertainty Principles Application

In order to protect drying product from overheating, the robust method was used.
Firstly, signals recorded from the real process were used to identify elements. Sec-
ondly, the mathematical model of the object was prepared and applied for the robust-
ness controller. For the characteristic equation coefficients the uncertainty in the
range of ± 20% of nominal values was determined. In the Fig. 15.11 a set of the
step responses is presented. The set contains response of PI control systems in the
first part (A) of the drying cycle, PID controller in the second part (B) of the drying
cycle and the robust controller controlling the process in whole cycle. In this case the
object transmittance was identified for signals recorded in both parts of the process
(parts A and B).

Fig. 15.11 Step response for mathematical models of feedback systems consists of controllers and
transfer function of objects: CL_PI_A—PI controller and transfer function of part A, CL_PID_B—
PID controller and transfer function of part B, CL_R_AB—Robust controller and transfer function
of parts A+B [26]
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Fig. 15.12 Sensitivity analysis a Bode plots for closed-loop systems and b Nyquist plot for math-
ematical models of open-loop systems consists of controllers and transfer function of objects:
PI*G_A—PI controller and transfer function of part A, PID*G_B—PID controller and transfer
function of part B, C_R*G_AB—Robust controller and transfer function of parts A+B [26]

Simulation with the robustness controller allows controlling the process quality
in whole cycle, whilst using of the PI controller during second part (B) and PID
controller in the first part (A) causes instability of system in both cases.

Using the inverted model (15.18), the sensitivity of the system was simulated and
results are presented in Fig. 15.12.

GS = 1/Gmodel (15.20)

Figure 15.11 illustrates the dynamic characteristics of control systems with PI,
PID and robustness controllers. The use of a robustness regulator eliminates variation
of the product temperature caused by a sudden change of the object’s properties.

15.6 Conclusion

Drying of organic products can have a non-linear character caused by the technology
used and the change of the physical properties of the object. Changing the physical
properties of the object causes an increase in the temperature error value of the object
relative to the planned drying curve. This character of the transformation increases
the risk of overheating the yeast.

The yeast drying is a non-stationary process, confirmed by changes in transmit-
tance coefficients. Analyzing the position of the poles of the system, it can be state
that the reserve of stability is very small and decreases over time. It means that
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changes in the properties of the object can lead to the loss of stability of the system
(process) that is confirmed by industrial results. Change of the object’s properties
forces change of the controller’s settings during the process. The robust control is
known in the literature, but rarely used in practice for non-linear process control.
The knowledge about the object’s properties will enable selection of the appropriate
structure of the control system.
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13. A. Kamińska-Dwórznicka, A. Skoniecka, The influence of drying methods, parameters and
the way of storage on the activity of bakery yeasts (in Polish). Zeszyty Problemowe Postępów
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