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Abstract. The article presents the results of choosing how to control a real non-linear object. Yeast drying
requires a precise temperature control due to the possibility of overheating. The object changes properties
during of the process flow. Object identification is used and a mathematical model is developed. The model is
used to select roboust control methods. The results are compared to the system of two PID regulators used in
practice.

1 Introduction
When designing control systems, there is an inevitable
compromise between the complexity of the controlled
process model and the effort necessary to obtain a reliable
mathematical description. The design methods can be
broadly divided into two main classes: the indirect class
(model-based approach) and the direct class (model-free
approach) [1]. Finding models from the laws of physics
can be difficult and time-consuming. Therefore control
systems are designed based on experimental data. Indirect
approaches use the collected data to identify a controlled
process model. This method is based on the system
identification tools [2–8].
The mathematical model
(identifeid with data or derived from physical laws) is
used to synthesize the controller in accordance with the
design goals. On the other hand, the direct approach is
not aimed at obtaining a precise model of the controlled
process. In direct approaches, the identification step is
limited to the basic process properties (such as static
characteristics, time constant and delay). These properties
are used to determine the structure of the control system
(controller type) and the settings of this controller.
The reasons for the uncertainty of the models of object
can be: using linearization to describe non-linear objects
approximate or variable model parameters, errors of the
identification based on measurement data, no description
of parameters in the range of higher sampling rates,
changing the object working conditions.
It is particularly difficult to design control systems
for processes in which the model parameters change
their values. In such situations, it must be taken into
account the stability of the control system during these
changes. In the literature for such systems there is a

term of robust control which takes into account the object
model (Plant) [9, 10]. The robust control system is
designed so that the controller operates correctly in conditions when certain parameters of the object are uncertain
(imprecisely determined or will change in a limited range).
Robust control requires a priori information about the
range of uncertain or limits of properties variability and
ensures that if the changes are within limits, the change of
the adopted process control principle is no necessary.
1.1 Internal Model Control - Principle of operation

Internal Model Control (IMC) is a control that uses an
internal process model. Assuming that the controller is
an exact approximation of the real process, the output of
the system will always be equal to the set value. However,
designing a controller that is the exact opposite of the
process is not always realizable. The use of a feedback
loop is necessary if the process model is inaccurate or
incomplete. A loopback system eliminates the effects of
an inaccurate model to a certain extent and increases the
system’s robustness to interference and noise affecting the
control object.

Figure 1. Internal Model Control (IMC) Diagram. Y0 - sepoint
signal, e - error signal, p - control signal, D - interference, Ỹ output of the internal model, Y - output signal.
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2 Yeast drying
Drying yeast has an adverse effect on their fermentation
capacity. The level of degradation depends on the method
and parameters of the drying process [11]. During drying,
cellular stress occurs [12]. Figure 2 presents offset of the
drying surface during drying process of organic material.
This offset has an effect on changing the surface of the
drying surface. Additionally, lowering the surface of the
material influences the change in moisture transport speed.
The value of temperature and the rate of its change affect
the viability of dried yeast [13, 14]. During industrial
production are used various types (strains) of yeast, that
have varying degrees of resistant to temperature [15, 16].
It is possible to use additives (skim milk) to immunize
yeast for high temperature [17].

Figure 3. 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 of moist 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 [deg 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. Based on [21]

Figure 2. The offset of the drying surface during drying process
of organic material.

Drying yeast is an industrial process, non-stationary
and non-linear. For such processes the control is difficult.
The selection of fixed parameters of the controller of the
classical control system for the entire drying cycle is impossible, therefore it is necessary to use complex control
systems [18]. For the sake of process safety, taking into
account primarily material losses, it is advisable to use security systems and analyze the risk of failure [19, 20].
Figure 3 presents a scheme of a dryer equipped with
one heater located outside the drying chamber, which operates without air recirculation. The air used for drying is
mixed from two air streams. Thermodynamic transformations accompanying this process are shown in Figs. 4. The
drying process in the adiabatic process is different than in
the real case. The figure shows the heat loss index Qloss to
the dry air mass flow L. The value of ∆iad means the difference between enthalpy of humid and atmospheric air.

Figure 4. Simplified enthalpy diagram with thermodynamic
curves of the drying air in a dryer (norrnal variant), 0 − 1a d heating in the adiabatic process, 0 − 1r e - heating in the real process, 1a d − 2 - adiabatic dampening, 1r e − 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 [deg 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). Based on [21]

3 Subject of research

Figure 5 presents ten series of drying cycles that
contains the following signals: setpoint signal, throttle
opening, temperature under the sieve (temperature of
the mixture of cool and heated air) and temperature of
the yeast layer. The figure shows a block diagram of
a closed-loop control system containing the mentioned
elements.
During the drying process a change in the physical properties of the object is observed. This change is revealed
in the form of increasing the value of the error (the
difference between the expected value and the adjusted
value). Changing the physical properties of the object
also involves changing the sensitivity of the object to
changes in the control signal, which increases the risk of

The object of the research was the process of industrial
yeast drying. The layer of wet yeast is placed on a sieve
through which heated air flows. The air temperature is
obtained by mixing streams of cool (constant temoerature)
and heated air. The control signal is the degree of opening
of the hot air throttle. The temperature of the yeast is monitored and controlled during the drying cycle. The drying
cycle takes about 450 minutes. During the drying cycle,
the temperature of the yeast layer is gradually raised. The
yeast temperature control is carried out according to the
defined drying curve shown in figure 5. Yeast temperature can not exceed 50 degrees, which would destroy them.
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overheating the yeast.

PID controller settings. Based on the observations of the
raw signal curves in figure 5, it can be seen that fluctuations in the input and control signals occurs long before
the switching of the PID controller settings. The figure
6 presents results of the system simulation in which the
changeover time of the controller’s settings was corrected.
Such readjustment should protect the product from overheating and the controller output signal from saturation
(what can be observed in figure 5). The object is descrbed
by two transfer function G A , G B switched in 180th time
unit of simulation, presented below with approximated
values:
GA =

Figure 5. Example sets of signals aquisiited during drying process. Signals: setpoint trace - required temperature of yeast layer
on sieve [◦ C], control signal - hot air throttle opening [◦ ], the
controlled variables - temperature below sieve and yeast layer
temperature [◦ C].

s4

34s3 + 2.5s2 + 0.001234s
,
+ 33.4s3 + 2.466s2 + 0.002334s

(1)

24.93s3 + 0.1079s2
.
+ 25.09s3 + 0.1072s2

(2)

GB =

A typical way to solve this problem is to change
the controller’s settings during the process. The control
system defines the time of switching the controller’s
operation with the first set to the second set of parameters.
One of the problems of such a solution is maladjustment
to the moment of real change of the object’s property and
its character. Changing the settings of the regulator is
introduced by step function, while the change in properties
can be gradual. One of the ways to solve the problems
could be the extension and smoothing of the drying curve.
This solution does not ensure full security of the object,
and additionally extends the duration of the process and
increases its cost.

s4

Figure 6. Simulation of drying process characterized by two
transfer function G A , G B , and two controllers PI (Kp = 1.7, Ki =
0.785) and PID(Kp = 1.3, Ki = 0.312, Kd = 0.758), witch limited
output in range from 20 to 80 [◦ ] switched in 180th time unit of
simulation.

Controlling the process changing its properties using
one PID controller proved to be ineffective. To control
the process of yeast drying throughout the cycle, two sets
of parameters were prepared using a simple sliding-mode
model. In order to improve the control quality and product
protection from overheating, the robust method was used.
The roustness controller was prepared using a mathematical model of the object, wherein the model was identified
from signals recorded from the real object in whole drying
cycle.The uncertainty of the characteristic equation coefficients in the range of +/- 20% of nominal values was used.
Figure 7 presents a comparison of the step response of PI
control systems 1 in the first part of the drying cycle (A),
controller 2 (PID) controlling the process in the second
part of the drying cycle (B) and the robust controller controlling the process in whole cycle (object transmittance
identified on the basis of the signals in both parts of the
process, parts A and B). However, the use of the controller
1 for controlling the part B and the controller No. 2 for
controlling the model determined on the basis of part A
causes instability of both systems. In figure 8 shows the
results of the system sensitivity evaluation. Feedback of
the inverted model was used

4 Methods and results
The procedure for developing control using the classical
PID controlled and IMC system consisted of: registration
of the signals from the real object, identification of the
mathematical model of the object, (estimated by matching of the output signals) and preparing the systems simulation. During the identification of the model, the order
and coefficients of the objects transform functions are adjusted. For every cycle (signals set) has been prepared a set
of transform functions with different order value of characteristic equation. The estimation of nonlinear function
was also conducted to characterize the object. Identification of the mathematical model was based on the output
signals in the entire drying cycle (symbol AB) and separately for the first (A) and a second (B) parts. Moreover,
due to the use of a temperature signal below the sieve, it
was possible to identify the properties of the yeast layer.
Figure 5 presents a block diagram of a closed control
system for the yeast drying process. The preparation of a
block diagram of the process of drying yeast and the identification of mathematical models of system objects is also
helpful in analysis and improving the currently operating
control system. The model was used to optimize the previous PID controller settings and the time of switching the

GS = 1/Gmodel .

(3)

The use of a robustness regulator allows the use of one
set of settings throughout the entire drying cycle. In this
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way, fluctuations in the output signal caused by a sudden
change of the object’s properties and a step change in the
control parameters were eliminated.

rarely used in practice. Therefore, it is advisable to test
the robustness methodology in industrial conditions.
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Figure 7. 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.

a)

b)

Figure 8. Sensitivity analysis a) Bode plots for closed-loop systems and b) Nyquist plot for mathematical 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, CR ∗ G A B - Robust
controller and transfer function of parts A+B.

5 Conclusions
A change in the properties of yeasts during drying causes a
non-linear response of the temperature signal. This change
occurs so quickly that fluctuations in the yeast temperature
signal pose a threat to them. The use of robustness controller eliminates this risk and improves quality control. A
system with a robust controller reduces the time of adjustment, which is important in the case of sudden changes in
the properties of the object. Use of robust controller for
non-linear process control is known in the literature, but
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