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a b s t r a c t

Many agitation and mixing processes utilize various sensors for real-time monitoring and control, which
can involve complex and costly equipment. For many mixing and agitation processes, such as in dough
making, as mixing energy is placed, the resistance to extension increases and then after some point it
decreases again. High-quality bread is obtained by stopping mixing at or close to the maximum resis-
tance. The change in resistance causes a change in motor torque. The torque change affects the motor’s
current draw for agitation and mixing machines driven by electrical motors. The rheological character-
istics of the mixed material are related to motor torque of the mixing machine. Therefore, it is related to
the motor electric current where the load variation can be estimated by a low-cost current sensor. This
paper outlines a novel design for an intelligent agitator/mixer process controller. The design is based on
current sensing and on-line learning through reinforcement learning using operator input. The system
provides a low-cost approach to automate various kinds of production equipment currently operated
manually, which are common in the developing world. Additionally, the approach requires minimal
modification to the equipment: it requires only a current sensor, an on/off control relay, a set of buttons
for operation, and an embedded system.

© 2017 Published by Elsevier Ltd.

1. Introduction

Productivity control and product quality assurance can be ach-
ieved only by on-linemonitoring ofmanufacturing processes. Many
manufacturing and industrial processes need a certain amount of
agitation or quality of mixing. This leads to an evolving interest in
the development of low cost reliable on-line control systems to
monitor such processes (Aljaafreh and Lucklum, 2015a; Aljaafreh
and Steiner, 2015b). The complexity of most agitation and mixing
processes (or simply processes) makes it hard to measure their
progress. The progress of such processes is usually linked to vari-
ations in physical or chemical characteristics. Most mixing and
agitation processes are monitored off-line as a consequence of
unreliable high-cost on-line control systems (Aljaafreh, 2011). Lab
instruments have been used for monitoring of many agitations and
mixing processes. Real-time progress measurement is essential for
efficient process control and monitoring. The rheological charac-
teristics of the mixed material are usually correlated to the density
and viscosity of the mixture. Many density and viscosity

measurement systems are not preferred for on-line monitoring
because of their need for extensive cleaning and calibration.
Therefore, most processes control is based on either expert decision
or lab measurement (Apaydın and Kitiş, 2015).

Electrical motors are widely used as drivers in many machines.
They are extensively used to drive mixers and agitators. In mixing
and agitation applications, load change can give valuable infor-
mation about the process performance. A large number of induc-
tion motors have a varying load torque. Fluctuations of motors’
torque and speed generate variations in motor drawn current. A
low cost current sensor can be used to measure the load change
which is proportional to the process progress. Recently, electric
current signature analysis has been used for fault detection (Mehala
and Dahiya, 2007). Furthermore, current analysis can be used to
detect gear faults like bearing wear, misalignment, and loss of
contact (Prasad et al., 2015). Load change can be estimated by
comparing the stator current to a reference model value. In most
mixing and agitation applications, the load is variable and depends
on many other variables that are hard to measure (Wesley et al.,
1998; Kaddour et al., 2008). Therefore, it is hard to have a refer-
ence model for the current of a motor.

Hence, an intelligent current is proposed in this research to
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control mixing and agitation processes that are driven by electric
motor. The sensor learns by reinforcement the pattern of the
electric current integrated with time to control the process as
shown in the proposed system diagram in Fig. 1. This research
merges supervised and unsupervised learning techniques into one
intelligent system. The system applies reinforcement learning to
optimize the automation process. In this research, a dough-making
process is used as a case study to prove the concept. In dough
making, machine load varies with the extension resistance of the
dough. The extension resistance of the dough can be correlated to
the current drawn by the motor. Therefore, a current sensor can be
used to end the dough-making process. The changes in the rheo-
logical characteristics of the dough will affect the torque of the
mixing machine. Changes in the load affect the electrical properties
of the mixing motor, which can thus be used to measure the dough
behavior (Pereira et al., 2013; Rovisan et al., 2008; Sadot et al.,
2017).

2. Materials and methods

In this research, dough-making process is used as a case study to
prove the concept of controlling mixing and agitation processes by
electric current sensor. In dough making, machine load varies with
the dough extension resistance. High-quality bread is obtained by
stopping mixing at a certain resistance. The change in resistance
causes a change of the motor torque. The change in torque affects
the motor’s current draw for agitation and mixing machines. Given
that the rheological characteristics of the mixed material are
related to the motor torque of the mixing machine and therefore
related to the motor electric current, the load variation can be
estimated by a low-cost current sensor. To prove this claim, three
different experiments were conducted at the same conditions by
the same operator.

2.1. Experiment ingredients

King Arthur Unbleached All-Purpose Flour bought from Wal-
mart stores in Michigan-Dearborn was used without any additives.
One liter of multipurpose bread is added to half liter of water and
10 ml of active dry yeast at ambient temperature. All ingredients
are put into the bucket of the bread making machine.

2.2. Dough mixing and current measurements

Toastmaster Bread and Butter Maker is used in this research.
Butter maker was plugged to WiTenergy Bluetooth Smart Elec-
tricity UsageMonitor which was plugged to thewall socket. Electric
current and power consumptionwere measured byWiTenergy app
downloaded from App Store.

2.3. Experimental results and discussion

The electrical current and power consumption was measured

during mixing and kneading processes. Fig. 2 shows the relation-
ship between the electric current and the process progress time for
the three dough making experiments. Fig. 3 shows the relationship
between the consumed power and the process progress time for
the same three dough making experiments. The electric current
increases with the process progress because the motor load in-
creases as the dough extension resistance increases. The difference
in current consumption for the three experiments is due to un-
controllable variables such as ambient temperature, pressure and
humidity. In most mixing and agitation applications, the load is
variant with time and depends on many other variables that are
hard to measure. Therefore, it is hard to have a reference model for
the drawn current of the mixing machine. Thus, to be able to use a
current sensor to automate such processes, the system needs to be
smart enough to cope the variance of the different models of the
electric drawn current. The system also should take into consider-
ation the user preferences. Hence, an inexpensive intelligent cur-
rent is proposed in this research to control mixing and agitation
processes that are driven by electric motor. The sensor learns by
reinforcement the pattern of the electric current integrated with
time to control the process. The sensor learns by merging super-
vised learning and reinforcement learning. The goal is to utilize
user feedback to enable the system to learn the optimal stopping
time based on the characteristics of the mixture as well as the
uncertainty of other uncontrollable variables.

2.4. Reinforcement learning (RL)

The goal of using RL is to utilize the user feedback to enable the
system to learn the optimal stopping time based on the charac-
teristics of the mixture. A model-free reinforcement q-learning
technique is used for learning. RL is one of the unsupervised ma-
chine learning types. It imitates the way humans and animals learn
without a teacher. RL is based on agent interactions with the
environment (Sutton and Barto, 1998; Kaelbling et al., 1996). For
instance, humans and animals learn how towalk without a teacher.
Agents learn by trial and error. RL is based on rewards, not on
teacher where the agent is told what to do but not how to do. Most
of RL problems are modeled as a Markov decision process (MDP). A
Markov decision process is a 5-tuple (S, A, P, R, Ɣ), where S is a finite
set of states, A is a finite set of actions, P is the transition probability,
R is the immediate reward, and Ɣ is the discount factor.

RL is applied to solve such an automation problem where the

Fig. 1. System diagram.
Fig. 2. The relationships between the current and the process progress time for three
different dough making experiments.
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