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Abstract In this chapter, event-based control approaches for microalgae culture

in industrial reactors are evaluated. Those control systems are applied to regulate

the microalgae culture growth conditions such as pH and dissolved oxygen con-

centration. The analyzed event-based control systems deal with sensor and actua-

tor deadbands approaches in order to provide the desired properties of the controller.

Additionally, a selective event-based scheme is evaluated for simultaneous control of

pH and dissolved oxygen. In such configurations, the event-based approach provides

the possibility to adapt the control system actions to the dynamic state of the con-

trolled bioprocess. In such a way, the event-based control algorithm allows to estab-

lish a tradeoff between control performance and number of process update actions.

This fact can be directly related with reduction of CO2 injection times, what is also

reflected in CO2 losses. The application of selective event-based scheme allows the

improved biomass productivity, since the controlled variables are kept within the

limits for an optimal photosynthesis rate. Moreover, such a control scheme allows

effective CO2 utilization and aeration system energy minimization. The analyzed

control system configurations are evaluated for both tubular and raceway photobiore-

actors to proove its viability for different reactor configurations as well as control sys-

tem objectives. Additionally, control performance indexes have been used to show

the efficiency of the event-based control approaches. The obtained results demon-
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strated that the analyzed control algorithms improve the microorganism growth con-

dition and in consequence the overall production rate is increased.

1 Introduction

Microalgae have been proposed for the production of industrial commodities as

biofertilizers and biofuels, in addition to CO2 abatement and wastewater treatment

processes (Acién et al. 2012; Kokossis and Yang 2010; Costache et al. 2013; Men-

doza et al. 2013b). They can contain more than 50% crude protein, with a 25-fold

higher yield than soybeans, and their lipids productivity is several times larger than

vegetable oils. Another important factor that characterizes the microalgae process is

the high cultivation rate for the surface area used in its growth (Peng et al. 2013).

Moreover, microalgae have been proposed as the only alternative for the sustainable

production of biodiesel and bioethanol (Chisti 2007). Nonetheless, to be competitive

in the commodities, market microalgal production must approximate crop prices and

become lower than 0.5 e/kg, much lower than actual production cost (Acién et al.

2012). Thus, in practice, microalgae are used today in animal feed, in addition to

human nutrition, cosmetics, and in the production of high-value ingredients such as

polyunsaturated fatty acids and carotenoids (Spolaore et al. 2006). The worldwide

production of microalgal biomass is 9000 t dry matter per year, its price ranging from

30 to 300 e/kg, and the size of these markets is growing considerably (Brennan and

Owende 2010; Charpentier 2009).

The microalgae culture can be cultivated in reactors with different architectures,

providing the properties one is looking for. Closed photobioreactors are generally

used when high-quality algal biomass from determined strain is required. To this

end, tubular photobioreactors are frequently used. When the high production vol-

ume is prioritized over the quality, open reactors are employed. In this group, the

raceway photobioreactor is the most popular, because of its low production costs

and operation simplicity (Weissman and Goebel 1987). Nowadays, there are many

architectures that slightly vary from original design proposed by Oswald in the 1960s

(Oswald and Golueke 1960). Despite differences in the physical architecture, all of

them are developed to provide optimal microalgae growth conditions. As shown in

Costache et al. (2013), the most important parameters affecting microalgae culture

are pH, solar irradiance, dissolved oxygen, and medium temperature. Additionally,

the photosynthesis rate in microalgae growth process depends not only on solar irra-

diance, but also influenced by other variables resulting in a complex system.

In open configurations, such as raceway reactors, operating temperature as well as

light regimen is specified by the photobioreactor architecture and cannot be changed

during operation. All remaining parameters of microalgae growth process, e.g., pH

and dissolved oxygen, must be managed by suitable control scheme. The dissolved

oxygen and pH levels depend on the photosynthesis rate and should be maintained

close to their optimal levels. Otherwise, microalgae biomass productivity will drop

and in extreme cases could lead to harmful effect on microorganism conditions.
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All aforementioned properties indicate the raceway reactor as a feasible solution for

microalgal biomass production. Many studies were performed on the optimal race-

way reactors design and architectures providing optimal conditions for the microor-

ganism growth (Weissman et al. 1988; Richmond 2004; Chiaramonti et al. 2013;

Mendoza et al. 2013b). In consequence, there exist many raceway photobioreactors

designs that slightly differ from the design proposed by Oswald and Golueke (1960),

providing optimal culture conditions (Chiaramonti et al. 2013; Sompech et al. 2012;

Mendoza et al. 2013a, b). In spite of several layouts, the operation principle is simi-

lar and numerous factors need to be fulfilled to provide optimal biomass production

rate.

Although traditionally microalgae have been cultivated in open photobioreactors

due to the simplicity and low cost, when high-value algal products from defined

strains are required, it is necessary to use closed photobioreactors such as tubular

photobioreactors (Taras and Woinaroschy 2012). These photobioreactors allow to

control the operating conditions and avoid contamination, being available to fulfill

requirements for the production of biomass in food, feed, and additives (Wang et al.

2012). The main objective of the closed photobioreactor system is to obtain a high-

quality biomass by adjusting the culture conditions to optimal values requested by

microalgae strain used, especially pH. In tubular photobioreactors, pH control is per-

formed by injection of pure carbon dioxide. The supply of pure carbon dioxide can

constitute up to 30% of the overall microalgae production cost (Acién et al. 2012).

Moreover, the carbon losses in tubular photobioreactors can be higher than 50% in

extreme cases, but can be reduced below 30% through proper design and operation of

the photobioreactor (Acién et al. 1999). To reduce this even further, it is necessary to

design advanced control strategies that take into account the mixing and mass trans-

fer phenomenon that occurs in the system (García et al. 2003; Sierra et al. 2008; Cai

et al. 2013). Thus, the main control problem for these processes will be to regulate

the system pH by simultaneously minimizing the CO2 losses.

Next to temperature and solar irradiance, pH is one of the most important para-

meters that affect the photosynthesis performance. The application of CO2 to the

microalgae growth process changes the pH level due to acidity alteration of the

microorganism growth medium. Moreover, the CO2 is used also to provide the inor-

ganic carbon to prevent carbon limitation of the photosynthesis production rate.

The excess of the CO2 significantly decreases pH, resulting in culture damage. On

the contrary, CO2 scarcity could reduce drastically the inorganic carbon availability

below the required level and result in limited growth performance (Beneman et al.

1987; Berenguel et al. 2004). The use of CO2 corresponds to the important opera-

tional cost for microalgae production process, so it could not be supplied in excess

(Godos et al. 2014). Additionally, unlimited CO2 supply lead to unnecessary emis-

sion to the atmosphere and should be optimized by control system with efficient use

of resources (Beneman et al. 1987; Pawlowski et al. 2014; Bernard 2011). Using

this relationship, the control technique uses the pH level to compute the time instant

and the quantity of CO2 to be supplied. For this reason, the tradeoff between mini-

mization of carbon dioxide losses and pH regulation precision should be taken into

account in the control approach. From the economic point of view, the profitabil-
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ity of microalgae culture can be improved, if carbon dioxide requirement is covered

using waste flue gases (Laws and Berning 1991; Putt et al. 2011; Godos et al. 2014).

In this particular configuration, it is necessary to guaranty high mass transfer rates,

what has been extensively studied in previous research (Putt et al. 2011; Tang et al.

2011; Godos et al. 2014). The flue gases application method can be performed using

two approaches, controlled on-demand supply and continuous bubbling, respectively

(Acién et al. 2012). According to the finding from Doucha et al. (2005) and Godos

et al. (2014), controlled on-demand supply of waste flue gases provides improved

efficiencies of the order of 33% and 66%, respectively. Otherwise, continuous bub-

bling technique is characterized by low efficacy of carbon dioxide usage, obtaining

4.2 and 8.1% following analysis reported in Hu et al. (1998) and Zhang et al. (2001).

All previous control techniques for pH control provided promising performance

results with an adequate CO2 losses reduction. In Fernández et al. (2010), classi-

cal PID and feedforward control strategies were developed to cope with this prob-

lem, where a simplified linear model of the pH evolution based on changes in CO2
injection was used for control design purposes. Moreover, in Romero-García et al.

(2012), an FSP (Filtered Smith Predictor) approach has been used to improve con-

trol results in the presence of significant time delay due to pH sensor location. In

both cases, important improvements against on/off controllers were obtained. On

the other hand, MPC (Model Predictive Control) techniques have also been used sat-

isfactorily in pH control problems obtaining very good results (Senthil and Zainal

2012; Oblak and Skrjanc 2010; Lazar et al. 2007). An example of pH control in

photobiosreactors using Generalized Predictive Controller (GPC) can be found in

Berenguel et al. (2004). In that case, it was possible to improve the overall control

performance respect to the classical on/off controller. This was possible, thanks to

the predictive algorithm that captures the process dynamics as well as considers the

on/off valve limitation explicitly in the process constraints. Besides, CO2 losses were

considerably reduced in comparison to the commonly used on/off controllers. The

main advantage of MPC algorithms is their constraints handling capability, allowing

to consider any physical limitations of the process as well as the used equipment. For

that reason, these algorithms are very popular in chemical process control applica-

tions (Hu and Farra 2011; Christofides et al. 2013).

Another parameter that has an important influence on the photosynthesis rate is

the dissolved oxygen content. High concentration indexes of this variable in the cul-

ture medium lead to a severe threat to microorganism growth. In combination with

other parameters, it could provoke light-energy dissipation through photorespira-

tion, enzyme inhibition of the photosynthetic pathways, and might cause damage to

the photosynthetic apparatus, membrane structures, DNA, and other cellular com-

ponents (Peng et al. 2013; Ugwu et al. 2007; Santabarbara et al. 2002; Marquez

et al. 1995). In open pounds, such as raceway reactor, it is supposed that no specific

control is needed for dissolved oxygen, since its excess should be transmitted to the

atmosphere. Nevertheless, in practice, this assumption is not always correct, since

dissolved oxygen concentration can reach as high as 500% air saturation as reported

in Mendoza et al. (2013a), Peng et al. (2013). To reduce dissolved oxygen influence

on microalgae growth, it is necessary to incorporate stirring mechanism or aeration.
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In both techniques, it is necessary to increase the complexity of the reactor adding

new equipment, what increases production and maintenance costs. Following the

results from Peng et al. (2013) and Mendoza et al. (2013a), the dissolved oxygen

evacuation problem is still an important challenge despite the significant technical

improvements in this subject. Especially, information on large-scale reactors is insuf-

ficient, so additional research is required regarding large-scale photobioreactors with

dedicated control systems (Han et al. 2012).

However, as these control algorithms are time-based control approaches, the con-

trol action is always calculated and executed on the plant even for small control

errors. Thus, the control effort, and therefore the CO2 losses, may be reduced even

further if control techniques that only act when necessary (for instance, when the con-

trol error is relevant) are used. This is the case of event-based control approaches,

which are becoming very popular from a practical point of view since they allow

finding a tradeoff between performance and control effort in a very straightforward

manner (Årzén 1999; Pawlowski et al. 2009). Due to these properties, an event-based

control approach can be applied to wide range of process, since it allows to establish

a tradeoff between control effort (resource utilization) and control performance.

The event-based controllers have been introduced as an alternative solution for

classical control systems (Årzén 1999; Åström 2007). The main feature that differen-

tiates event-based systems from classical approach is realtered to the ability to adapt

itself to the dynamics of controlled process. Several previous works report that usage

of event-based control techniques provides many advantages, especially for a wide

range of bioprocesses (Beschi and Dormido 2012; Sánchez et al. 2011; Pawlowski

et al. 2014). The event-based control systems become an interesting alternative for

processes where the compromise (tradeoff) between usage of control resources and

control system accuracy must be met. This tradeoff can be linked to economic or

environmental aspects, such as energy usage minimization, fuel savings, or any other

quantity that need to be optimally used (Pawlowski et al. 2012b, 2014). Some exam-

ples can be found in a recently performed work (Pawlowski et al. 2014), which study

the event-based control approach applied to pH control in a tubular photobioreactor.

The introduced event-based approach reduces carbon dioxide losses, and simulta-

neously keeping pH inside the established limits being optimal for biomass produc-

tion. From the industrial production point of view, this aspect is critically important

since it prevents excessive dose of waste flue gases that could provoke environmental

danger. Considering aforementioned advantages of event-based approaches, in this

chapter, we provide the practical evaluation of such control systems that are applied

to the tubular as well as raceway industrial photobioreactors.

First analyzed strategy addresses the development and implementation of an

event-based MPC algorithm to control the pH of an industrial photobioreactor. From

the pH control point of view, the event-based MPC could reduce the controller atten-

tion (reducing computational costs) while limiting the resource utilization (apply-

ing new control values only if it is strictly necessary). Hence, the application of

event-based control in tubular photobioreactors is motivated by reaching both, con-

trol effort reduction (minimization of CO2 losses) and keep the pH level in a cer-

tain range. In this case, a recent event-based GPC control strategy (Pawlowski et al.
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2012b) is implemented to control the pH in a tubular photobioreactor and to achieve

the system requirements. The event detection is based on the level-crossing sam-

pling technique with additional time limits (Årzén 1999). With this idea, the control

actions are only calculated when the process output is outside a certain band around

the set point. The control law is computed fast when events are detected and slow

when there are no events. On the other hand, the controlled variable, pH, is regulated

with established tolerance (determined by sensor virtual deadband), what allows to

reduce the control effort (Pawlowski et al. 2015). In this configuration, the control

variable (state of on/off valve) is updated only when necessary, what reduces con-

siderably the CO2 usage. This fact is directly reflected in CO2 loses, which makes

the event-based controller a resource-aware control system. The presented control

strategy is tested on an industrial photobioreactor to verify its performance against

plant-model mismatch, process disturbances, and measurement noise. Moreover, the

obtained results are compared with classical on/off controllers and the classical time-

based GPC.

The second analyzed approach shows the event-based control approach applied to

raceway reactors for pH process control. In such application, the event-based control

technique provides improved pH control accuracy, improving the growth condition

of microorganisms. Additionally, the event-based GPC in combination with actu-

ator deadband (Pawlowski et al. 2014) minimizes the injection time of flue gases.

The developed event-based controller has an additional design parameter to adjust

virtual actuator deadband. Additionally, the event-based predictive controller can be

extended with disturbance compensation mechanism (Camacho and Bordóns 2007;

Pawlowski et al. 2012a). Such a feature has significant importance in the raceway

photobioreactor production process, since pH value is continuously influenced by

changes in solar irradiance. Moreover, the disturbance handling mechanism imple-

mentation allows to improve the pH control accuracy as well as reduce even further

the usage of flue gases. Taking into account this relationship, the value of virtual

deadband is selected to meet the control performance and provide optimal conditions

for microalgae growth. Simultaneously, the tested controller reduces the volume of

injected flue gases as much as possible for desired accuracy. In this way, the evalu-

ation of the control scheme is focused on the effective use of waste flue gases. The

tests carried out in this study were performed on the industrial-scale raceway photo-

bioreactor with no additional equipment (with basic setup). Anyhow, the proposed

event-based controller can be coupled with other devices/techniques (e.g., such as

presented in Su et al. 2008) to increase CO2 transfer rate. Moreover, analyzed event-

based GPC control system with actuator virtual deadband is compared to the com-

monly used control technique used for pH regulation (on/off controller, in this case)

in raceway reactor. The comparison between two control techniques is performed

through several performance indexes.

Finally, the event-based controller was implemented using selective control

approach that can manage simultaneously pH and dissolved oxygen control

(Pawlowski and Mendoza 2015; Pawlowski et al. 2016). As mentioned before,

there are many aspects that have to be considered in the control system design.

From the raceway reactor point of view, the most important are related to aeration
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system energy minimization and effective carbon dioxide utilization (Johnsson et al.

2015). It should be highlighted that the control objectives for dissolved oxygen and

pH are adversative, since CO2 assimilation can be deteriorated by the aeration sys-

tem. Due to these properties, a selective control technique is suitable for this issue,

since it allows to limit undesired interactions and merge the objectives. The selec-

tive controller permits one to switch between two control approaches subject to log-

ical criteria (Smith 2002; Liptak 2004). Moreover, the provided controller structure

should manage the actuation dynamics to process state. This requirement can be

satisfied using an event-based system as shown in Beschi et al. (2014), Pawlowski

et al. (2012b), Beschi and Dormido (2012), and Pawlowski et al. (2014). In the pre-

sented control scheme, we consider all these properties and developed event-based

controller is able to handle pH and dissolved oxygen with mentioned constraints.

2 Photobioreactors

This section describes the main information and configuration of the photobioreac-

tors used for the experimental tests in this chapter. Furthermore, the linear models

used for control designed purposes are presented.

2.1 Tubular Reactor

The pilot-scale reactor analyzed in this study is located at experimental station “Las

Palmerillas” (Almería, Spain—property of CAJAMAR Foundation). The used facil-

ity is composed of ten tubular fence-type photobioreactors (detailed description can

be found in Acién et al. 2001). The reactor consists of an external vertical loop with

airlift pump that moves the culture medium through the vertical solar receiver made

of transparent tubes and bubbling column (Fig. 1). The solar irradiance receiver loop

has 0.09 m diameter and obtains a total length (horizontal) of 400 m. The reac-

tor total volume is 2600 l and it has 0.7 m width and 19 m length. The receiver

loop is designed to reduce the demand for land (occupying min. area), improve the

flow, and maximize the penetration of the solar radiation. For the heat exchange and

for degassing, the bubble column is used (3.5 m high and 0.4 m diameter). Enter-

ing gas and liquid flows are measured with digital meters. Additionally, dissolved

oxygen, pH, and the temperature are monitored at the beginning and at the end of

the receiver. The constant air flow rate of 20 l/min is applied in the column. At

the entrance of solar receiver on-demand injections of pure CO2 (5 l/min range)

are performed to control the culture pH. Moreover, culture medium is recirculated

at 0.9 m/s and the temperature is controlled through heat exchanger placed in the

bubbling column. The strain used, Scenedesmus almeriensis CCAP 276/24 (fresh-

water), obtains high growth rate, supporting up to pH = 10 and temperature up to

45
◦
C, being temperature 35

◦
C and pH = 8 optimal for its cultivation. The microal-
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Fig. 1 Tubular photobioreactor: plane and real view (Pawlowski et al. 2014)

gae culture was cultivated in continuous mode (0.34 1/day dilution rate) and medium,

Mann&Myers, and was prepared using agricultural fertilizers.
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2.1.1 Linear pH Model

In order to design control system for pH variable (that rely on model predictive con-

trol approach), a simplified linear model is used. In such a process, the medium

pH is influenced by CO2 uptake and CO2 supply that are affected by photosynthe-

sis rate. The supplied CO2 is used to decrease the pH level due to the formation of

carbonic acid. On the contrary, the pH value gradually rises, since during photosyn-

thesis process microalgae consume CO2 and produce O2 affecting medium acidity.

Moreover, the photosynthesis rate depends on the solar radiation also resulting in

pH changes. In this process, the pH value is the controlled variable and CO2 supply

flow is the control variable. Additionally, in such a configuration, the solar radiation

is main control system disturbance. This scheme can be captured using linear model

representation (Berenguel et al. 2004; Sierra et al. 2008; Fernández et al. 2010).

The parameters of such model were identified taking into account the dynamics

observed in measurements and also considering distributed nature of photobioreactor

architecture. The resulting model represents interaction between CO2 injections and

the pH value. Considering that microalgae culture process is nonlinear, the linear

models were identified around operation point. The obtained transfer functions are

as follows (Berenguel et al. 2004; Fernández et al. 2010):

pH =
k1

1 + 𝜏1s
⏟⏟⏟

TF1(s)

𝜔
2
n

s2 + 2𝛿𝜔ns + 𝜔
2
n
e−trs

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

TF2(s)

u +
kr

1 + 𝜏rs
⏟⏟⏟

TF3(s)

I. (1)

In this case, pH is the microalgae culture pH, u is the control variable (CO2 sup-

plying flow value, 0–100%), and I is the solar radiation (measurable control system

disturbance). In this configuration, TF1 is a first-order term relating input and output

variable, TF2 is used to capture recirculation effect, and tr is a time delay present in

the system due to distance between CO2 injection point and the pH sensor. More-

over, TF3 describes disturbance effect on the controlled variable. The final model

parameters are as follows: k1 = −0.08 pH %
−1

, 𝜏1 = 28 min, 𝜔n = 0.014 rad s−1,
𝛿 = 0.042, tr = 7 min, kr = 0.002 pH m

2
W

−1
, and 𝜏r = 182 min. The dynamic

response of the obtained model can be seen in Fig. 2, which is compared with the

response of real system.

2.2 Raceways Reactor

The study for raceway reactor was performed on the pilot-scale facilities located at

experimental station “Las Palmerillas” (Almería, Spain—property of CAJAMAR

Foundation). Used reactor has 100 m
2

surface area and is composed of two 50-m-

long (1 m wide) channels forming U-shape bends (see Fig. 3). The reactor operates

at constant depth (0.2 m) to provide desired performance and considering power
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Fig. 2 Simplified model validation results for the tubular photobioreactor (Pawlowski et al. 2014)

consumption issues. Resulting reactor volume is 20 m
3
. Medium mixing was per-

formed using paddlewheel (1.2 m diameter) with eight marine plywood blades at

constant speed. Carbonation was done through, 1 m by 0.64 m, sump situated 1.8 m

downstream the paddlewheel location. Three plate membrane diffusors were placed

at the bottom of the sump and were used to inject flue gases.

The raceway photobioreactor facilities can be set up to use different carbon diox-

ide sources in order to provide flexible platform to evaluate different systems and

techniques. Nevertheless, for the test performed in this analysis, the plant was con-

figured to use flue gases resulting in the raceway reactor operation scheme shown in

Fig. 3.

The flue gas used for pH control was taken from industrial heating boiler (diesel-

fuelled with the average gas composition: 10.6% CO2, 18.1 ppm CO, 38.3 ppm NOx,

and 0.0 ppm SO2). In this operation scheme, exhaust gas was refrigerated to the

environment temperature and stored in a 1.5-m
3

pressure tank (compressed to 2 bar)

with automatic regulation of pressure. The compressed flue gas was supplied to the

reactor through a 150 m pipeline of 40 mm diameter. Finally, the injection system

uses the solenoid on/off valve and input flow was measured with digital flow meter
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50 m

1
m

1
m
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Sump Paddlewheel

(a) scheme (top and side view)

(b) real experimental facilities

Fig. 3 Raceway reactor (Pawlowski et al. 2014)

(detailed information for raceway setup can be found in Godos et al. 2014; Mendoza

et al. 2013b). The injection instant as well as aperture time is provided by the control

algorithm used for pH control.

Taking into account the limitation of the actuation system that is used in the pilot-

scale raceway reactor, it is necessary to convert the continuous control signal into the

on/off actions of solenoid control valve. To this end, PWM (Pulse Width Modula-

tion) technique is used to translate the signal provided by the controller into train of

pulses with modulated width. The value of the pulse width is determined by the con-

trol system and can vary between 0 and 100%. Moreover, the modulation frequency

was set to 0.1 Hz being optimal for the main controlled variable. The conversion is

performed using software procedure developed as part of a SCADA (Supervisory,

Control And Data Acquisition) program.
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The dissolved oxygen concentration is controlled using compressed air to evacu-

ate its excess. The compressed air is stored in the high-pressure tank and is supplied

to the raceway reactor through the sparger using on/off valve (using the same struc-

ture as for CO2 injections). The dissolved oxygen concentration is measured using

5083T, Crison probes, MM44, and Crison transmitters.

All control techniques tested on the raceway reactor were developed in Matlab

environment and implemented as a part of SCADA system. The input and output

signals were governed using LabJack U12 modules from LabJack Corp.

2.2.1 Linear Process Model for pH

In the case of raceway reactor, pH process also was modeled using linear reduced-

order model. As in the previous reactor type, the model structure is developed con-

sidering distribution of the actuators and sensor, the reactor architecture, and dom-

inant dynamics in measured data. The developed model relates the carbon dioxide

injections (input variable) with pH (output variable) and is given by the following

structure (s represents the complex variable used in Laplace transform):

pH(s) =
k1

1 + 𝜏1s
e−trs

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟

TF1(s)

u(s) +
kr

1 + 𝜏rs
⏟⏟⏟

TF2(s)

𝜈(s) (2)

where pH is the culture medium pH, u is the control variable, and v is the solar

radiation. The first term, TF1, relates the pH level to CO2 injections. tr refers to the

time delay between the CO2 injection point and the pH measure point. The TF2 term

captures the solar radiation effect on pH value, and this relationship is expressed as

the first-order system. Through process identification and validation procedures, the

following parameters were obtained: k1 = −0.005 pH%
−1

, 𝜏1 = 16.5 min, tr = 7
min, kr = 0.0007 pH m

2
W

−1
, and 𝜏r = 118 min. The obtained model fit can be

seen in Fig. 4, where the real system data are contrasted with those obtained with

developed model (Berenguel et al. 2004; Pawlowski et al. 2014).

It needs to be highlighted that during model validation stage the dissolved oxy-

gen variable was uncontrolled (see the third plot in Fig. 4). From this plot, it can

be observed that its measured value reach 400 [%Sat], being significantly over the

value that guarantees efficient photosynthesis process. This simple example shows

the necessity to develop a control system to deal with this issue. Notice that the pH

and dissolved oxygen values are decoupled from the control system point of view,

since there is no mutual interaction.
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Fig. 4 Simplified model validation results for the raceway photobioreactor (Pawlowski and Men-

doza 2015)

3 Control System Objectives

The analysis presented in this chapter focuses on the dissolved oxygen and pH para-

meters and it is supposed that remaining variables are satisfied through proper pho-

tobioreactor design. In this section, detailed information regarding dissolved oxygen

and pH effect on the photosynthesis performance is provided. In the previous work

(Costache et al. 2013), it was shown that the pH in the 7.0–9.0 range is optimal for

the photosynthesis performance. From Fig. 5, it can be observed that in this pH range

only insignificant variations in photosynthesis rate were measured. This relationship

can be modeled using an Arrhenius expression of the following form:

RO2(pH) = B1e
(

−C1
pH

)
B2e

(
−C2
pH

)
,

where the photosynthesis rate (RO2) and B1 = 2.50, B2 = 533, C1 = 6.45, and

C2 = 69.2 were obtained by fitting experimental data (Costache et al. 2013).
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Fig. 5 The photosynthesis rate versus pH of S. almeriensis culture at 200 µE/m
2
s 25

◦
C, and 100

%Sat of dissolved oxygen (Pawlowski and Mendoza 2015)

Taking into account these features in the control system design, it is possible to

regulate the pH around 8 using carbon dioxide injections as a manipulated variable.

In Pawlowski et al. (2014), it was demonstrated that slight deviation in reference

tracking could provide some benefit for control system goals. The small tolerance

(marked as 𝛽 in Fig. 5) in pH control accuracy does not affect the photosynthesis

performance. Due to this property and exploiting event-based control system, it was

possible to determine a tradeoff between the injected volume of CO2 and control

performance. Additionally, it should be highlighted that the control of pH level in a

raceway reactor is performed using waste flue gases as the carbon dioxide source.

For this reason, its usage should be optimized restricting its overdosage.

The relationship between the photosynthesis rate and dissolved oxygen concen-

tration is presented in Fig. 6. As demonstrated in Costache et al. 2013, at dissolved

oxygen concentrations lower or equal to saturation (9.0 [mg/l], 100 [%Sat]), the pho-

tosynthesis rate is optimal. Nevertheless, dissolved oxygen concentration at higher

level reduces exponentially photosynthesis rate reaching zero above (32 [mg/l], 355

[%Sat]), see Fig. 6 for details. The dependence between dissolved oxygen (DO) and

the photosynthesis rate can be expressed as follows:
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200 µE/m
2
s 25

◦
C, and pH = 8 (Pawlowski and Mendoza 2015)

RO2(DO2) = 1 −
(
DO2
KO2

)z

,

where KO2 = 32.8 [mg/l] is the oxygen inhibition constant, and z = 5.49 (as reported

in Costache et al. 2013). Moreover, the photosynthesis performance decreases only

20%, when dissolved oxygen concentration is up to values of 23 [mg/l] (250 [%Sat]),

and above this level the reduction is significantly greater. For this reason, high dis-

solved oxygen concentration (above 250 [%Sat]) must be evaded irrespective of reac-

tor configuration (Costache et al. 2013; Posten 2009; Camacho et al. 1999). To avoid

this situation, the aeration techniques are commonly used. The most important dis-

advantage of such solution is related to the energy used to supply and compress

the air. This issue is of high importance for raceway photobioreactors maintenance

costs, since they must be kept low. Considering these facts, application of on-demand

injection scheme through a proper control approach is the feasible solution from an

economic point of view.
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4 Event-Based Control Systems for Microalgae Culture

The event-based control schemes evaluated in this chapter are based on the GPC

algorithm with sensor and actuator deadbands, originally published in Pawlowski

et al. (2012b, 2014), respectively. Both approaches have been modified, to cope with

microalgae culture in industrial photobioreactor. Additionally, the selective event-

based approach introduced in Pawlowski and Mendoza (2015) was adapted to cope

with simultaneous control of pH and dissolved oxygen within event-based scheme.

The main difference between the event-based and the time-based controller is the

ability to adapt the controllers invocation, based on the controlled variable dynam-

ics. In a control system with sensor deadband, the event-based controller will update

the system in a fast way, when the controlled variable is an outside established band.

Otherwise, when the controlled variable is inside the band, the event-based controller

will switch to the slowest sampling in order to reduce the control effort. Consider-

ing this working principle, the event-based control structure can manage the control

effort adapting it to the performance requirements of the controlled process. In a case

of actuator deadband, the main idea consists of a control structure where the control

signal is updated in an asynchronous manner. The main goal is to reduce the num-

ber of control signal updates, saving system resources, while retaining acceptable

control performance.

4.1 Classic Generalized Predictive Controller

The Generalized Predictive Control (GPC) consists of applying a control sequence

that minimizes a multistage cost function of the following form:

J =
N2∑
j=N1

[ŷ(t + j|t) − w(t + j)]2 +
Nu∑
j=1

𝜆(j)[Δu(t + j − 1)]2, (3)

where ŷ(t + j|t) is an optimum j step ahead prediction of the system output on data

up to time t, Δu(t+ j) is the future control signal increments, N1 and N2 are the mini-

mum and maximum prediction horizons, Nu is the control horizon, 𝜆(j) is the control

effort weighting sequence, and w(t + j) is the future reference trajectory (Camacho

and Bordóns 2007).

The minimum of J, assuming there are no constraints on the control signals, can

be found by making the gradient of J equal to zero. Nevertheless, most physical

processes are subjected to constraints and the optimal solution can be obtained by

minimizing the quadratic function:

J(u) = (Gu + Pv + f − w)T (Gu + Pv + f − w) + 𝜆uTu, (4)
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where G and P are the matrices containing coefficients of the input–output and

disturbance–output step responses, respectively, f is the free response of the system,

w is the future reference trajectory, u is the control signal, and v is the measurable

disturbance (Pawlowski et al. 2012a, 2016). Equation (4) can be written in quadratic

function form:

J(u) = 1
2

uTHu + bTu + f0, (5)

where H = 2(GTG+𝜆I), bT = 2((Pv+f−w)TG), and f0 = (Pv+f−w)T (Pv+f−w).
The obtained quadratic function is minimized, subject to system constraints, and

a classical Quadratic Programming (QP) problem must be solved. The constraints

acting on a process can originate from amplitude limits in the control signal, slew

rate limits of the actuator, and limits on the output signals, and can be expressed in

the short form as RΔu ⩽ r (Camacho and Bordóns 2007).

4.2 Event-Based GPC with Sensor Deadband

This section briefly summarizes the event-based GPC algorithm used in this analysis

and that was developed in Pawlowski et al. (2012b). In a general way, an event-

based controller consists of two parts: an event detector and a controller (Åström

2007). The event detector deals with informing the controller when a new control

signal must be calculated due to the occurrence of a new event. In this scheme, the

controller is composed of a set of GPC controllers, in such a way that one of them

will be selected according to the time instant when a new event is detected, such

as described below. The complete control structure is shown in Fig. 7, including the

process, the actuator, the controller, and the event generator. This scheme operates

using the following ideas:

∙ The process output is sampled using a constant sampling time Tbase at the event

generator block, while the control action is computed and applied to the process

using a variable sampling time Tf , which is determined by an event occurrence.

∙ Tf is the multiple of Tbase (Tf = fTbase, f ∈ [1, nmax]) and verifies Tf ≤ Tmax, being

Tmax = nmaxTbase the maximum sampling time value. This maximum sampling

time will be chosen to maintain a minimum performance and stability margins.

∙ Tbase and Tmax are defined considering process data and closed-loop specifications,

following classical methods for sampling time choice.

∙ After applying a control action at time t, the process output is monitored by the

event generator block at each base sampling time, Tbase. This information is used

by the event detector block, which verifies if the process output satisfies some

specific conditions. If these conditions are satisfied, an event is generated with a

sampling period Tf and a new control action is computed. Otherwise, the control

action is only computed by a timing event, at t = t + Tmax.
∙ Notice that according to the previous description, the control actions will be com-

puted based on a variable sampling time, Tf . For that reason, a set of GPC con-
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trollers is used, where each GPC controller is designed for a specific sampling

time Tf = fTbase, f ∈ [1, nmax]. On the other hand, resampling of the signals is

necessary to avoid undesirable jumps in the control action at each change among

controllers.

4.2.1 Event-Based Signal Sampling

From the scheme in Fig. 7, it can be seen that the event-based sampling is governed

by the event generator block. This block includes two different kinds of conditions

in order to generate new events. When one of those conditions becomes true, a new

event is generated, and then the current signal values of the process variables are

transmitted to the controller block being used to compute a new control action (CO2
injections in this case). The first condition focuses on checking the process variables.

These conditions are based on the level-crossing sampling technique (Miskowicz

2006; Ferre et al. 2010), that is, a new event is considered when the absolute value

between two signals is bigger than a specific limit 𝛽. For instance, in the case of the

set point tracking, the condition would be the following:

|w(t) − y(t)| > 𝛽 (6)

trying to detect that the process output, y(t) = pH(t), is tracking the reference,

w(t) = wpH(t), within a specific tolerance 𝛽. The second condition is a time-based

condition, used for stability and performance reasons. This condition defines that the

maximum period of time between two control signals computation, and thus between

two consecutive events, is given by Tmax:

System
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Controller
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Fig. 7 Event-based GPC control scheme (Pawlowski et al. 2012b)
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t − tei ≥ Tmax, (7)

where tei is the time when the last event ei was generated.

These conditions are checked with the smallest sampling rate Tbase, where the

detection of an event will be given within a variable sampling time Tf = fTbase, f ∈
[1, nmax]. Notice that this variable sampling period determines the current closed-

loop sampling time to be used in the computation of the new control action.

4.2.2 Signal Sampling and Resampling Technique

Such as described above, the computation of a new control action is done with a

variable sampling period Tf . So, in order to implement the GPC control algorithm,

the past values of the process variables and those of the control signals must be

available sampled with Tf . Therefore, a resampling of the corresponding signals is

required (Pawlowski et al. 2012b, 2014b).

∙ Resampling of process output: As discussed previously, the controller block only

receives the new state of the process output when a new event is generated. This

information is stored in the controller block and is resampled to generate a vector

yb including the past values of the process output with Tbase samples. The resam-

pling of the process output is performed by using a linear approximation between

two consecutive events and afterward, this linear approximation is sampled with

the Tbase sampling period, resulting in yb(k) with k = 0,Tbase, 2Tbase, 3Tbase,… .

Once the process output signal is resampled, the required past information must

be obtained according to the new sampling time Tf , resulting in a new signal, yf ,
with the past information of the process output every Tf samples.

Hence, the vector yf is obtained as a result, which contains the past process infor-

mation with the new sampling period Tf to be used in the calculation of the current

control action.

∙ Reconstruction of past control signals: The procedure is similar to that described

for the resampling of the process output. There is a control signal, ub, which is

always used to store the control signal values every Tbase samples. Nevertheless,

the procedure for the control signal is done in the opposite way than for the process

output. First, the required past information is calculated and afterward, the signal

ub is updated. Let us consider that a new event is generated, what results in a

new sampling period Tf = fTbase. Now, the past information for the new sampling

period, Tf , is first calculated from the past values in ub and stored in a variable

called ufp. Afterward, this information, together with the past process output data

given by yf , will be used to calculate the new control action, uf (Tf ) = ub(k). Once

the new control action has been computed, uf (Tf ) = ub(k), the ub signal is updated

by keeping constant the values between the two consecutive events.
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4.3 Event-Based GPC with Actuator Deadband

The basic motivation to develop this approach is related to control scheme where the

controlled process is updated on an asynchronous basis. The objective is to decrease

the amount of control signal changes (reducing resource utilization) simultaneously

providing required control accuracy. The actuator virtual deadband is implemented

as a constraint on control signal changes: |Δu(t)| = |u(t − 1) − u(t)| ⩾ 𝛽u, where

𝛽u is the proposed virtual deadband. In such a scheme, the virtual deadband value

is used as an additional degree of freedom in controller tuning procedure. Its value

will determine the amount of events related to actuator node, resulting in reduced

number of control signal transmissions. In analyzed scheme, the proposed actuator

deadband is considered in process model and consequently used in the control signal

computation (MPC optimization procedure), which improves control accuracy of

event-based approach.

The methodology used in this scheme consists of including the actuator virtual

deadband into the GPC design framework (Pawlowski et al. 2014). The deadband

nonlinearity can be handled together with other constraints on controlled process.

The deadband can be expressed mathematically with a hybrid design framework

developed by Bemporad and Morari (1999), which allows to translate discrete rules

into a set of linear logical constraints. The resulting formulation consists in a system

containing continuous and discrete components, which is known as a Mixed Logical

Dynamic (MLD) system (Bemporad and Morari 1999).

Introducing two logical variables, 𝜑1 and 𝜑2, to determine a condition on control

signal increments, Δu(t), these logical variables are used to describe the different

stages of the control signal with respect to the deadband, as follows:

x(t) =
⎧
⎪⎨⎪⎩

Δu(t) ∶ Δu(t) ⩾ 𝛽u
0 ∶ Δu(t) ⩽ 𝛽u
0 ∶ Δu(t) ⩾ −𝛽u

Δu(t) ∶ Δu(t) ⩽ −𝛽u

||||||||

𝜑2 = 1
𝜑2 = 0
𝜑1 = 0
𝜑1 = 1

(8)

To make this solution more general, minimal m and maximal M values for control

signal increments are included into the control system design procedure, resulting in

M = max{Δu(t)} and m = min{Δu(t)}. In this way, it is possible to determine the

solution region based on binary variables. Thus, the proposed logic determined by

Eq. (8) can be translated into a set of mixed-integer linear inequalities involving both

continuous,Δu ∈ ℝ, and logical variables𝜑i ∈ {0, 1}. Finally, a set of mixed-integer

linear inequalities constraints for the actuator deadband is established as follows:
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Δu − (M − 𝛽u)𝜑2 ⩽ 𝛽u
Δu + (M + 𝛽u)𝜑1 ⩽ M

Δu −M𝜑2 ⩽ 0
−Δu + (m + 𝛽u)𝜑1 ⩽ 𝛽u

−Δu − (m − 𝛽u)𝜑2 ⩽ −m
−Δu + m𝜑1 ⩽ 0

𝜑1 + 𝜑2 ⩽ 1.

The reformulated hybrid input constraints presented above are integrated in the

GPC optimization problem, where the resulting formulation belongs to an MIQP

optimization problem. In the case where the control horizon is Nu > 1, the corre-

sponding matrix becomes

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1D 0D −(M − 𝛽u)D
1D (M + 𝛽u)D 0D
1D 0D −MD

−1D (m + 𝛽u)D 0D
−1D 0D −(m − 𝛽u)D
−1D mD 0D
0D 1D 1D

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

C

⎡
⎢⎢⎣

Δud
𝜑1d
𝜑2d

⎤
⎥⎥⎦

⏟⏟⏟

x

⩽

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

𝛽ud
Md
0d
𝛽ud
−md
0d
1d

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

,

⏟⏞⏟⏞⏟

𝜌

where D is a matrix (Nu × Nu) of ones and d is a vector of ones with size (Nu × 1).
The previous matrices that contain linear inequality constraints can be expressed in

a general form as

Cx ⩽ 𝜌 (9)

with x = [xc, xd]T , where xc represents the continuous variables Δu and xd are those

of the logical variables 𝜑i. Introducing the matrix Q(3Nu×3Nu) and l(3Nu×1) defined as

Q =
⎡
⎢⎢⎣

H 0 0
0 0 0
0 0 0

⎤
⎥⎥⎦
; l =

⎡
⎢⎢⎣

b
̂0
̂0

⎤
⎥⎥⎦
, (10)

where 0 = Nu×Nu, ̂0 = Nu×1 both of zeros, H and b are a matrices used in classical

QP optimization, the GPC optimization problem is expressed as

min
x

xTQx + lTx (11)

subject to (9), which is a Mixed-Integer Quadratic Programming (MIQP) optimiza-

tion problem (Bemporad and Morari 1999). The optimization problem involves a

quadratic objective function and a set of mixed linear inequalities. Moreover, the

classical set of constraints RΔu ≤ r can also be included into the optimization pro-

cedure, introducing an auxiliary matrix ̂R of the form [R 0 0], where 0 is a matrix of
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zeros with the same dimensions that R. Finally, all constraints that must be consid-

ered into the optimization procedure are grouped in

[
C
̂R

]
x ⩽

[
𝜌

r

]
.

In such a way, the event-based GPC with actuator deadband obtains optimal con-

trol signal values considering established deadband and classical constraints.

4.4 Event-Based Selective Control

Considering all aforementioned system aspects, it is necessary to meet all goals

through proper control strategy, simultaneously increasing the biomass production

performance handling process limitations. Taking into account process features and

raceway photobioreactor configuration classical MIMO (Multiple-Input-Multiple-

Output), control approach cannot be applied. However, MIMO control approach can

be feasible for new reactor design that provides necessary features and solutions.

Due to these properties, a selective control is considered for dissolved oxygen and

pH control allowing simultaneous control of both variables. Additionally, this con-

trol technique is commonly used for controller synchronization in the systems where

many control goals exist and all controllers use only one control variable (Liptak

2004). Through a selective control application, it is possible to commute between

several controllers in order to optimize controlled process (Smith 2002). Exploit-

ing these features, selective control algorithm can be used to commute between pH

and dissolved oxygen controllers simultaneously meeting the control objectives. The

developed selective control approach is shown in Fig. 8. From the provided scheme,

it can be observed that dissolved oxygen and pH are handled with corresponding

controllers, CDO and CpH , respectively. These controllers compute corresponding

control action, given as upH and uDO signals. However, the control signal application

Fig. 8 Selective control

scheme for raceway reactor

(Pawlowski and Mendoza

2015)
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is managed by selective logic (selective mechanism), which determines the signal to

be sent to the process (PRW ). In the presented approach, the event-based scheme is

used to implement selective logic allowing dynamical adaptation to plant state. In the

selective mechanism, a deadband sampling technique is used, being very common

sampling approach in event-based systems. Finally, the control signal is selected in

the following way:

uSC =
{ upH ∶ |SCSPpH − pH| > 𝛽

uDO ∶ |SCSPpH − pH| < 𝛽 & DO > SCSPDO

(12)

where SCSPDO and SCSPpH are the set points for dissolved oxygen and pH, respec-

tively, 𝛽 determines the deadband value (control tolerance) for pH control, and DO
and pH are the dissolved oxygen and pH and DO values, respectively. Due to these

selection criteria, the control signal for pH variable is prioritized always when pH

measurement is outside the established band. On the contrary, when pH is inside the

band, the selective logic will switch to dissolved oxygen controller.

The selective control structure is developed using previously described scheme. In

this configuration, the pH controller uses the event-based approach, which is built on

the generalized predictive control using actuator virtual deadband (refer to Sect. 4.3)

(Pawlowski et al. 2014). Moreover, the dissolved oxygen control system is based on

on/off regulator. This scheme was used due to its simplicity that matches the equip-

ment available for dissolved oxygen control—on/off solenoid valve. In the presented

scheme, both pH and dissolved oxygen control systems use the reactor hardware

setup with only small modifications in its original structure. The economic cost of

performed modifications is negligible regarding the overall economics of the race-

way reactor design and operation, since no structural modification was required. For

these reasons, both control tasks share the photobioreactor systems in order to per-

form dissolved oxygen and pH control actions. Considering all these properties, it is

possible to separate two reasons why simultaneous control of dissolved oxygen and

pH is limited:

∙ The first reason is related to specific control system goals and limitations in

microorganism cultivation system. The photobioreactor pH level is regulated

applying CO2 injections, which affects the acidity of cultivation medium. The

carbon dioxide source can vary and depends on the reactor type and final product

requirements. Nevertheless, independent on CO2 source, the volume of injected

gas should be optimized to prevent unnecessary emissions and thus environmen-

tal contamination. Moreover, dissolved oxygen control focuses on the evacuation

of excess oxygen production that appears as a consequence of photosynthesis

process. In dissolved oxygen control task, compressed air is injected to the raceway

photobioreactor, which results in the reduction of oxygen saturation in cultivation

medium. Due to this working principle, the control objectives for pH and dissolved

oxygen are antithetical. In the described scenario, the injected air, used to reduce

the dissolved oxygen concentration, can also evacuate carbon dioxide not absorbed
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by the microorganism. Beside this relationship, both variables present no mutual

interference and are decoupled from a control point of view.

∙ The second refers to the raceway photobioreactor architecture and it is related to

application method of the compressed air and the flue gases. As highlighted previ-

ously, both subsystems share the same supply structure for economic reasons. The

supply structure can commute when necessary and only one quantity can be sup-

plied and only one variable can be controlled. Due to these properties, microalgae

production process can be modeled as underactuated system with single input and

multiple outputs (Freudenberg and Middleton 1999; Soria-López et al. 2013).

4.5 On/Off Controller

In the analysis presented in this chapter, the on/off controller is used as a reference

control system, since it is the most commonly used controller in photobioreactor

production process. The on/off controller is the most simple feedback regulator and

it is suitable for the manipulated variable characterized by two states: open (on)

and closed (off). The on/off regulator commutes the state of manipulated variable

as a function of the set point and process output measurement. The most important

drawbacks of this control technique are related to a poor disturbance rejection per-

formance and oscillations around reference in controlled variables.

5 Control System Results

In this section, the results for practical evaluation of event-based control schemes

for industrial photobioreactors are presented. This study considers three different

configurations that are analyzed below.

5.1 Event-Based Controller pH in Tubular Photobioreactor

This section shows real experiments using the event-based control strategy applied

to pH control in tubular photobioreactor described in Sect. 2.1. A preliminary sim-

ulation study on this event-based approach can be found in Pawlowski et al. (2014).

Notice that in all considered control systems the continuous signal obtained from the

controller must be translated into a discontinuous signal used to drive the valve. For

this purpose, a PWM (Pulse Width Modulation) technique is used, with a frequency

of 0.1 Hz. Notice that microalgae growth requires that the operation variables must

be maintained at optimum values, where for the microalgae used in this evaluation,

Scenedesmus almeriensis, an optimal value of wpH = 8 is required.
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As mentioned previously, the experiments are performed using the event-based

GPC and the classical time-based GPC to control pH in an industrial tubular photo-

bioreactor. The experiments have been performed between June 6 and 12, 2013, at

the plant described in Sect. 2.1. During this period, the photobioreactor plant worked

in the continuous mode. In this mode, 34% of the total volume of culture is harvested

daily. The harvesting operation is done usually around midday and this influences on

the pH value. From the control system point of view, this issue is considered as an

unmeasurable disturbance, since the harvesting operation is performed by the plant

operator to cover product demand. All control schemes are implemented on an indus-

trial PC located at the plant facilities. The controller with Labview-based software

executes the event-based GPC controller or classical GPC, which are coded in the

Matlab environment. All control system sensors and actuators are connected to the

Compact-FieldPoint unit from National Instruments. In such configuration, the con-

troller node communicates with Compact-FieldPoint through a dedicated ethernet

network to perform sensing and control tasks.

The first tested control scheme was the classical time-based GPC and was devel-

oped using model presented in Sect. 2.1.1. The control system configuration and

algorithm tuning parameters are as follows: sampling time of 1 min was used with

the following parameters: Nu = 5, N2 = 20, and 𝜆 = 0.005. The value of the solar

irradiance in the prediction horizon is considered constant and equals to the last

measured value. This configuration was implemented and tested to assure the proper

control system configuration and check the control performance in the presence of

measurement noise and external disturbances that affect controlled variable. Prior to

the controller implementation, several tests were made to confirm the proper model

validation around the operation point. This procedure confirmed the relatively good

accuracy of model (see Sect. 2.1.1), to guarantee the desired control performance.

The time-based GPC was tested during two different days and representative

results of one of those days are shown in Fig. 9 (notice that classical GPC was already

studied by the authors in the previous works and for that reason it was only used here

for comparisons Berenguel et al. 2004). It can be observed how GPC controller regu-

lates the pH of the photobioreactor compensating the influence of the solar irradiance

(main control system disturbance). On the other hand, it can be observed how the

controller reacts to the unmeasurable process disturbances (harvesting operation),

between 12 and 15 h. It can be also seen that despite of the disturbance, the con-

troller maintains the pH close to the set point, due to aggressive compensation of the

control signal. During this day, the classical GPC obtains a good control accuracy,

comparable with the results obtained through simulations, what was confirmed by

IAE = 1357 index. The accumulated IT reaches 342 min that corresponds to 1262

g of pure CO2. To achieve this performance, an amount of 350 g of CO2 was lost.

The microalgae growth performance indexes for RO2 and Pb were 0.7509 [kg[O2]∕m
3

day] and 0.5572 [kg[b]∕m
3

day], respectively.

For this particular day, the classical GPC obtains a good accuracy in pH regula-

tion. However, this good control performance is obtained through a high CO2 con-

sumption, what also increases the CO2 losses. This fact confirms the results obtained

through simulations. As mentioned previously, the CO2 loss is an important issue in
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Fig. 9 Experiments control results for classical time-based GPC (Pawlowski et al. 2014)

photobioreactor pH control problem and any solution that faces this problem is wel-

comed. In such perspective, the event-based GPC arises as an interesting option to

reduce the control effort at the expense of a reasonable control performance accuracy

degradation.

The event-based GPC algorithm was implemented with the same configuration

parameters as in the simulation study. Again, the control objective is to maintain

the pH value close to the set point with the desired tolerance. Such a tolerance is

determined by the sensor deadband value, selected to 𝛽 = 0.075 for whole test period

according to the relationship between the pH and the photosynthesis rate described

in Sect. 3. The application of the event-based controller makes possible to establish

the tradeoff between control performance accuracy and CO2 losses.

The event-based configuration has been tested during 5 days and the overall con-

trol performance is shown in Fig. 10. The event-based GPC control structure with

sensor deadband was implemented with Tbase = 1 min, Tmax = 5 min, nmax = 5, and

thus Tf ∈ [1, 2, 3, 4, 5]. The control horizon was selected to Nnmax
u = 5 samples for all

GPC controllers. The prediction horizon was set to Nc
2 = 20 min in continuous time

and was used to calculate the equivalent prediction horizon for each controller with
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a different sampling period (Pawlowski et al. 2012b). Finally, the control weighting

factor was adjusted to 𝜆
f = 0.005 to achieve the desired closed-loop dynamics for

the faster GPC controller with T1 = Tbase = 1 min. Due to the physical limitation

of the actuator signal (PWM pulse width), the event-based GPC controller considers

constraints on the control signal 0 < u(t) < 100%. Taking into account all design

parameters, the control structure is composed of five controllers for each possible

sampling frequency. Considering pH operating limits for tubular photobioreactor

(7 < pH < 9) and the relationship of the pH with the photosynthesis rate (as will be

described below), the 𝛽 parameter was set to 𝛽 = 0.075. In such a way, event-based

configuration will keep pH close to its optimal value and allows to find an acceptable

tradeoff between performance and control effort (Pawlowski et al. 2012b).

It can be observed that for most of the time the controlled variable is inside the

established band SP ±𝛽. The pH goes outside the band only a few times during the

whole test period and this fact is induced by the external disturbances. This is espe-

cially visible during the second and third days, where solar irradiance is affected by

passing clouds, which changes the photosynthesis rates and affects the pH values.

On the other hand, the obtained results show that the event-based controller prop-

erly rejects unmeasurable disturbances due to microalgae harvesting action. During

clear days, the event-based controller maintains the pH inside the band, updating the

process control action at the low rate (with Tmax sampling time). When the pH crosses

the sensor deadband limit, the control structure switches to the fastest sampling fre-

quency Tbase to move back controlled variable into the set point tolerance band.

Figure 11 shows a detailed view for the fourth day. It can be observed that the

event-based GPC provides a good control accuracy. Moreover, it can be seen that

each time the pH crosses the sensor deadband, the event-based control system

increases the sampling frequency. Additionally, it can be observed how the load dis-

turbance related to harvesting process is rejected properly by event-based controller

around the midday. The event-based GPC controller generates less-aggressive con-

trol signal as long as the pH is inside the limits. When the controlled variable goes

out the limits, the event-based scheme increases sampling frequency to compensate

for the disturbances. The bottom graph in Fig. 11 shows how events are generated

and can be seen that the event generation frequency increases when the pH goes

outside the limit. On the other hand, the sampling frequency decreases when pH is

within the limits. In this way, it is possible to reduce the controlled system updates.

Hence, as a consequence of the reduced number of process updates, the event-based

control system reduces the required control effort related to the CO2 consumptions

as well as CO2 losses.

Table 1 collects the performance indexes for event-based GPC with sensor dead-

band in the experimental results. This table shows the Integrated Absolute Error

(IAE), the number of events (Event), the Injection Time (IT) in minutes, and the

total CO2 supplied and the CO2 losses, both expressed in grams. Moreover, two

complementary indexes are calculated for oxygen and biomass production, RO2 and

Pb, respectively. Those indexes are used to evaluate analyzed control algorithm and

its influence on microalgae culture. The first one is used to express the overall oxy-

gen production rate that is influenced (among others) by solar irradiance and pH.
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Fig. 11 Experimental control results for event-based GPC for the fourth day (Pawlowski et al.

2014)

Table 1 Event-based control system: performance indexes for the experimental results

Day

1 2 3 4 5

EB-GPC IAE 1725 1555 1666 1341 1579

SLT (min) 767 767 767 767 767

Event 214 280 269 228 258

IT (min) 319.6 291.1 296.4 284.3 307.8

CO2 (g/day) 1177 1072 1091 1047 1134

Lost CO2 (g/day) 235 216 213 208 227

RO2 (kg[O2]∕m
3

day) 0.8464 0.9953 0.9317 0.7526 0.7459

Pb (kg[b]∕m
3

day) 0.6196 0.7445 0.6783 0.5532 0.5378
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The second one shows the biomass production rate (daily measurements), which

corresponds to reactor production performance.

It can be observed that the overall IAE index is slightly worst in comparison with

those obtained through simulations. This is mainly due to harvesting process that

affects the pH control accuracy and was not considered during the simulation study.

On the other hand, one can observe how the event-based control scheme reduces the

number of events in comparison to the SLT (Solar Light Time), which corresponds to

the number of invocation of classical time-based control scheme. The CO2 usage was

similar to the values obtained during simulation study, which confirms the reduction

of its usage with respect to the time-based scheme. This fact is also confirmed by the

accumulated IT for all considered days. At the same time, it can be seen that the CO2
losses are reduced. On the other hand, the microalgae growth indexes, RO2 and Pb,

were quite similar for the different days and are comparable with the classical GPC,

analyzed previously.

All those benefits are obtained at expense of the control performance taking as a

reference of the time-based GPC controller. Moreover, event-based configuration is

able to reduce around 30% CO2 losses obtained by classical GPC. Finally, notice that

when event-based GPC controller is compared with on/off controllers (which are the

type used in industrial photobioreactor), the control accuracy is highly improved and

the CO2 losses are reduced by more than 2 times.

5.2 Event-Based Controller pH in Raceway Photobioreactor
with Efficient CO𝟐 Usage

The experimenters presented in this section have been performed during 2-week

period, between January 27 and February 9, 2014. The analysis is divided into two

sets that are related to event-based and on/off control approaches. During the first

week, on/off controller was applied for pH control task. The second week was dedi-

cated to event-based GPC evaluation. For both control techniques, the pH reference

was set to wpH = 8, being optimal for the grown microorganism. The raceway photo-

bioreactor process setup used for this study is shown in Fig. 12. The main objective

of these tests is to show the advantages that can be obtained with event-based control

technique that focuses on the effective usage of flue gases. It has to be highlighted

that the main motivation of this analysis is not a direct comparison of the introduced

control techniques, since they are representing two extremely different degrees of

complexities as well as different approaches.

5.2.1 On/Off Controller—pH Control Results

In the analyzed period, the pH control task was active only during diurnal periods,

since photosynthesis process is active when solar irradiance is available. Moreover,
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Fig. 12 Raceway reactor with pH control system using flue gases (Pawlowski et al. 2014)

the implementation details are as follows: sampling time was set to 1 min and the

control signal is switched between 0 and 100% due to PWM technique. In Fig. 13,

the on/off controller results for 7 days period are shown. From this result, it can be

observed that on/off regulator maintains the pH level close to the reference. How-

ever, the obtained control performance has a low accuracy provoked by the signifi-

cant pH oscillations (see the first plot in Fig. 13). This issue originates from abrupt

changes in control variables (on–off actions). In analyzed configuration, the con-

troller opens the solenoid control valve and applies some flue gases volume until

the pH level decreases under selected reference. Once the controlled variable is in

the desired range, the on/off controller closes the solenoid value, disabling injection

of flue gases. Due to this working principle, a significant oscillation in controlled

variable appears, which results in nonoptimal conditions for microalgae culture. The

described behavior is present in whole analyzed period (bottom plot in Fig. 13), and

appears independently on process disturbances (solar irradiance in this case).

From Fig. 14 (presenting detailed information for the third analyzed day), it can

observe the low control performance mainly due to significant oscillations. The pres-

ence of these osculations came from two issues that are not considered by this simple

controller. The first one is related to the process dynamics that is not considered in

controller structure, and the second is due to plant’s dead time (see Sect. 2.2.1 for

details). Those two features of the pH control process result in large control actions

that in consequence apply high volume of flue gases, which quickly decreases the

pH level. Despite overabundance of CO2 in cultivation medium, only small part is

assimilated by the photosynthesis process. The unabsorbed carbon dioxide is emit-

ted into atmosphere having negative effect on the environment. This issue is of high

importance for large-scale industrial photobioreactors, since huge volume of flue

gases is needed for the pH control purposes.

Control performance measures for the on/off controller are summarized in Table 2.

These measures include the injection time (IT) expressed in minutes, the Integrated

Absolute Error (IAE), and the total amount of flue gases (Gas) injected to the raceway

photobioreactor. Additionally, the complementary measures related to production

rate are computed and contain oxygen production RO2, biomass concentration Cb
expressed in grams per liter (higher value signify better growth rate), and biomass



32 A. Pawlowski et al.

7.
58

8.
5

pH

O
n/

O
ff

Se
tp

oi
nt

05010
0

[%]

PW
M

 P
ul

se
 W

id
th

1
2

3
4

5
6

7
0

40
0

80
0

[ W/m2]

So
la

r I
rra

di
an

ce

Ti
m

e 
[d

ay
s]

Fi
g.

13
O

n
/o

ff
c
o
n
tr

o
ll

e
r

e
x
p
e
r
im

e
n
ta

l
r
e
s
u
lt

s
fo

r
a

1
-
w

e
e
k

p
e
r
io

d
(
P

a
w

lo
w

s
k
i

e
t

a
l.

2
0
1
4
)



Event-Based Control Systems for Microalgae Culture in Industrial Reactors 33

8 10 12 14 16 18
7.5

8

8.5

pH

On/Off Setpoint

8 10 12 14 16 18
0

50

100

]
%[

PWM Pulse Width

8 10 12 14 16 18
-100

0

100
Control Signal Increments - Δ u

8 10 12 14 16 18
0

400

800

m/
W[

2
]

Solar Irradiance

Time [hours]

Fig. 14 Experimental results for the third day and on/off controller (Pawlowski et al. 2014)

Table 2 Performance indexes for on/off controller

Day 1 2 3 4 5 6 7

IAE 4503 4232 3436 3749 3945 4158 3678

IT (min) 293 291 298 279 299 290 316

Gas (m
3
) 29.3 29.1 29.8 27.9 29.9 29 31.6

RO2 (g/m
2

day) 7.4 6.8 7 7.2 6.9 7 7.1

Cb (g/l) 0.279 0.240 0.248 0.237 0.238 0.230 0.230

Pb (g/m
2

day) 6.2 4.83 5.2 5.7 4.76 4.68 4.68

production Pb (daily measure of the overall performance of the reactor). The RO2
is computed using dissolved oxygen concentration measure (this index depends on

solar irradiance and the pH value) and last two are based on laboratory analysis

(Mendoza et al. 2013b). Such indexes are used to show the effect of tested algorithm

on microorganism growth performance.

From the obtained values for the IAE index, it can be seen that on/off controller

provides low accuracy for whole analyzed period. This is due to significant error

between the pH value and the established set point. The IT measure indicates the
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average injection time and reaches 280 min per day. The remaining indexes that char-

acterize microalgae growth show an average production rate for this specific year

season and on/off controller. Notice that all those measures will be compared with

the results obtained using actuator virtual deadband and event-based GPC.

On the other hand, when continuous injection of flue gases is contrasted with

on/off controller, the results are more than satisfied. Even this simple control strat-

egy provides on-demand injections reducing volume of supplied flue gases, simul-

taneously keeping the pH value around the optimal level for culture growth. The

atmosphere contamination is considerably lower, since the average volume of sup-

plied flue gases is reduced to about 60%. Based on those indicators, the on/off con-

troller gives a simple solution to decrease the carbon dioxide losses, as well as

roughly to regulate the pH value.

Nevertheless, the results obtained with on/off controller can be considerably

improved, when advanced control techniques, such as event-based predictive con-

trol system, are applied.

5.2.2 Event-Based GPC for pH Control

The event-based scheme was developed by following the methodology shown in

Sects. 4.1 and 4.3. The design parameters for corresponding GPC controllers were

set up as follows: the control horizon N2 = 20 (capturing main process dynamics),

the prediction horizon Nu = 5, the weighting factor for control signal 𝜆 = 0.05,

and sampling time was set to 60 s. Moreover, to show the influence of actuator vir-

tual deadband on the controlled process, two different values were evaluated. This

parameter defines the tradeoff between control accuracy and control effort as well

as overall control system performance. Considering these features, the virtual dead-

bands were established to 𝛽u = 1.5% and 𝛽u = 1% to satisfy control system goals.

Additionally, all event-based GPC controllers were implemented with constraints

on control signal (0 < u(t) < 100%), due to the limitations defined by the PWM

technique.

The introduced event-based GPC was tested during 1-week period on the

industrial-scale raceway photobioreactor, and the results are presented in Fig. 15.

Analyzing the pH variable, it can be observed that event-based controller improves

significantly the control accuracy, when compared to the on/off control strategy. In

this case, the pH slowly changes its value and it is kept arrowed the set point with bet-

ter accuracy. The slow changes are provoked by the solar irradiance that affects the

photosynthesis process (increasing the oxygen production), which forces the varia-

tions in the pH value. Due to these properties, the solar radiation is treated as control

system disturbance and it is handled properly by the event-based controller. Its influ-

ence is compensated by controller through control signal increments. On the other

hand, the microalgae production process is affected by the harvesting procedure. This

action is performed at the midday and can be considered as unmeasurable load dis-

turbance. Despite strong influence on the reactor parameters, the event-based GPC

is able to keep the pH level close to established set point.
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When control results for on/off controller and event-based GPC (shown in Figs. 13

and 15, respectively) are compared, it can be observed that event-based GPC improves

control performance (as expected), mainly due to less-aggressive changes in control

signal. The control signal provided by the event-based GPC (second plot in Fig. 15) is

more smoother and changes gradually counteracting to disturbance dynamics. More-

over, the presence of actuator virtual deadband forces the control signal increments to

meet the established minimum and suppressing the small changes, which result in an

efficient use of resources. The established deadband is considered in the optimiza-

tion procedure providing control signal increments bigger than the selected dead-

band. Due to this feature, it is possible to manage efficiently the volume of flue gases

injected to the raceway photobioreactor.

The detailed view for the analyzed event-based controller (for the third day) is

shown in Fig. 16. This specific day is characterized by very small variation of the

pH (average deviation is less than ± 0.1 from the set point), which creates optimal

conditions for microorganism growth. From the control signal (second subplot in

Fig. 16), it can be seen how the event-based GPC compensates the photosynthesis

effect that influences the pH value. Additionally, the volume of injected flue gases is

strictly limited to cover actual demand. Considering this operation mode, it is possi-
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Fig. 16 The EB-GPC controller experimental results for the third day (Pawlowski et al. 2014)
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ble to decrease the overall amount of flue gases used for control task, when compared

to on/off regulator. The evolution of control signal increments is shown in the third

plot, where also deadband value is highlighted. From this plot, it can be observed

that all changes in control action are generated outside the established deadband. In

consequence, the control system is less sensitive to insignificant error changes that

require continuous control signal adjustments. Due to this feature, the event-based

controller is able to establish the compromise between control resource utilization

and control performance. From the microalgae cultivation process point of view,

this property allows efficient use of the flue gases used for control task. In analyzed

control scheme, the actuator virtual deadband 𝛽u is used as an additional parameter

that needs to be properly adjusted during controller design stage. Such a parameter

should be set up taking into account the compromise in resource consumption and

control performance. When deadband is set up to small value, the control accuracy

is improved at the expense of resource utilization. In the opposite case, setting up

the deadband to high value, it is possible to decrease the control resource utilization,

which results in lower control accuracy.

Table 3 summarizes the control performance measures for event-based GPC eval-

uation. As mentioned previously, two different deadband values were used to test its

influence. During first 2 days, 𝛽u = 1 were used, and afterward its value was changed

to 1.5. The computed IAE values for first 2 days are lower when compared to the days

with 𝛽u = 1.5 (verifying previously features for event-based controller). Independent

on the deadband value, the IAE index is significantly improved in comparison to the

on/off regulator, gaining about 50% in control system accuracy. Moreover, the aver-

age value of IT index was reduced over 40%, and simultaneously the amount of the

used flue gases is also minimized. Taking into account these features, the event-

based control scheme allows to improve control performance and reduce the volume

of the flue gases used for control purposes. The last feature is of high importance for

large-scale photobioreactors, since the volume of carbon dioxide wastage is mini-

mized. As a consequence, event-based controller prevents the emission of important

volume of greenhouse gases into atmosphere. It should be highlighted that the event-

based control approach improves the CO2 fixation through the efficient management

of flue gases.

Table 3 Performance indexes for event-based GPC controller

Day 1 2 3 4 5 6 7

𝛽u [%] 1 1 1.5 1.5 1.5 1.5 1.5

IAE 1525 1661 1817 2239 2098 1569 2241

IT (min) 222 269 189 183 159 82 165

Gas (m
3
) 22.2 26.9 18.9 18.3 15.9 8.2 16.5

RO2 (g/m
2

day) 10.6 11.7 12.5 10.6 13.3 11.5 14.8

Cb (g/l) 0.329 0.321 0.341 0.349 0.384 0.367 0.395

Pb (g/m
2

day) 7.85 7.19 8.14 6.50 8.22 7.36 8.85
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On the other hand, the improved control system performance has a beneficial

influence on the microorganism growth rate. All related measures (RO2, Cb, and Pb)

were improved. The average RO2 value increased about 50% in comparison to its

average value for on/off control technique. In the case of biomass concentration, this

index was improved around 30%. The Pb measure also gets better obtaining average

value of 7.6 g/m
2

day. Considering all these results, it is demonstrated that evaluated

event-based controller allows to improve the pH control accuracy in race reactor

(keeping the optimal cultivation conditions) and also provides the effective usage of

flue gases.

5.3 Selective Event-Based Controller for pH and Dissolved
Oxygen in Raceway Photobioreactor

In this section, the evaluation of the selective event-based control system is pre-

sented. Resulting raceway phitobioreactor setup for such a scheme is shown in

Fig. 17, where the pH process is controlled with flue gases and dissolved oxygen

is regulated using compressed air.

The experimental evaluation was performed for 1-week period (from July 20

to July 27, 2014). Selected time period allows us to test the implemented selec-

tive event-based scheme during diverse solar irradiance profiles, providing reliable

results. The control scheme was developed using the approach presented in Sect. 4.4.

In this scheme, the pH process is controlled by event-based GPC and dissolved oxy-

gen is regulated by on/off control technique. The event-based GPC relays on process

model and the first step in control system development was devoted to capture the

dynamics between the pH value and carbon dioxide injections. Once the process

model was determined (see Sect. 4.4), the control structure was ported to raceway

reactor SCADA system.
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Fig. 17 Selective control scheme: raceway reactor setup for the pH and dissolved oxygen control

(Pawlowski and Mendoza 2015)
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The GPC structure was implemented with the following setup: the prediction hori-

zon was set to N2 = 20, the control horizon Nu was set to 5, and the control signal

weighting factor 𝜆 = 0.05. The sampling time was established to 1 min, considering

process dynamics. Moreover, following the results from (Pawlowski et al. 2014), the

actuator virtual deadband 𝛽u was set to 1.5. Due to the PWM technique, the GPC

optimization procedure includes the constraints on control signal (upH ∈ 0−100%).

As shown in the previous section, the actuator deadband provides the possibility

to establish the tradeoff between control system accuracy and control system effort

(flue gas usage in this case). For this study, the pH reference was set to 7.7 and for the

dissolved oxygen, set point was selected to 150 [%Sat]. The dissolved oxygen was

controlled with on/off technique (with 1 min sampling time) provided on-demand

injection of compressed air.

Regarding the selective control parameters, the switching condition (see Eq. 12)

was implemented using SCSPpH = 8, with tolerance ±𝛽 = 0.3 and reference for

dissolved oxygen was set up to SCSPDO = 200 [%Sat]. Following the selective con-

trol working principle, the pH value will be kept within set point ±0.3 interval and

this tolerance will enable the possibility to maintain the dissolved oxygen concen-

tration under the dangerous value. In such a case, the dissolved oxygen control task

has a lower priority and is executed only when the pH level is inside the selected

limits. As shown previously, the provided tolerance has an insignificant influence on

photosynthesis rate and, in this approach, is exploited to provide dissolved oxygen

control. Being an important advantage, the oxygen concentration is kept under the

limit, which in consequence improves the photosynthesis rate and volume of biomass

production.

The results obtained from the analyzed system are shown in Fig. 18. From the

first plot, it can be observed that pH level is controlled within the established limit

and only during nocturnal periods drop under the band (photosynthesis process is

not active during the night and no pH control is performed). Additionally, it can be

seen how the event-based GPC handles the changes in solar irradiance (main control

system disturbance), which is reflected in the control signal that captures variations

in solar irradiance (Fig. 18). Moreover, from the pH control signal, it can be observed

how the switching mechanism operates. In certain situations, the pH control signal

is switched to zero and then controller for dissolved oxygen is activated. This is due

to raceway reactor shared by actuation structure, which can change the injected gas

type (atmospheric air or flue gases). The swapping action between two controllers

is activated when the event-based triggering condition meets the logical sequence

(Eq. 12 in Sect. 4.4). Due to this working principle, two controllers can be executed

in parallel, meeting diverse control system objects that can be with classic approach.

This operation mode is confirmed by the changes in control for pH and dissolved

oxygen (second and fourth plots, respectively).

The control results for dissolved oxygen control subsystem are shown in third and

fourth plots in Fig. 18. For this specific variable, the on/off controller provides com-

pressed air injections to reduce the oxygen concentration. The obtained results show

the efficacy of devolved control scheme, since the dissolved oxygen is kept below

the established limit (200 [%Sat]). It should be highlighted that dissolved oxygen



40 A. Pawlowski et al.

0
1

2
3

4
5

6
7.

58

8.
5

pH

Se
tp

oi
nt

±
β

0
1

2
3

4
5

6
05010
0

[%]

C
O

2 V
al

ve
 P

W
M

 −
 P

ul
se

 W
id

th

0
1

2
3

4
5

6
0

15
0

30
0

[% Sat.]

D
is

so
lv

ed
 O

xy
ge

n
Se

tp
oi

nt

0
1

2
3

4
5

6
01

Ai
r V

al
ve

 S
ta

te

0
1

2
3

4
5

6
0

50
0

10
00

[W/m2]

So
la

r I
rra

di
an

ce

Ti
m

e 
[d

ay
s]

Fi
g.

18
E

x
p
e
r
im

e
n
ta

l
r
e
s
u
lt

s
o
f

th
e

s
e
le

c
ti

v
e

c
o
n
tr

o
l

s
tr

a
te

g
y

w
it

h
th

e
e
v
e
n
t-

b
a
s
e
d

a
p
p
ro

a
c
h

fo
r

p
H

a
n
d

d
is

s
o
lv

e
d

o
x
y
g
e
n

c
o
n
tr

o
l

(
P

a
w

lo
w

s
k
i

a
n
d

M
e
n
d
o
z
a

2
0
1
5
)



Event-Based Control Systems for Microalgae Culture in Industrial Reactors 41

8 10 12 14 16 18 20
7.5

8

8.5

pH

Setpoint ± β

8 10 12 14 16 18 200

50

100

[%
]

CO2 Valve PWM − Pulse Width

8 10 12 14 16 18 200

150

300

[%
 S

at
.]

Dissolved Oxygen Setpoint

8 10 12 14 16 18 200

1
Air Valve State

8 10 12 14 16 18 200

500

1000

[W
/m

2 ]

Solar Irradiance

Time [hours]

Fig. 19 Selective control details for the first day—solar irradiance without clouds (Pawlowski and

Mendoza 2015)

concentration rarely exceeds the 250 [%Sat], which is marked as the dangerous limit.

This situation is beneficial for the microalgae growth, since the cultivation process

is performed in optimal conditions.

The day presented in Fig. 19 is characterized by stable solar irradiance, which

stimulates the photosynthesis process. From the first plot, it can be observed that the

pH value is maintained inside the tolerance band despite high solar irradiance. Due

to high photosynthesis rate, the event-based GPC provides a high amount of flue

gases to deliver necessary carbon dioxide and to reduce the pH level. During this

specific day, the control system operates close to the upper saturation limit. From

the dissolved oxygen point of view, its value is kept below the critical value for most

of the day. Nevertheless, during central hours of the day, its value exceeds for few

minutes above this established limit. This is due to the photosynthesis process peaked

that results in high dissolved oxygen concentration. The main reason of this excess

is due to the pH prioritization, since this parameter is critical in cultivation process.



42 A. Pawlowski et al.

8 10 12 14 16 18 20
7.5

8

8.5

pH

Setpoint ± β

8 10 12 14 16 18 200

50

100

[%
]

CO2 Valve PWM − Pulse Width

8 10 12 14 16 18 200

150

300

[%
 S

at
.]

Dissolved Oxygen Setpoint

8 10 12 14 16 18 200

1
Air Valve State

8 10 12 14 16 18 200

500

1000

[W
/m

2 ]

Solar Irradiance

Time [hours]

Fig. 20 Selective control details for the third day—solar irradiance with passing clouds

(Pawlowski and Mendoza 2015)

Despite this insignificant issue, both variables are close to the optimal values, thanks

to the selective event-based control approach.

The second analyzed day (see Fig. 20) is characterized by strong variations in

solar irradiance, due to passing clouds, and is used to show how the event-based

selective control reacts to disturbances. From such figure, it can be seen that until

12 am control system provides good control accuracy for both variables. This situ-

ation changes between 14 and 16 h, since the system perturbation (solar irradiance)

abruptly changes the value affecting the microorganism production rate. In conse-

quence, the pH value moves outside the selected band. However, the event-based

GPC reacts decreasing the volume of injected flue gases in order to increase the

pH. During this action, the selective controller focuses on the pH value (being more

important) and once recovered its optimal value also handles the dissolved oxygen.

Moreover, from the control signal for the dissolved oxygen, it can be observed that

compressed air is provided to the raceway photobioreactor only when necessary.
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Table 4 Performance indexes for the selective control strategy with the event-based approach

Day 1 2 3 4 5 6 7

IAEpH 108 84 118 97 80 83 95

IT (min) 298 352 194 314 342 340 342

Gas (m
3
) 29.8 35.2 19.4 31.4 34.2 34.0 34.2

IAEDO 1441 1601 2969 1791 1620 1693 2270

DOOLT (min) 111 264 64 65 259 254 56

RO2 (g/m
2

day) 25.7 25.8 32.4 30.7 29.9 28.8 28.3

Cb (g/l) 0.57 0.74 0.64 0.63 0.62 0.63 0.63

Pb (g/m
2

day) 17.5 20.6 23.5 17.4 20.2 19.4 18.7

This feature is important from the entomic point of view, since it allows us reducing

maintenance costs when compared to the system with continuous aeration system.

The control performance indexes for analyzed scheme are summarized in Table 4.

These measures include IAEDO and IAEpH—integrated absolute errors (for pH and

dissolved oxygen, respectively), IT—the injection time in minutes, Gas—volume of

flue gases injected to the photobioreactor, and DOOLT—the amount of time when

dissolved oxygen measure is over the limit (200 [%Sat]). Additionally, three mea-

sures related to the microalgae production were computed: RO2—oxygen produc-

tion, Pb—biomass production, and Cb—biomass concentration expressed in grams

per liter, respectively. The RO2 index is computed using the dissolved oxygen mea-

sures and it is proportional to photosynthesis rate (Mendoza et al. 2013b). The last

two were obtained from laboratory study. All these indexes are used to the influence

of event-based selective control on the microorganism growth.

Analyzing the IAE measures, it can be observed that control accuracy is signif-

icantly higher for pH variable. This is due to selective control configuration, where

the pH is prioritized over the dissolved oxygen. Additionally, the event-based GPC

scheme is able to use the control resources (flue gases in this case), minimizing the

overall supplied volume (see IT measure). Nevertheless, this control performance is

lower when compared to the classical control approach that handles the pH individu-

ally. On the other hand, the selective control system is able to control both parameters

at the expense of control accuracy deterioration. This operation mode allows us to

establish the tradeoff between the pH and dissolved oxygen control accuracy and can

be exploited to simultaneous control of both variables. Due to these properties, it is

demonstrated that simple on/off regulator can maintain oxygen concentration under

the danger limit. The DOOLT index shows that the dissolved oxygen is inside the safe

zone and rarely exceed the 250 [%Sat]. Another important feature of event-based

selective control is related to energy savings in aeration system, since the compressed

air is applied when strictly necessary. The results provided for industrial-scale reactor

are satisfactory, since both variables are kept around their optimal values. Moreover,

the analyzed control system is able to address several issues related to maintenance

costs and efficient use of control resources, using standard reactor architecture.
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Taking into account these features, the event-based selective control scheme pro-

vides a unified solution for simultaneous control of the pH and dissolved oxygen.

The microorganism cultivation indexes indicate very good growth conditions due

to the application of event-based selective control approach. It needs to be mentioned

that the average biomass production rate (Pb) and biomass concentration show Cb for

common control approach (on/off regulator for pH variable) are around 17 and 0.57,

respectively, whereas the analyzed control technique improved the overall photo-

bioreactor productivity around 15% (average value for all indexes) for 1-week period.

Notice that these results can be extrapolated for large-scale photobioreactors and

result in increased productivity of raceway reactor.

6 Summary

In this chapter, the practical evaluation of event-based control schemes for industrial

photobioreactors was analyzed. This study considers three different configurations

that were implemented for control tasks in microalgae culture process.

In the first analyzed configuration, an event-based GPC control strategy has been

used to reduce CO2 losses in pH control of tubular photobioreactors by keeping an

adequate control performance level. The core idea consists of updating the controlled

process only when significant deviations from the set point occur. The presented con-

trol scheme provides savings in plant maintenance cost, minimizing the CO2 losses.

The obtained benefits are reached at the expense of control performance through

control accuracy degradation. The desired tradeoff between control performance and

CO2 losses can be easily implemented adjusting a sensor deadband value at the con-

trol system design stage. The experiments show that the event-based GPC control

scheme is suitable for pH control in tubular photobioreactors. The obtained reduc-

tions in CO2 losses are even more significant than in the case of classical GPC ana-

lyzed in Berenguel et al. (2004). This is due to the event-based framework, which

allows to reduce the resource utilization at expense of the control performance. In

such case, it is possible to meet the compromise between control accuracy degrada-

tion and plant maintenance costs as well as environmental impact. The evaluation

performed in this study is based on a single photobioreactor, but it can be easily

extrapolated to industrial scale. In such case, the benefits are even more visible.

The second analyzed event-based control scheme provides interesting results on

the efficient use of the flue gases in microalgae cultivation process. The event-based

GPC with actuator virtual deadband allows to decrease the volume of injected flue

gases into raceway photobioreactor when collated with results for commonly used

controller. Performed evaluation demonstrated that the use of event-based approach

in raceway reactor process improves the growth rate, since the cultivation condi-

tions are improved through better control accuracy. Additionally, tested configura-

tions supply significantly smaller flue gases volume due to its efficient management

in controller task.
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The last studied event-based approach addresses the pH and dissolved oxygen

control problems simultaneously using a unified structure. To this end, the event-

based selective control scheme is applied to raceway photobioreactor. The results of

the experimental evaluation show that implemented control algorithm is able to han-

dle both variables providing good control performance. Due to event-based system

properties, the analyzed control scheme is able to adapt dynamically to the photosyn-

thesis rate. Additionally, this property provides the mechanism to detect changes in

the process state and is used as a trigger to switch between dissolved oxygen and pH

controllers. In tested approach, the event-based GPC uses efficiently the flue gases

(CO2 source) for pH control and an on/off regulator reduces energy usage providing

demand compressed air injections (for dissolved oxygen control). The application of

event-based control scheme increases the microalgae production performance, since

the growth parameters were kept close to its optimal values and the selective scheme

allows us the optimization of the raceway production process.

From the obtained results, it can be seen that all evaluated event-based configu-

rations improve the control accuracy (when compared to the commonly used con-

trollers), while preserving the control resources. Taking into account all features and

properties of tested event-based approaches, a great potential to improve the pro-

duction rate is observed. However, the future effort for long-term evaluation as well

as theoretical studies is required to make the event-based control approach widely

accepted in the bioprocess industry.
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