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Abstract:  Drug regulatory paradigms are dependent on the hemodynamic system as it serves to distribute 
and clear the drug in/from the body. While focusing on the objective of the drug paradigm at hand, it is 
important to maintain stable hemodynamic variables. In this work, a biomedical application requiring 
robust control properties has been used to illustrate the potential of an autotuning method, referred to as 
the fractional order robust autotuner. The method is an extension of a previously presented autotuning 
principle and produces controllers which are robust to system gain variations. The feature of automatic 
tuning of controller parameters can be of great use for data-driven adaptation during intra-patient 
variability conditions. Fractional order PI/PD controllers are generalizations of the well-known PI/PD 
controllers that exhibit an extra parameter usually used to enhance the robustness of the closed loop 
system.  

Keywords: cardiac output, anesthesia, intra-patient variability, fractional order controllers, autotuning 
method, robustness, iso-damping, stability 

 

1. INTRODUCTION 

Regulatory loops for drug dosing problems create increased 
awareness in the medical and engineering community, due to 
the slow but forward marching information technology tools 
into these areas. Applications vary from diabetes (Kovacs et 
al., 2017), cancer (Drexler et al., 2011; Kiss et al., 2013), 
anaesthesia (Copot and Ionescu, 2014), immunodefficiency 
(Popovic et al.,2015) and hormonal treatment (Churilov et al., 
2009), to mention a few. As one witnesses this revolving new 
mechanism taking place, one begins to realize the gap 
between the power of today’s available tools and their 
technological/informational potential and the state of art in 
medicine. Medicine is still a science in which the complexity 
of the patient problematic and the lack of systematic analysis 
and integrated tools create significant setbacks. Often, the 
information received by medical experts is partial and 
requires tedious labour to gather the correct information – 
often cross-fertilized among various medical services -  upon 
a situation at hand. Sadly, this is a generic feature of today’s 
medical practice, irrespective of the application field. 

As an example, let us take a look at the anesthesia regulatory 
paradigm. Three components define the general anesthesia 
state of patient: hypnosis (lack of awareness, lack of 
memory), analgesia (lack of pain) and neuromuscular 
blockade (lack of movement). The literature both clinical and 
biomedical engineering, both with roots in systems and 
control theory, have proposed numerous schemes to induce 
and maintain hypnosis and neuromuscular blockade (Ionescu 
et al., 2008, 2015; Padula et al., 2016, 2017; Mendonca et al. 
2009) and these two aspects of anesthesia are now mature for 

integration in a single environment. The few closed loop 
studies in patients have indicated clearly the advantage of 
using computer control for assisting the dose management 
program with positive effects such as lower costs through 
lower medication volume per intervention and less post-
intervention symptomatic side effects, thus leading to a faster 
recovery time for the patient (Schuttler and Schwilden, 
2008). Hypnotic and opioid (analgesic medication) side-
effects mark changes in other biosignals as heart rate, 
respiratory rate, mean arterial pressure gas in- and expiratory 
percentages, body temperature, etc. Hence, methods from 
artificial intelligence and data mining domains have proven 
to be useful tools, e.g. multivariate analysis (Caroll et al, 
2007), fuzzy logic (Shieh et al, 2005), neural networks 
(Haddad et al, 2007) etc.  

Rather than delivering control algorithms based on 
personalised patient models and optimal dosing protocols, in 
an effort to mimic the operation theatre with the actors 
playing a role, fuzzy control seemed to be a good tool at hand 
(Shieh et al, 2005). The fact that the controller was using a 
patient model based on neural network modelling with 
manifold of inputs to extract via nonlinear functions the 
response to specific drug input was clearly a step towards 
reality. However, we believe in the necessity to ensure 
stability and maintaining constraints for patient well-being 
and safety required a control law which can provide an 
analytical solution. Furthermore, feedback based control 
loops have a drawback in their looking backward policy, 
whereas true anticipatory reactions of the anaesthesiologist 
require predictive control techniques, i.e. looking in the 
future policies, and adaptation (Jin et al, 2017). 
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We propose in this paper to take a step forward in the 
paradigm and to consider the integration of the hemodynamic  
model for the cardiac output and mean arterial pressure. For 
instance, the hemodynamic model combined with sedation 
schemes is of great importance for cocktails of drugs as 
Sodium Nitroprusside, Dopamine, Propofol and Remifentanil 
with unknown on the complete system. Other applications 
may be in the field of nanomedicine (Saadeh and Vyas, 
2014), (Schulz et. al., 2009), where robots flow in the non-
Newtonian environment (blood) to capture artery and veins 
properties (thickness, obstruction, etc). Apart from capturing 
biomedical data that might indicate the immediate need of 
drug administration, the nanorobots are also able to treat the 
respective area by releasing medication (Birs et. al., 2017). In 
order to develop efficient controllers for targeted drug 
delivery there are several factors, which are strictly 
dependent on the individual under treatment, that have to be 
considered in developing an accurate model of the 
biomedical environment (Birs et. al., 2018). In this context, 
due to the lack of model information, it is interesting to 
investigate the potential of using data-driven autotuning 
control methods. As being part of a large topical research 
community, we have already shown that emerging tools from 
fractional calculus are very useful to improve to a great 
degree the accuracy of dynamical models with respect to 
classical integer order modelling theory (Ionescu et al. 2017). 
A special case of fractional PI/PD control with automatic 
parameter tuning for robustness guarantee is presented here. 
The paper is organized as follows: the controller theoretical 
background is given in the next section. The model used for 
analysis is given in the third section, followed by the control 
design and results in the fourth section. A conclusion section 
summarizes the main outcome of this work and points to next 
steps. 

2. ON FRACTIONAL ORDER CONTROL 

Generalizations of the well-known PI/PD controllers have 
been developed as fractional order PI/PD (FO-PI/PD) 
controllers (Podlubny, 1999), with the main feature 
consisting in a non-integer order of 
integration/differentiation. As such, the FO-PI/PD controller 
has a supplementary tuning parameter, apart from the 
proportional and integral/derivative gain, common to the 
integer order PI/PD controllers. Due to this extra tuning 
parameter, FO-PI/PD controllers can be tuned to increase 
robustness/closed loop performance compared to their integer 
order counterparts. Most of the design approaches for these 
types of controllers  imply the tuning based on gain crossover 
frequency, phase margin and iso-damping (Vilanova and 
Visioli, 2012; Muresan et al., 2015). The design is quite time 
consuming and involves a set of nonlinear equations that 
needs to be solved. An analytical solution for this set of 
nonlinear equations has yet to be determined. As a 
consequence, the solution is based on solving a nonlinear 
optimization problem to determine the controller parameters.  

The topic of this paper is to address the tuning of fractional 
order PI/PD controllers and to use the extra parameter as a 
means to optimize the closed loop robustness to gain 
variations. However, the methods presented in this paper 

could be modified to address the robustness to time delay 
variations, time constants variations, etc. The main 
contribution of the paper consists in the design of FO- PI/PD 
controllers tuned automatically, based on a simple sine test 
performed on the process to be controlled. This eliminates 
entirely the need to determine the process model, as well as 
solving the complicated set of nonlinear equations.  

Numerous autotuning methods for classical integer order PID 
controllers have been developed (Åström and Hägglund, 
2004; Skogestad, 2003). Among these, automatic tuning 
based on phase and amplitude margins  (Åström and 
Hägglund, 1984) or on the iso-damping property (Chen and 
Moore, 2005) has received special interest. 

A couple of autotuning methods have been developed for the 
design of fractional order controllers. An example is the 
phase shaper (Chen et al., 2004), where the design is based 
on the iso-damping property. A realy test is used in (Monje et 
al., 2008), where the autotuning procedure consists in two 
parts: first a design of a FO-PI controller, followed by the 
design of a FO-PD controller with a filter. Both parts assume 
the iso-damping property, a gain crossover frequency, and 
phase margin are the specified performance cosntraints. In 
(Yeroglu et al., 2009) the autotuning method is based on 
using first the Ziegler-Nichols tuning procedure to determine 
the proportional and integral gains of the controller, while the 
initial value of derivative gain is obtained using Åström-
Hägglund method. Here as well, the gain crossover 
frequency, phase margin and iso-damping property are used 
to determine the fractional order controller parameters by 
solving system of nonlinear equations. In (De Keyser et al., 
2016) the same three performance specifications are used in 
the autotuning procedure, but the novelty here resides in the 
computation of the process magnitude, phase and phase slope 
at the gain crossover frequency using a simple sine test on the 
plant via filtering techniques. Then, a graphical 
approach/optimization routine is used to solve the system of 
nonlinear equations.  

In this paper an extension to fractional order controllers of a 
previously designed autotuning method for integer order PID 
controllers (De Keyser et al., 2017) is presented. The 
fractional order robust autotuner (FORA) is based on 
defining a ‘forbidden region’ that includes the -1 point in the 
Nyquist plane. This forbidden region is determined as a 
circle, based on computation of the center and radius 
according to a minimum phase and gain margin. Then, to 
ensure the iso-damping property, the integer order PID 
parameters of the robust autotuner are then tuned such that 
the loop frequency response touches the border of that 
forbidden region. The fractional order robust autotuning 
method determines the parameters of FO-PI/PD controllers, 
such that a certain open loop gain crossover frequency, phase 
margin and iso-damping are obtained. The forbidden region, 
in the case of the FORA, is still a circle, this time determined 
based on the iso-damping property and phase margin 
specification. The optimal FO-PI/PD controller is determined 
to be the controller for which the slope-difference between 
the circle border and the loop frequency response is 
minimum.  
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2. THE SIMPLIFIED HEMODYNAMIC SYSTEM 

Within the context of drug regulatory problems, the 
hemodynamic system plays an important role, as it serves to 
bring the drug to the tissue and clear the drug from the body. 
It has therefore essential dynamics within the complete 
interactive multivariable paradigm, whatever the application.  

Consider a simplified multivariable system, as the model of 
the hemodynamic system to be stabilized during surgery and 
general anesthesia procedures. This is an approximated 
model capturing the essential dynamics as reported in 
specialised literature (Palerm and Bequette, 2005). The 
patient variability requires automatic tuning of the controller 
parameters, but also robustness for the patient changing 
sensitivity to drug rates – this translates into variations of 
gain in the model (De Keyser et al, 2015). This model has 
two inputs, i.e. dopamine and sodium nitroprusside, and two 
outputs, i.e. cardiac output and mean arterial pressure:  

P(s) =

5
300s+1

e−60s 12
150s+1

e−50s

3
40s+1

e−60s −
15
40s+1

e−5s

⎛

⎝

⎜
⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟
⎟⎟

              (1) 

This process will further be used as to mimic the system to 
which the proposed methodology will be applied to obtain 
necessary information for automatic tuning of controller 
gains. The methodology is explained in the next section. 

3. CONTROLLER TUNING METHODOLOGY  

To tune the fractional order PI controllers for the 
hemodynamic system, an autotuning method is used. The 
procedure attempts to determine the parameters of the FO-
PI/PD controllers described by the following transfer 
functions: 

CPI ( s )= kp 1+ kis
−λ( )             (1) 

where kp and ki  are the proportional and integral gains and λ 
is the fractional order, with λmin<λ<2, with the minimum 
value for the fractional order computed as indicated in 
(Muresan et al., submitted). The traditional approach to 
tuning fractional order PI (FO-PI) controllers is performed in 
the frequency domain based on gain crossover frequency (ωc
), phase margin (PM) and iso-damping specifications.  

The main idea of the FORA method consists in defining a 
circular region in the Nyquist plane that includes the -1 point 
as a forbidden area for the frequency response of the loop 
transfer function. This forbidden region, as shown in Fig. 1, 
is determined based on phase margin requirements: 

C = 1
cos PM( )

                 (2) 

R = C2 −1             (3) 

The FORA aims to determine the FORA-PI controller 
parameters by minimizing the following difference: 

min
λ

d Im
d Re

−
dℑL
dℜL ωc

, λmin< λ<2.           (4) 

where d Im
d Re

 is the slope of the circular region border, 

dℑL
dℜL ωc

 is the slope of the loop L(jωc ) frequency response at 

the specified gain crossover frequency. Several optimization 
approaches can be employed for the minimization problem. 
However, a clear and simple strategy is recommended that 
implies taking values of λ in small increments of 0.1 and 
computing the value of the minimum from equation (4). 

 

Fig. 1. Computation of the forbidden region centre and radius 
for the FO-KC autotuner 

The condition in (4) ensures that the iso-damping property is 
met, for a given gain crossover frequency.  

The slope of the circular region border is computed as: 

d Im
d Re

=
sin PM( )
cos PM( )

= tan PM( )                (5) 

The slope of the loop frequency response is computed as: 

dL( jω )
dω ω=ωc

= P jωc( ) dC( jω )dω ω=ωc

+C jωc( ) dP( jω )dω ω=ωc

 

        (6) 

The right hand side of (6) can be easily computed at the gain 
crossover frequency by applying a single sine test of 
frequency equal to ωc on the process to determine P(jωc) and 
dP( jω )
dω ω=ωc

 (De Keyser et al., 2016). The remaining terms 

are computed as indicated next.  
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The frequency response of the FORA-PI controller can be 
easily determined using: 

C( jωc )=
L( jωc )
P( jωc )

= a+ jb                    (7) 

where the loop frequency response is computed as: 

L( jωc )=MLe
jϕL = cos −π + PM( )+ j sin −π + PM( )         (8) 

Given the FO-PI general frequency response: 

CPI ( jω )= kp + kpkiω
−λ cos λπ

2
− j sin λπ

2
⎛

⎝
⎜

⎞

⎠
⎟                  (9) 

and equating (8) and (9) for the gain crossover frequency ωc, 
the parameters of the controller are obtained as:  

ki = −
b

ω−λx
 and kp =

1

sin λπ
2
x

               (10) 

with x = a sin λπ
2
+bcos λπ

2
.  

Thus, for any small increments of the fractional order in the 
range λmin<λ<2, the proportional and integral gains are 
determined according to (10). The last term in (6), 
dC( jω )
dω ω=ωc

, is then determined numerically. 

At the gain crossover frequency, (6) leads to: 

dL jω( )
dω

ω=ωc

=
dℜL
dω

ω=ωc

+ j
dℑL
dω

ω=ωc

             (11) 

a result that allows for the computation of the slope of the 

loop frequency response 
dℑL
dℜL ωc

.  

For all possible values of the fractional order in the range 
λmin<λ<2, equations (6)-(11) allow for the computation of the 

difference d Im
d Re

−
dℑL
dℜL ωc

. The robust FO-PI controller is 

obtained as the one that minimizes d Im
d Re

−
dℑL
dℜL ωc

.  

4. CONTROL DESIGN AND RESULTS 

A simple relative gain array analysis suggests that diagonal 
pairing should be used in a decentralised control strategy. 
Thus, two FO-PI controllers will be designed to control the 
cardiac output and the mean arterial pressure by manipulating 
the dopamine level and sodium nitroprusside, respectively. 

For both loops, a phase margin PM=65o is imposed, as well 
as the iso-damping property. For the first loop, the gain 
crossover frequency is imposed to be ωc1= 0.005 rad/s, while 
for the second loop, ωc2= 0.012 rad/s. These frequencies are 
selected in order to reduce the settling time of the 
hemodynamic system.  

To design the controllers, the forbidden region centre, radius, 
angle α and slope of the forbidden region are computed: 

C = 1
cos PM( )

= 2.36           (11) 

R = C2 −1 = 2.13           (12) 

d Im
d Re

= tan PM( ) = 2.14                (13) 

For the first loop, a sine test of frequency ωc1 is performed to 
determine the frequency response of the first loop and its 
derivative. For the second loop, a similar approach is used, 
but with a sine test of frequency ωc2. The loop frequency 
responses are the same for both loops, computed using (8):  

L1( jωc1) = L2( jωc2 ) = −0.422+ j⋅0.906                 (14) 

and the corresponding frequency responses of the FO-PI 
controllers can be easily computed based on (9): 

C1( jωc1) = -0.3569− j⋅0.0533                  (15) 

C2( jωc2 ) = −0.074+ j⋅0.006                  (16) 

and thus a=-0.3569 and b=-0.0533, for the first loop, and 
a=6.68 and b=-11.71, for the second loop. The FO-KC 
autotuning procedure yields the following parameters: 
kp1=0.3481, ki1=0.0012 and λ1=1.2 for the first controller and 
kp2= 0.07, ki2=0.0034 and λ2=1.27, for the second one. A 
simulation of the closed loop system is included in Fig. 2 and 
3, for the two outputs of the multivariable system. The 
overshoot obtained in this case is 30%, whereas the settling 
time is 1268s. These results are similar to (Palerm and 
Bequette, 2005). As it can be observed in Fig. 2 and 3, there 
is strong interaction between the two control loops.  

 
Fig. 2. Cardiac output – closed loop simulation results 
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Fig. 3. Mean arterial pressure – closed loop simulation results 
Further research attempts to reduce this interaction by 
implementing a decoupling strategy combined with FORA-PI 
autotuning principle. The corresponding input signals are 
given in Fig. 4 and 5. The normalized values are used just to 
prove the efficacy of the proposed control strategy. In 
practice, the reference signals for the arterial pressure should 
be a realistic blood pressure measured in mmHg, while the 
present study emphasizes the behavior of the closed loop 
system with the FOPI controller. Negative Sodium 
Nitroprusside control values are illustrated due to the 
normalization of the blue pressure that has reference value 0, 
which is unrealistic in real life situations. 

 
Fig 4. Dopamine input 

 

Fig 5. Sodium Nitroprusside input 

5. CONCLUSIONS 

In this paper, an application of hemodynamic control 
requiring robustness of the dynamic regulatory loop with 
automatic tuning of controller has been presented. The main 
contribution of the paper consists in that there is no need to 
determine the process model, neither to solve the complicated 
set of nonlinear equations usually required in the tuning of 
fractional order controllers. The method can be thus applied 
to data-driven information supplied to the tuning mechanism. 

Next step includes the integration of this system as 
interacting part of another multivariable system, i.e. the 
general anesthesia regulatory paradigm.  
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