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Automatic Tuning of Augmented PIDs for Active
Magnetic Bearings Supporting Turbomachinery

Giovanni Donati “, Michele Basso

, Marco Mugnaini

, Senior Member, IEEE,

and Massimiliano Ortiz Neri

Abstract—In industry, augmented proportional-integral-
derivative controllers are still frequently employed with ac-
tive magnetic bearings supporting turbomachinery. Despite
their simple single-input-single-output (SISO) structure, the
process of tuning such controllers remains iterative and
manual, demanding considerable time from experienced
engineers to ensure the rotodynamic system meets perfor-
mance requirements. This article introduces an innovative
method that facilitates engineers in incorporating design
requirements by translating performance criteria into math-
ematical constraints and objectives. These are then ex-
ploited by an advanced nonsmooth optimization algorithm
to automatically adjust controller parameters, accounting
for system uncertainties and varying operating conditions.
The proposed procedure offers a flexible and innovative
approach for automatically designing robust SISO-based
controllers for turbomachinery equipped with active mag-
netic bearings. This significantly reduces the time required
for manual tuning by experienced engineers while ensuring
all performance objectives are met. An implementation of
this tuning method on a real turbomachine is presented,
and the results are discussed with a particular focus for the
application in the oil and gas field.

Index Terms—Active magnetic bearings (AMBs), aug-
mented proportional—integral-derivative (PID), automatic
tuning, rotodynamic system.

[. INTRODUCTION

CTIVE magnetic bearings (AMBs) are increasingly be-
A ing utilized in various rotodynamic applications, ranging
from small medical turbo molecular pumps to large oil and
gas compressors in the Megawatt range. AMBs offer a signifi-
cant advantage over traditional bearings because they eliminate
friction between the stator and rotor, resulting in numerous
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benefits for the system. This absence of friction allows for
higher rotation speeds, increases system efficiency, eliminates
the need for cumbersome lubrication systems that are neces-
sary for conventional oil film bearings, and, by reducing wear,
the need for frequent preventive maintenance, as highlighted
e.g., in Schweitzer’s [1] work. In addition, AMBs are active
systems that can change their dynamic behavior, allowing for
remote control and real-time adjustments of their characteristics,
and vibration control. However, AMB systems are complex
mechatronic systems composed of different elements, including
controllers, position sensors, and actuators and, because of the
actuators power limitations, AMBs have a lower load capacity
than classic bearings. Moreover, AMB are intrinsically unstable
systems that require stabilizing feedback controls based on
rotor position measurements therefore, the controller design
becomes a crucial aspect. The design of the controller and the
choice of the other elements determine the bearing dynamic
behavior that is the resulting bearing damping and stiffness.
Various controller structures and design processes have been
applied in the literature, the most used controller structures are
summarized in [2] and [3]. These include flux density controllers
[4], gain-scheduling H-infinite [5], [6], sliding mode control [7],
p-synthesis [8], fuzzy logic [9] and, recently, artificial neural
networks [10]. Each structure requires a different design process
that considers the specific characteristics of the turbomachine
and the desired goals. Although these techniques produce con-
trollers with excellent performance, they often result in overly
complex controllers, which are not commonly adopted in indus-
try. Despite the availability of numerous alternatives, augmented
proportional-integral-derivative (PID) controllers remain the
most widely used controller structures in industrial AMB ap-
plications due to their simplicity. In particular, augmented PIDs
are a popular choice in industry due to their versatility, accuracy,
efficiency, and cost-effectiveness. Above all, the fixed structure
(and order) of PID controllers is the primary reason for their
widespread adoption in industry, as it ensures compatibility with
existing hardware implementations.

Moreover, they can be easily adjusted to accommodate
changes in the process, making them robust to evolving appli-
cations, such as a turbomachinery process in which the system
may change its dynamics over time (e.g., caused by process gas
on rotor components).

Despite their simple structure, the tuning phase for these con-
trollers is a critical process that frequently necessitates numerous
manual iterative steps relying on rules derived from experience.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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Forexample, [11],[12], and [13] described some standard tuning
procedures for this type of controllers. The tuning procedure
presents a significant challenge, not only because of the complex
nature of the inherently unstable AMB systems but also due
to the need of complying with the strict regulations governing
turbomachinery supported by AMBs [14], particularly in the oil
and gas industry [15].

In order to address these challenges, in this work the authors
propose an innovative model-based method for automatically
tuning augmented PID controllers, offering a new approach
to both optimize the system performance, comply with the
regulations and accounting for the physical limitations of the
real system. The proposed approach relies on the application
of a nonsmooth optimization technique [16], [17], [18] and
exploits a simple and novel procedure for incorporating regu-
lation requirements and “best practice” rules in the optimization
process, providing the mathematical translation of the rules
commonly used in the AMB oil and gas field. Aiming for the
same objectives as manual tuning, the primary difference lies in
the efficiency of achieving these results: whereas manual tuning
requires substantial time and effort from experienced engineers
to systematically explore various parameter combinations, the
automatic technique updates this process through optimization
algorithms. Furthermore, a pre-specified set of uncertain pa-
rameters is employed to compute a robust controller capable
of handling the uncertainties associated with the rotor model
and, importantly, addressing the effects of rotational speed on
the model. Since the automatic tuning method is based on the
system model, one of the fundamental aspects is to ensure that
the modeled system well represents the real one. This aspect can
be successfully addressed by different techniques [19], [20]. In
this article, fine tuning of finite element (FE) model based on
rotor frequency responses measurements [20] was used which
allows for successfully applying model-based control synthesis
methods. By applying nonsmooth optimization, a system local
minimum linked to the specified requirements and constraints
that the system must comply with is found and the augmented
PIDs parameters are automatically chosen. Moreover, the pro-
posed approach enables the fine-tuning of parameters of a pre-
viously tuned controller when the system condition changes, for
example in case of soft faults, as studied for example in [21].

The authors’ automatic tuning method is a better alternative
to the multiobjective genetic algorithms (MOGAs) applied to
the same problem, as for example in [22]. The first issue with
MOGA lies in the difficulty of translating the various system re-
quirements into a mathematical form that MOGA can effectively
handle. Furthermore, unlike the proposed tuning method, the
results obtained from MOGAs are adversely affected by system
complexity, and they struggle to handle variable operation con-
ditions, like for example variable rotational speed, and system
uncertainties.

This article focuses in particular on AMB systems operating
in the oil and gas field since they are particularly challenging due
to the system complexity and to the strict regulations in force
for this type of system.

The rest of this article is organized as follows. In Section II,
the AMB system modeling is introduced, with a particular focus
on the AMB theoretical background. Section III formulates
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Fig. 1. Schematic of an AMB system plant.
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Fig. 2. AMB system block diagram.

the problem and describes the proposed tuning method. The
proposed method was applied to a real expander—compressor
whose structure is described in Section IV, which also presents
the system performance goals and constraints used. In Section V
the experimental results are presented and discussed. Finally,
Section VI concludes this article.

II. SYSTEM DESCRIPTION AND DYNAMIC MODELING
A. AMB System Modeling

Fig. 1 shows a typical turbomachine supported by AMBs.
AMBs are formed by electromagnets to make the rotor levitate
centered in the air gap relative to the stator. For simplicity, this
study focuses only on radial AMBs, each composed of four
identical electromagnets and two orthogonal control axes, since
the rotor axial symmetry. By adjusting the current in these elec-
tromagnets, different forces on the rotor can be generated. The
force, F,, generated along control axis Z depends on current and
displacement. For small deviations from the nominal working
point, a linear relationship can be expressed [23]

F, =k, —kez ey

where z is the rotor displacement along the control axis Z with
respect to the nominal conditions, k; and &, are the so-called
electrical gain and negative stiffness, respectively, which depend
on the geometrical parameters of the bearings and on the nominal
operating conditions. Due to the negative stiffness ks, AMBs
are always inserted in a stabilizing closed loop, summarized in
Fig. 2. The AMB closed-loop system is composed of position
sensors, that monitor the rotor position, a controller, that deter-
mines the control signals from the position sensor outputs, the
amplifiers, that convert the control signals into currents driving
the AMBs and, of course, the electromagnets (actuators), that
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form the AMBs. To model the closed-loop system dynamics,
a state—space formulation of every component was used. In
particular, the rotor radial state—space model was found by using
a finite element method using a Timoshenko modeling; a detail
description of the modeling formulation used can be found in
[24] or [25]. Therefore, the rotor dynamics can be described by
the following differential equation:

M(j+(C+QCg)q.+(K_Ks)q:FAMB+Fext 2)

where M is the mass matrix, C' is the damping matrix (normally
due only to the damping of the material of the rotor), Cj,
is the gyroscopic matrix, K is the stiffness matrix, € is the
rotor rotational speed, Fyy are the external forces acting on the
rotor, Fanp is the AMB control force depending on the control
currents, q is the vector that represents the position and rotation
of every node of the rotor, and K is the matrix of negative
stiffnesses. Because of the {2 term in (2), the rotor model is
linear time invariant only for a fixed rotor speed.
From (2), the rotor state—space model can be written

Xg = Ag Xg + Br (Fams + Fuxt)
q=CgrXpg 3)

Br = L\Eﬂl} , Cr=1[I [0]].

Due to the decentralized nature of the system, diagonal linear
models are also used to describe the dynamics of the AMB
electrical components, taking into consideration their individ-
ual characteristics and specifications. So, the sensors transfer
function, G(s), the actuators transfer function, G, (s), and
the controller transfer function, G..(s), were found. Finally, the
transfer function G () = Gaet (5)Ge(s)Gs(s) can be defined.
Using a canonical form, G 5(s) can be easily described by the
following state—space system:

Xp = Ap Xp + Bpq
Fams = Cp X 4

where X g is the state and (A g, Bp, Cg) are the matrices of the
second state—space model. To obtain a state space—space model
of the whole closed-loop system, combining (3) with (4) the
following equation can be written:

i Xgr . AR BrCp Xgr n Br P
dt |Xs| |BeCr A XB [oy |~
_ 4 |Xr
=A [XB:| + BFu. &)

The above-mentioned allows for studying the AMB perfor-
mance and to evaluate the compliance with the AMB regula-
tions of the closed-loop system that is obtained by tuning the
controller.

LEAD-LAG FILTERS F;(s)

Fin
Positior| : Control
Signal
Error : Kot D@s) |— gna
! I
! |
' 1
! 1
. INTEGRAL PART !
Fig. 3. This scheme describes a generic augmented PID struc-

ture [11].

B. Augmented PID Structure

As mentioned earlier, this article uses a fixed structure for the
controller, specifically an augmented PID with a decentralized
design, i.e., G, (s) = diag(G.1(s),..., Gen(s)) where N is
the number of control axes. Although the rotor system is in-
herently a multiple input multiple output (MIMO) system, each
control axis is independently managed by a SISO augmented
PID. A generic augmented PID is composed of a series of
elements that act as a proportional part, an integral part, and
a derivative part. The following equation describes the transfer
function, G.;(s), of the ith generic single augmented PID in the
Laplace domain:

Ky,
s

Gei (s) = Kei ( + F; (5)) D (s) (6)
where K ¢; and K ; are constants, F; (s) represents the dynamics
of a number of lead-lag filters that are used implement a deriva-
tive action in specific frequency bands whereas D(s) describes
the effect of the digital to analog converter (DAC) accounting
also for the delay due to the sampling time. Fig. 3 summarizes
the structure of a generic augmented PID. The implemented
augmented PID structure in AMB industrial applications offers
several distinct advantages, as elucidated by Defoy et al. [12].
This configuration features a parallel arrangement of the integral
component, as in classical PIDs. Consequently, the impact of
the integral action is confined to low frequencies where rotor
vibrational modes are absent. As its primary objective is to
maintain the rotor central position within the air gap, the integral
action remains negligible at high frequencies, not contributing
to destabilize the system. However, its significance becomes
pronounced at lower frequencies, aligning with the inherently
slow dynamics of turbomachine changes. F;(s) is the cascade
product of different filters that can be of the first or of the
second order type. The structure of the jth filter composing
F;(s), respectively of the first and second order and used also
for example in [12], can be described as follows:

Fyi(s) = —2~—— 7
J ( ) ai’jTZ'}jS‘i‘ 1 ( )
S+ 2ig 4
Fpj(s) = =% ®)
T Beag 4
pisj Pi,d
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Fig. 4. LFT plant with real parametric uncertainties and tunable pa-
rameters.

where 7; ; > 0, «; > 0 are the tunable parameters of the first
order filters and 0 < ¢,; ;(1, w,i )0, 0 < dp; (1, wp; ;)0 are
the tunable parameters of the second order filters. These tunable
parameters have upper and lower bounds linked to the realiz-
ability of the real control system. By tuning the parameters, the
derivative action can be obtained only in the frequency ranges
in which the filters provide a phase lead. In detail, the first order
filters have a quite distributed action in the frequency domain
and are used to stabilize the rotor rigid modes, in contrast the
second order filters are more versatile and can be used in many
different ways, for example as notch filters to drop the system
gain in a narrow frequency range, e.g., containing rotor modes.
The tuning goal is to find the controller parameters, which satisfy
the system constraints and optimize the system performance.

IIl. AUGMENTED PID AUTOMATIC TUNING

The goal of AMB controller tuning is to define the con-
troller parameters ensuring that the closed loop system satisfies
the requirements and desired performance. The multitude of
requirements, along with their diverse nature, combined with
plant uncertainties, presents a significant obstacle to controller
tuning. The proposed automatic tuning procedure employs a
nonsmooth optimization methodology developed by Apkarian
et al. [16], [17], [18], effective for fixed-structure controller
tuning against various requirements and in the presence of
parametric uncertainties [26]. To exploit this procedure, the
studied system is described by a linear fractional transformation
(LFT) plant [27], with the schematization shown in Fig. 4,
in which the parametric uncertainties A (considered real) are
explicated, G.(s,p) is the transfer function of the controller
with n tunable parameters p € R™ and Gpjan () is the open loop
plant system transfer function, in a reference condition, i.e., with
all the uncertainties null. The uncertainty matrix A is assumed
diagonal A = diag[d;Iry, ..., 6y Iry, | with d; representing real
parametric system uncertainties, and Ir; giving the number of
repetitions of ;. This system rearranging is easily obtainable
since the functions G.(s,p), Gs(s), and G, (s) are diagonal
and the uncertainty diagonal matrix A can be easily found as
demonstrated in [28]. Therefore, the multiple requirements are
divided into soft objectives (nice-to-have) and hard constraints
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(must-have). This leads to an optimization problem of the form

minimizesea ,_max {|Tw; >z (Ge(s,0),9) ||}

subject to || Tw, 2, (Ge (5,p),0) [ < ¢, j=1,...,n. (9)

for every 0 € A, c € Rt and Tw,—=; 1s used to represent the
closed-loop map from signal w; (ith component of the vector W
in Fig. 4) to signal z;(ith component of the vector Z in Fig. 4).
The symbol ||.|| refers to either the H, or to the H, norms
normally restricted to prescribed frequency ranges since the
most of requirements, both in the frequency and time domains,
can be easily translated in H norms requirements, as shown in
[29].

Due to the inherent conservatism, outer methods, where the
problem is relaxed on a convenient larger set A D A and if
solved it provides performance and robustness certificates, as for
example the classic DK-iteration function [30], are computation-
ally not convenient for large systems as the one considered in this
work. Therefore, the implemented algorithm exploits a dynamic
inner approximation that ensures a good tradeoff between perfor-
mance and computational load, for which a relatively small set
A, C Aisconsidered and automatically and iteratively updated
by applying a search procedure locating problematic parameter
scenarios in A.

At first, the tunable parameters and the fixed blocks are
separated, [31], to find the Standard Form which is equal to
the one used in the classic H, synthesis [32].

The requirements reported in (9) are aggregated and can be
rewritten as

minimize f (p, d

)
subject to g (p,d) < 1 (10)

with

f(p,d):= max , fi(p,0), g(p,0):= . max g; (p,9)

i=1,...,n =1,...,ng4

where § € A,, fi(p,d) and g;(p, 8), describe each requirement,
respectively soft and hard, of different nature and they are re-
spectively scaled using each requirement minimum target value.
Equation (10) reduces the computational cost by solving only the
constraints that are nearly active, i.e., the constraints that can give
a significant contribution. In fact, ny and ny represent, respec-
tively, the number of the hard and soft requirements accounted
for. Given the nonlinear, nonconvex, and nonsmooth nature of
problem (10), a dedicated nonsmooth algorithm is employed
for its solution. This algorithm is designed to minimize the
worst-case value of the soft requirements while simultaneously
enforcing the hard ones for every 0; € A. More specifically,
the uncertainty set is initialized with a null set and the problem
(10) is iteratively solved as described in the following. The con-
strained minimization is tackled defining the following objective
function:

Gpy : minimize ®,, (p, §) := max {f (p,9), ng (p,d)} (11)

where 7 is a parameter adjusted by a Lagrangian method and
that solve locally the Karush—Kuhn—Tucker condition [33] for
criticality of program (10). Specifically, through a bisection
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scheme 7 is corrected based on the constrain g(p, d), i.e., 1 is
increased when the constraint g(p, 0) is violated and vice versa.
In other words, the problem (10) is solved through the solutions
of a sequence of subproblems G/, where 7 is adjusted by a
bisection scheme. By minimizing ®,,(p, d), for the sequence of
values of 7 that saturate the constraint g(p, §) < 1, solutions p*
are computed.

Since the considered control requirements f;(p,d) and
gi(p,0) result as Lipschitz and even Clarke regular [34], the
subproblem of minimizing ®,, for a given 7 is tackled with
an unconstrained algorithm, which is guaranteed to converge
to local solutions for any even remote starting points [35], for
which Clarke’s subdifferentials G, (p, §) are computed using
a convex hull rule

of (p,0) if f(p,d) >ng(p,d)
n9g (p,d) ifng(p.d) > f(p,d)
{adf (p,6) + (1 —a)ng (p,d) : a € [0,1]
if 9f (p,6) =g (p,9).

aGpn (p, 5) =

(12)

The results are critical points associated with local minima,
compliant with the hard constraints. The initial conditions of
each new subproblem G, are set with the solution of the
previous one.

After tuning the first structured controller, a destabilizing
phase follows for which the system performance is degraded
by introducing a * € A in the system. So, the tuning method
is started again adding that particular §* to the dynamic set
A,. A threshold ¢ is added to choose when the degradation
is only marginal to exit the tuning procedure. The last phase
consists in assessing the robust performance of the system over
A, a posteriori, by applying analysis tools based on outer
approximations as in [30].

IV. APPLICATION TO A REAL CASE
A. Mechanical Structure

The system under study is a medium sized expander-
compressor for oil and gas applications produced by Baker
Hughes Company. Fig. 5 shows a picture of the rotor under in-
vestigation and its FE modeling where the AMB at the expander
side is called AMBI1 and the AMB at the compressor side is
called AMB2. The rotor has a mass of 236.97 kg, a length of
1.434 m, a maximum continuous speed (MCS) of 7053 rpm
and a maximum speed of 7407 rpm that defines the operating
frequency range of this turbomachine. The turbomachine is de-
signed for a power rated of 2800 kW. In the delevitated state, the
rotor lays on auxiliary rolling bearings that provide the minimal
radial clearance of 210 pm. The rotor model was developed in
the MATLAB environment following the approach described in
Section II-B. Furthermore, for precise adjustment of the rotor
model (3) in accordance with experimental measurements of
the rotor frequency responses, the methodology outlined by
Wroblewski et al. [20] was employed to refine the parameters as-
sociated with the rotor model, specifically the uncertain stiffness
values. The rotor open-loop frequency responses were found

Position sensor 1 Position sensor 2

I

Expander

J

Compressor

Fig. 5. Rotor picture and its FE modeling, the red triangles are the
bearings, the yellow elements are the disks, and the blue elements are
the sensors.

directly exploiting AMBs. Current sine sweeps were injected
over the range 1-5000 Hz, during levitation obtained with a
trial controller for a fixed rotational speed (from standstill to
the max speed). In particular, sine sweep forces were injected
by each control axis one at a time while the displacements
at the position sensors were recorded. The open-loop rotor
frequency responses measured at the AMBs are extracted from
the closed-loop measurements according to method presented
in [36]. Fig. 6 reports both the measured and modeled rotor
frequency responses at standstill measured on the same control
axis. For what concerns the stator part, it is found to be much
stiffer than the rotor part, so the influence of its dynamics is not
considered in this system.

B. Electrical Components and Controller

Regarding the electric components, the position sensors are
inductive sensors, and their dynamics is modeled with a low
pass filter of the first order with a band of 3 kHz. The AMBs
and the amplifiers are modeled with a second order low pass
filter with a cut frequency of 2.5 kHz. The two radial AMBs
are equal, and they are associated with a negative stiffness of
about —107 N/m. Finally, the controller is composed of four
SISO augmented PIDs to control the two radial AMBs. The
augmented PIDs present the structure described in Section II-B.
Referring to (6), for this system, D(s) takes into consideration
the delay introduced by the sampling and the processing time
related to the implementation of the augmented PIDs estimated
as few tens of microseconds, and to the effect of the DAC, that
is a zero-order hold with a sampling frequency, fpac of 23 kHz.
Every augmented PID presents the same number of lead-lag
filters, one of the first order and four of the second order whose
structures are described in (7) and (8).

C. System Objectives and Constraints

In this section the requirements of (9) needed to obtain the
automatic tuning of an augmented PID (with a generic number of
filters) for an AMB system are derived, with particular focus on
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-‘E 10710} P P interval (Hz)
= Measured Hard Internal 0 o
= . . Modeled ar 9:() stability - 10, )
Sensitivity
0 500 1000 1500 Hard . . 3V/V 0,00
Frequency (Hz) 9:(P) function gain AMBL: 2.20 [0, )
L. X
AMB2 Frequency Response Magnitude at Standstill 107 N/m [0,1509%MCS]
— ' ' ' Hard  g5;(p) AMB stiffness . . 00
A AMB2: 1.47 x [0,150%MCS]
& 107 N/m
[}
o Mode o
E| Soft A gamping 0.30 [0,150%MCS]
o Measured Soft £0) Augmented 15 V/V [0,2000]
= . . Modeled 2P) " PID gain 1V/V [2000, )
0 500 1000 1500 Stability o
Frequency (Hz) Soft (@) margins 25%,2dB [0,150%MCS]
AMB1 Frequ«lency ResPons,e Magnitude Eft Max Speed Summary of imposed requirements and the respective values.
2
&
3 first hard constraint g, (p) implicitly implements it in the tuning
E1070¢ FyPS— algorithm by letting the spectral abscissa a(A) satisfying the
s . . Modeled following inequality:
0 500 1000 1500
Frequency (Hz) IgleaAX @ (A(p, 5)) <0 (13)
AMB2 Frequency Response Magnitude at Max Speed .
= ATy Tetpener e . P where o (A) = max{Re(p) : ¢ eingevalue of A(p,d)} and
i A(p, 9) is the state matrix of the closed-loop system.
2 The second hard constraint g,(p) concerns the minimum
=] . .
£ 1010 robustness of the AMB system to noise. In fact, according to
g poasred ISO-14839, the sensitivity function gain must be less than 3 for
0 500 1000 1500 the new turbomachl.nfzs. equlppeq with AMBs. In this respect, by
Frequency (Hz) regulation, the sensitivity function S(s) is defined as
~1
Fig. 6. Measured and modeled frequency response magnitude of the S (3) = (I - Gp (5) G (5)) (14)

rotor at AMBs on the same control axis.

AMB oil and gas regulations. As anticipated in the previous sec-
tion, imposing a soff requirement means to find a function that the
algorithm seeks to minimize below a desired target value that can
change in frequency. Conversely, if the requirement is designated
as a hard constraint, the objective is to grant that a certain relation
is respected. More precisely, referring to (10), soft f;(p, ) and
hard g;(p, 6) constraints are scaled each relative to the respective
desired target values. These target values were chosen based on
the current regulations, AMB physical limitations and empirical
rules based on experience. Specifically, the regulations taken into
consideration are ISO-14839 [14] API-617 [15], which concern
generic AMB systems and those for oil and gas applications,
respectively. Table I summarizes the hard and soft requirements
imposed and their respective target values. API-617 requires
that the model maximum error between the frequencies of the
rotor bending modes in the operational frequency range (the first
two) must be lower than 5% of their values with respect to the
measurements. This condition is widely respected, as shown by
Fig. 6.

1) Selection and Implementation of the Hard Constraints:

As already said, the hard constraints are imposed to cope with
regulation limits and feasibility. First of all, API 617 imposes
the internal stability of the closed loop system. Therefore, the

where for simplicity G, (s) = G () Grot(5)Gact(s) is the plant
transfer function and Gy (s) = Cr (s — A R)_IB R describes
the dynamics of the inherently unstable rotor equipped with
AMBSs. Hence, the function g, (p, §) is defined as

9 (p,0) =[Ws (s) S (5,p,0) ||

where Wg(s) is the maximum target gain profile, that in this
case is equal to 3.

The third hard constraint g3 (p, §) imposes a bearing minimum
stiffness. The calculation of this minimum stiffness derives
from experience, and it is established on the turbomachine
specific characteristics (rotor weight and length, plant power,
and rotational speed) and the plant operational characteristics
(process gas and plant environmental characteristics). For the
considered machine, the stiffness minima are, respectively,
2.20 x 10" N/m for AMBI1 and 1.47 x 10" N/m for AMB2
in the operational frequency range. To impose this constraint
an upper gain limitation on the compliance function K (s) =
Gol(5)(I — Gaei(5)Ge(5)Gy(s)) at AMBs, the inverse of the
stiffness function, was used. Hence, the third hard constraint is
defined as

5)

g3 (p,9) = [[Wki (8) Kim (5,0,6) [

where ¢ = 1, 2 and Wg(s) and Wg»(s) are the inverses of
the minimum target stiffnesses at the two AMBs; moreover,

(16)
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specifying the degrees of freedom (I,m) where AMBI and
AMB2 act, and K, indicates the stiffness function evaluated
at these (I, m) freedom degrees.

2) Selection and Implementation of the Soft Constraints:
Soft constraints are related to the optimization of the controller
performance, so the main factors related to the plant design
are taken into account to derive them. The API-617 limits the
displacement of the rotor due to the unbalance action that is
one of the greatest contributions of the external forces. Unbal-
ance forces are synchronous with the speed of the rotor and are
caused by the presence of unbalanced masses with respect to
the axis of rotation of the rotor. Unbalance is due to inevitable
manufacturing imperfections or to rotor wear and characterizes
a particular turbomachine. For a given axis Z, at a fixed rotor
speed 2 the unbalance force assumes the form

Fun. = Q* Ucos (Q + ) (17)

where ¢ is the phase of the unbalance with respect to the other
axis and U is the unbalance magnitude in kgm. The API 617
defines some test unbalances related to the rotor dimension,
typology, and MCS, to determine the magnitude of the system
displacements due to unbalance and based on the air gap of the
machine. Moreover, API-617 defines the frequency range that
goes from O rpm to 150% MCS in which the rotor vibration
displacements must be limited. Moreover, in compliance with
API-617 standards, the amplification factor (AF) is introduced
as a measure based on the sharpness of the peak gain of a mode,
aiding in the assessment of its damping characteristics. This
parameter plays a crucial role in determining whether a vibration
mode exhibits sufficient damping to meet the specified criteria
for the system vibration performance. Specifically, API defines
the AF as the ratio of the peak frequency of a mode and its —3 dB
bandwidth and set its limit value to 2.5.

For this reason, the first soft objective f|(p, §) focuses on opti-
mizing the damping of modes within the operational frequency
range. In this case, the requirement function f;(p,d) reflects
the relative satisfaction or violation of the goal. It assumes a
value below 1 if the minimum damping required is satisfied
and a value greater than 1 if it is not. In this respect, for the
system under study, a minimum value of 0.30 for the damping
ratio was set within the specified frequency range. This value is
considered high enough to ensure good suppression of vibrations
(low AF) and limits the magnitudes of displacements resulting
from unbalance in the rotor.

The second soff requirement f>(p) concerns minimizing the
controller gain of each augmented PID |G,;(jw)| to reduce
the requested AMB coil current and to maintain the working
conditions as far as possible from amplifier saturation and limit
heat dissipation. The related function f,(p) is built as follows:

f2 (p) = [We (s) Gei (5,p) [l (18)

where W (s) is the maximum target gain profile chosen to grant
that the amplifier saturation limit is not reached in all operating
conditions. More specifically, to grant system reliability, the
target gain profile is selected so that the amplifier voltage remains
below 50% of the maximum voltage to meet the safety margin
derived from API-617 and it is calculated by considering the

system dynamic behavior based both on the API-617 unbalance
tests and on the mean external forces acting on the particular
turbomachine (process gas forces, stator movements) whose
magnitude is derived instead from the experience in the field.
Specifically, for this case study of G.;(s,p) is 15 V/V in the
frequency range [0, 2000] Hz and 1 V/V in the frequency range
[2000, co] Hz.

Finally, the third and last considered soft objective f3(p)
arises from experience and regards the stability margins of the
closed loop to ensure a minimum level of robust stability. Given
that electrical components such as sensors, cables, amplifiers,
and electromagnets may deviate from their nominal behavior,
especially in the plant worksite where environmental factors can
influence system behavior, gain changes and phase delays of the
open-loop transfer function may occur. The function f3(p) in
this case is defined as

fs (0,0) = 29D7"'S (s) D — 1|

where S(s) is the sensitivity function defined in (14), D is an au-
tomatically computed loop scaling factor involved in computing
MIMO stability margins and <y is a scalar parameter computed
from the requested gain and phase margin. The closed-loop
system stability margins are calculated using a disk margin
of radius ~ that quantify the stability against gain and phase
variations in the open-loop system, as described in [37] and [38].
In a MIMO system, the disk radius v determines the gain and
the phase margins that can independently vary in each channel
across all values of § € A to ensure stability in the system closed
loop. For this system under study, a phase margin of 25° and a
gain margin of 2 dB were implemented in the frequency range
[0, 150%MCS].

3) Uncertainty Modeling: Regarding the uncertainties, the
rotational speed is considered as an uncertain real parameter
dq. This allows to model the variable gyroscopic contribution
linked to the rotor speed (2, according to (2) and (3). The range
of this uncertainty is selected as

19)

59 S [07 Qmax] (20)

where Q. i1s 150% of the MCS, thus considering a safety
coefficient, which grants the machine always operating within
this range [39]. Moreover, even if the rotor model is updated in
accordance to the experimental measurements, uncertainties on
the rotor bending mode frequencies are introduced to make the
system robust and cope with the model residual inaccuracies, and
wear that can change the plant dynamics over time [21]. Hence,
using the modal coordinates of system [40], it is possible to
introduce uncertainties on the natural frequencies X; of the rotor
bending modes as the following:

i =i (146;). @21)

For the system under study, an uncertainty §; of 20 Hz was
used for the first five bending modes that widely accounts for the
model inaccuracies and also for possible rotor dynamics changes
over time due to wear or malfunctions in the plant.

To conclude, the controller tunable parameters are constrained
by physical limits, including amplifier power and electrical
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TABLE Il
TUNABLE PARAMETER LIMITS AND INITIALIZATION VALUES

Symbol PARAMETER NAME ~_ Farameter  Parameter
variation range initialization
Kp; Proportional gain [0.41.1] 0.65
K Integral gain 60 60
T; First order filter zero [30,200] Hz 35Hz
a; First order filter [0.2, 1] 0.85
pole/zero ratio
Wpi Second order pole [30,2000] Hz 150 Hz
natural frequency
Opi Second order pole [0.05, 1] 0.70
damping ratio
Wi Second order zero [30,2000] Hz 150 Hz
natural frequency
[ Second order zero [0.05, 1] 0.70

damping ratio

Summary of the tunable parameter limits and initialization values used for this system
under study.

system bandwidths. Table II outlines these limits and the corre-
sponding tuning algorithm initialization values for the studied
system. The initial parameters are chosen to obtain a simple
controller which implements only the first order filter to partially
stabilize with a positive phase [12] the first modes of the rotor,
with gains sufficient to stabilize the AMB negative stiffness. The
poles and zeros of the other filters are all superimposed, so their
effect is null. In addition, the parameters Ky; (6) are considered
fixed values, as they do not directly impact on the requirements
presented in this section.

V. EXPERIMENTAL RESULTS

In this section, the results are presented, with a particular
emphasis on the successful attainment of all the specified and
standard requirements. The tuning process was conducted in
the MATLAB environment using the robust control toolbox
that implements the algorithm described in Section III (systune
function) and natively handles uncertain systems, on an Intel
processor i7-12800H (2.40 GHz) equipped with 16 GB RAM,
and it was completed within approximately 7 h. The obtained
tuned controller complies with all the specified requirements
described in the previous section considering all the uncertain-
ties varying independently. Finally, to validate the controller
performance, the tuned controller was tested on the real system
exploiting the plant control hardware. This hardware is designed
for precise calculations within specific timeframes, dependent
on the particular structure of the implemented controller, and
allows for the selection of the tunable parameters. The experi-
mental results are measured exploiting the AMBSs, as described
in the Section III and more in detail in [36]. Fig. 7 shows
the obtained controller transfer function Bode diagram for the
two AMBs referring to a control axis that satisfies the soft
controller gain requirement stated in Table I. Regarding the
first hard constraint, through a p analysis, the system stability
was assessed for all the uncertainties, described in the previous
section, showing that the stability margin is higher than 1 for all
the frequencies.

IEEE/ASME TRANSACTIONS ON MECHATRONICS

Controller Transfer Function Bode Diagram
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Fig. 7. Obtained AMBs controller frequency response where the dash
lines refer to the controller gain limits reported in Table I.
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Fig.9. Stiffnesses at bearings obtained by 1000 Monte Carlo runs, the
limit values are reported in Table II.

For what concerns the second hard constraint regarding the
sensitivity function, a singular value analysis, reported in Fig. 8,
shows that the constraint is satisfied for all the frequencies and
for all the uncertainties. Fig. 9 shows the stiffness at AMBs
obtained by Monte Carlo simulations (1000 runs) varying the
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Fig. 10.  First test unbalance response with the aim of exciting the first
rigid mode. The maximum displacement is 7.29 pm.

Second Test Unbalance Response
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Fig. 11.  Second test unbalance response with the aim of exciting the
second rigid mode. The maximum displacement is 24.09 pm.

uncertain parameters. As shown, the third hard constraint is sat-
isfied for all the frequencies. To ensure that the minimum damp-
ing imposed is sufficient, the response to some test unbalances
is evaluated to assess the modes AF and the compliance with
the maximum vibration amplitude. For this rotor, the amplitude
vibration limit is 45 pum (according to the ISO-14839) and the
modes AF must be lower than 2.5 in the operating speed range
(according to API-617). The used test unbalances are determined
based on the mass-length excitation U,, = 4.5 x 107* kgm,
with a calculation procedure specified in the API. All the three
test unbalances specified by API were used to verify that the
tuned controller maintains displacement and AF within the
limits. Specifically, the unbalances used for testing the controller
are the following. The first is an unbalance obtained positioning
U, at the center of gravity of the rotor, which excites its first rigid
mode. The second is obtained by placing two U,,/2 unbalances
at the extremities of the rotor, with opposite phases, which
stimulates the second rigid mode. Finally, the third is obtained
with three unbalances, U,,,/2 one at the center of the rotor and
two U,,/4 at the extremities with opposite phases relative to the
center unbalance, which excite the first bending mode.

In order to comprehensively evaluate the system performance
in the presence of diverse mode uncertainties, Figs. 10-12
present the response to test unbalances for the most critical
scenarios, specifically, the ones with the lowest damping ratio of
the excited modes with the added unbalances. These worst-case
examples allow to assess the system robustness and response in

Third Test Unbalance Response
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Fig. 12.  Third test unbalance response with the aim of exciting the first
bending mode. The maximum displacement is 8.63 pm.

Measured Sensitivity
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Fig. 13.  Sensitivities at standstill and at maximum speed measured at

AMBs.

a rigorous manner, considering the impact of the least favorable
combination of uncertainties.

As shown by the figures, the maximum displacement found (in
the second test unbalance) is satisfying the amplitude vibration
limit (45 pm). Moreover, the AF of the modes is much lower than
the API limit (2.5) in the frequency range of interest [0, 176] Hz.
Regarding the imposed stability margins in Table I, they are sat-
isfied for all the uncertainties and specified frequencies, and they
are not reported in the result section only for reasons of space.

To evaluate the performance compliance of the tuned con-
troller, rigorous testing was conducted on the real system.
Figs. 13 and 14 show respectively the sensitivity measures at
the AMBs and the stiffness measures at AMBs. In both the
cases the measurements respect the imposed limits and are in
line with the modeled outcomes, as any disparities between the
model and the actual system are effectively managed through
the provided control robustness. The obtained measurements
showcase the effectiveness of the proposed automatic tuning
technique in achieving the prescribed system performance and
stability objectives. Through rigorous analysis and optimization,
the controller was able to comply with both the soft and hard
requirements, showcasing its adaptability and robustness for
real-world scenarios.
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Fig. 14. Stiffnesses at standstill and at maximum speed measured at
AMBs.

VI. CONCLUSION

In conclusion, this article introduces a novel highly adaptable
and efficient augmented PID automatic tuning technique for
a generic turbomachine equipped with AMBs. The method
employs a nonsmooth optimization algorithm that fulfills some
requirements while accounting for potential modeling errors
translated into system uncertainties to enhance controller ro-
bustness. The requirements are divided into hard ones that serve
as the fundamental constraints that the system must meet and
the soft ones that represent the desirable characteristics that
should be optimized. Through the definition of the requirements,
this article offers a concise and comprehensive methodology
for integrating regulation and “best practice” guidelines, with a
particular attention to applications in oil and gas industry, into the
tuning process enabling a fully automatic tuning of the controller
parameters. The method key strengths include ease of adaptabil-
ity to various AMB systems and its flexibility to accommodate
different requirements. This approach is exemplified through
a practical application on real-world machinery, providing a
clear demonstration of its efficacy and applicability in industrial
contexts. Results from the system under study demonstrate re-
markable vibration suppression, appropriate dynamic response,
and overall system robustness. Moreover, compared to time-
consuming manual tuning methods, the proposed technique re-
quires only around 7 h of computation for the specific case under
investigation. This study offers valuable insights into advanced
control techniques for magnetic bearing systems and paves the
way for potential industrial adoption, leading to more efficient
and stable real-world operations. Finally, the proposed approach
opens the way to an automated fine-tuning of the controller
parameters directly using the plant hardware.
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