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The present work deals with the identification of speed-dependent misalignment
parameters in a multi-disk coupled rotor system supported on Tilting pad journal
bearings (TPJB) and Active magnetic bearings (AMB). The stiffness matrix of mis-
aligned coupling is modelled as the sum of static coupling stiffness (SCS) and additive
coupling stiffness (ACS) matrices. The presence of parallel and/or angular misalign-
ments gives rise to ACS matrix and its coefficients represent misalignment in/about
a given direction. ACS coefficients are time dependent and a suitable mathematical
function has been chosen to define the time varying nature of these coefficients. The
global equations of motion (EOMs) are assembled and solved in time domain to
obtain rotor vibration and AMB current data. This data is processed by full spec-
trum Fast Fourier Transform, and subsequently input to the identification algorithm.
The stiffness and damping of TPJBs, stiffness of AMBs and ACS coefficients that
correspond to misalignment are estimated at six different speeds along with speed-
invariant disc unbalances, and SCS coefficients. The robustness of algorithm is tested
against measurement noise and modelling bias. ACS coefficients have been identified
within reasonable error margins. Finally, the method of application of the algorithm
to real rotors is presented. The novelty of the work is the development of an in-
verse problem for the identification of parallel and angular misalignments in real
rotors.
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Nomenclature

A Regressor 𝑘 𝐼 Integral gain
𝐴𝑔 Leg area 𝑘𝐷 Derivative gain
b Regressand 𝑘ang Angular stiffness of coupling
𝑐 Damping matrix coefficient 𝑘rad Radial stiffness of coupling
C Damping matrix 𝑘 Stiffness matrix coefficient
𝐹 Bearing dynamic force matrix K Stiffness matrix
f Force vector 𝑙𝑔 Airgap
G Gyroscopic matrix M Mass matrix
𝑖 Harmonic index 𝑁 Number of windings
i Control current 𝑝, 𝑞, 𝑟, 𝑠 Participation factors
ib Bias current 𝑠(𝑡) Steering function
𝑖𝑏 AMB bias current 𝑡 Time
i𝑐 Complex current (i𝑥 + ji𝑦) T Transformation matrix
I Identity matrix 𝑥, 𝑦 Translational displacements
j Imaginary number x Vector of unknown parameters
𝑘𝑠 AMB displacement constant u Complex displacement (𝑥 + j𝑦)
𝑘𝑖 AMB current constant U Unbalance
𝑘𝑃 Proportional gain
Greek symbols
𝛽 Phase angle 𝜑 Rotational displacement
𝛿 Static component 𝜔 Angular speed
ΔK Additive stiffness matrix 𝜇0 Free space permeability
Subscripts
ang Angular rad Radial
ACS Additive coupling stiffness 𝑠 Slave
AMB Active magnetic bearing SCS Static coupling stiffness
𝑏 Bearing sh shaft
𝑐 Coupling TPJB Tilting pad journal bearing
𝑑 Disc unb Unbalance
𝑚 Master
Superscripts
𝑑 Dynamic im Imaginary
fluc Fluctuating re Real
ℎ Hybrid rot Rotating frame of reference

1. Introduction

Active magnetic bearings (AMBs) are mainly used for instability control, con-
dition monitoring of faults, such as the unbalance, cracks, misalignment and rotor
vibration attenuation in the presence of faults. This section surveys a few rele-
vant papers from the literature available on misaligned rotors and the applications
of AMBs.
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In [1], authors provide an extensive review of the uses of AMBs in industrial
and laboratory rotor systems. In [2], magnetic bearing constant is estimated using
a technique that leverages closed-loop control and air-gap sensor data without
needing extra load cells, which commonly introduce signal noise issues. In [3],
rotor vibrations are controlled using tilting-pad bearings with electromagnetic
actuators to control the motion of pads. In [4], rotor vibrations are reduced using
AMBs that use Adaptive Filter based on the Least Mean Square method and an
Iterative Search Algorithm. The results show significant vibration reduction, with
rotor displacement amplitude decreasing by up to 77%. In [5], axial vibration
suppression was achieved in ship propulsion shaft systems, using hybrid AMBs.
With active control, significant reduction in base vibration and shaft vibration are
achieved. In [6], AMBs are used to improve control and fault diagnosis in spur
gear systems. Gear system faults are estimated by model-based identification using
full spectrum analysis of vibration and current signals. The utility of AMBs to
suppress vibration caused by spur gear transmission errors and misalignment are
experimentally shown in [7].

In [8], the influence of unbalance, misalignment, winding defects on the dy-
namics of spindle supported on AMBs. In [9], an AMB controller is designed that
can suppress the multi-harmonic vibration generated due to phenomena such as the
fluid interaction, journal bearings, rotor asymmetry, rotor rubs, bearing wear and
pulsating torque. In [10], analysis, measurement and balancing of fly wheel which
is magnetically suspended on a 3-DOF axial AMB and a 2-DOF radial AMB is
performed.

In [11], model-based approach is used to identify faults such as unbalance,
sensor misalignment, and AMB misalignment, along with their stiffness parameters
in flexible rotor systems. The study introduces a virtual trial misalignment strategy,
which simulates misalignment without requiring physical trials. In [12], a model-
based approach is developed to estimate inertial parameters of a rigid rotor system
experiencing dynamic unbalance, while being supported by AMBs in the presence
of noise.

AMB has been used to eliminate the oil-whip instability that occurs at twice
the first critical speed using various control laws, such as the 𝜇-synthesis and fuzzy
logic control [13–16]. Health monitoring of a cracked rotor system was performed
by injecting time-dependent magnetic force using a mid-shaft/outboard support
AMBs without the need for extra actuators [17, 18]. Combination resonances
based on the AMB excitation frequency, shaft rotational speed, and shaft natural
frequencies noticed in the spectra are found to be good indicators of breathing
crack.

In [19, 20], AMBs are used to improve the operating margin of the axial and
centrifugal compressors by allowing to operate in deep surge region using active
tip clearance control. In [21], a prototype of TPJB is built with an embedded AMBs
that serves the dual function of higher load capacity bearings and actuators. In [22],
AMBs are used in conjunction with TPJBs to control the vibration of steam turbine
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rotor. In [23], simultaneous identification of faults, such as crack, residual bow,
and their interaction is achieved by using multi-harmonic spectral data. The study
uses vibrational signal measurements and AMB control current data from a rotor
dynamic test bench to identify system parameters that affect the rotor’s behavior.
In [24], a model-based feed-forward compensation approach of AMBs is used to
suppresses base vibration amplitudes in systems such as turbines mounted on ships
where external base forces like wave excitations are present. The method proved
effective for both harmonic and random base excitations.

In [25], parallel and angular misalignments are induced in a coupled rotor
test rig with a six-axis load cell placed under the bearing pedestal to measure the
fluctuating forces and moments. The full-spectrum plot of rotor vibration showed
integer harmonics from −5 to +5. In [26], a new model of misaligned coupling
that had static and additive stiffness components is postulated. In [27], the forces
and moments of coupling subjected to misalignment are estimated by identifying
the stiffness coefficients from the forced response of rotor using linear regression.
In [28], nonlinear dynamic simulations are performed to analyze the system’s
response under various shock loadings and parametric conditions. Key findings
include the identification of critical factors affecting system stability, such as rotor
unbalance, the interaction between AMBs and TDB, and the impact of base shock
excitation on the rotor’s vibrations. In [29, 30], a model is developed to numerically
study the effect of number of magnets, air gap and angle on the transient vibration
of a misaligned rotor running on two identical AMBs. Both lateral and torsional
resonances were found to be excited due to angular misalignment. In [31], the
impact of ship maneuvers on the vibrational behavior of rotor system supported by
AMBs is studied. The simulation shows that vibration due to maneuvers is more
than that due to rotor unbalance. In [32], the authors modelled the static stiffness
coefficients of a misaligned coupling, displacement and current stiffness of AMB
as speed-dependent parameters and estimated them above the first critical speed of
a flexible rotor system.

The author has not come across any work, where ACS coefficients are modelled
as speed-dependent parameters or where they have been estimated either numer-
ically or experimentally. In the available literature, misalignment is identified by
the presence of multiple harmonics (1×, 2×, . . . ) in FFTs or by non-circular rotor
orbits. In the present work, misalignment is identified numerically in the form
of coefficients that are speed-dependent. The scope of this work is the develop-
ment of mathematical model, generation of response from numerical simulations,
development of identification algorithm and estimation of system parameters in
the presence of Gaussian white noise in responses. First, the finite element (FE)
model of a multi-stage rotor system, whose couplings are subjected to combined
misalignment is developed. In the presence of misalignment, the stiffness matrix of
coupling is modelled as the sum of static and fluctuating/ (or additive) components.
The weight dominance criterion, which is applicable to heavy rotors sets is applied
to derive the fluctuating forces and moments of coupling. Since the rotor is sup-
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ported on TPJBs and AMBs, whose parameters are speed-dependent, for a given
amount of misalignment, the forces and moments acting on coupling change with
speed [32] with the result that ACS coefficients too would become speed-dependent,
while the SCS coefficients would remain constant. A Simulink model is built from
the global EOMs of the coupled rotor system. An identification algorithm based
on multi-variate linear least-squares problem is developed from frequency domain
form of condensed EOMs. The inputs to the algorithm are the real and imaginary
parts of rotor vibration and AMB current obtained from full spectrum. The TPJB,
AMB and ACS parameters at six different speeds are identified from the inverse
problem. To account for modeling uncertainties, measurement noise present in real
world data acquisition, a random noise is introduced in the system parameters and
vibration responses. The estimates obtained are fairly close to the assumed param-
eters, demonstrating the robustness of the identification algorithm. The method of
application of the proposed algorithm is discussed finally.

2. Problem definition

2.1. Assumptions

1. Torsional vibrations exist in coupled rotor systems due to the presence
of flexible couplings. Their effect on the dynamics of rotor system is not
considered in the present study.

2. To account for the multi harmonic nature of misalignment force, a suitable
mathematical function has been assumed in simulation.

2.2. Mathematical model

This section deals with FE analysis of a multi-stage rotor system connected by
intermediate couplings and supported on TPJBs and AMBs. The development of
mathematical model of coupling in the presence of combined (parallel and angular)
misalignment is discussed.

2.3. Shaft and rigid disc

Timoshenko beam finite elements having two-nodes per element have been
used to model the rotor system. The elemental shaft matrices used for mathemat-
ical modeling in this work are given in [33]. These elemental shaft matrices are
developed in complex domain and represent the motion of rotor in two transverse
planes. As they are developed in complex domain, the size of the elemental matrices
reduces by a factor 2, which results in conciseness and computational efficiency.
M, K matrices are 4 × 4 symmetric matrices with real coefficients. G is a 4 × 4
skew-symmetric matrix with real coefficients. Likewise, the M and G matrices of
rigid discs of size 2 × 2 given in [34] are used in the present work. Since the disc
is considered rigid, there is no corresponding K matrix.
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The complex displacement vector obtained from the generalized coordinates
of beam element is given in [33]

u𝑒 = u𝑥𝑧 + juyz =
{
𝑥1 𝜑𝑦1 𝑥2 𝜑𝑦2

}T
+ j

{
𝑦1 𝜑𝑥1 𝑦2 𝜑𝑥2

}T
. (1)

2.4. Tilting pad journal bearings

At a given speed 𝜔 the complex bearing dynamic forces due to stiffness and
damping are given in [34].

𝐹 (𝜔) = −
[
𝑘𝑥𝑥 (𝜔) 0

0 𝑘𝑦𝑦 (𝜔)

] {
𝑥

𝑦

}
−

[
𝑐𝑥𝑥 (𝜔) 0

0 𝑐𝑦𝑦 (𝜔)

] {
¤𝑥
¤𝑦

}
(2)

The translational displacements are rewritten in terms of complex displacements
as 𝑥 = (𝑢 + 𝑢̄) /2, 𝑦 = −j (𝑢 − 𝑢̄) /2, where 𝑢 = 𝑥 + j𝑦, 𝑢̄ = 𝑥 − j𝑦. Eq. (2) then takes
the following complex form

𝐹 (𝜔) = − 0.5

[
𝑘𝑥𝑥 (𝜔) 0

0 𝑘𝑦𝑦 (𝜔)

] {
𝑢 + 𝑢̄

−j(𝑢 − 𝑢̄)

}
− 0.5

[
𝑐𝑥𝑥 (𝜔) 0

0 𝑐𝑦𝑦 (𝜔)

] {
¤𝑢 + ¤̄𝑢

−j( ¤𝑢 − ¤̄𝑢)

}
, (3)

𝑘𝑥𝑥 (𝜔), 𝑘𝑦𝑦 (𝜔), 𝑐𝑥𝑥 (𝜔), 𝑐𝑦𝑦 (𝜔) are the direct stiffness and damping coefficients
of TPJB in 𝑥 and 𝑦 directions. For the lbp configuration (Fig. 1a), if the number of
pads is even, the load is shared equally by the two bottom pads (𝑘𝑥𝑥 (𝜔) = 𝑘𝑦𝑦 (𝜔))
and if the number of pads is odd, the load is shared unequally by the two bottom
pads (𝑘𝑥𝑥 (𝜔) ≠ 𝑘𝑦𝑦 (𝜔)). For the lop configuration, Fig. 1b, the majority of the
load is felt by the bottommost pad and 𝑘𝑥𝑥 (𝜔) ≠ 𝑘𝑦𝑦 (𝜔) [34]. In contrast, in plain
journal bearings, in certain idealized cases, such as when the bearing operates at
very low loads, low speeds, or under perfectly symmetric conditions, the stiffness
coefficients may approach equality.

Fig. 1. TPJB configurations: (a) load between pivot (lbp), (b) load on pivot (lop)
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2.5. Active magnetic bearings

The control force exerted by AMB in differential control mode in a given
direction are given in [35, 36]

𝑓AMB =
{
𝑐1(𝑖𝑏 + 𝑖𝑐)2/(𝑙𝑔 + 𝑢AMB)2} − {

𝑐1(𝑖𝑏 − 𝑖𝑐)2/(𝑙𝑔 − 𝑢AMB)2} , (4)

where 𝑐1 = 𝑘𝜇0𝑁
2𝐴𝑔. For thrust AMBs the constant 𝑘 is 0.25 and for radial AMBs

𝑘 is 1. 𝑢AMB is the displacement of the AMB rotor in the control plane, 𝑙𝑔 is the
airgap; 𝑖𝑏 is the bias current; 𝜇0 is the free space permeability (4𝜋 × 10−7); 𝑁 is
the number of windings; 𝐴𝑔 is the leg area. Over the normal operating range of
AMB 𝑢AMB ≪ 𝑙𝑔 with the result that the nonlinear forces are negligible.

The control current in AMB coils controlled by proportional-integral-deriva-
tive (PID) law is given by

i𝑐 = 𝑘𝑃uAMB + 𝑘 𝐼

∫
uAMB d𝑡 + 𝑘𝐷 ¤uAMB , (5)

where 𝑘𝑃, 𝑘 𝐼 and 𝑘𝐷 are the proportional, integral and derivative gains, respec-
tively.

The AMB force vector in complex form can be written as

fAMB = −𝑘𝑠uAMB + 𝑘𝑖i𝑐 , (6)

where AMB displacement constant 𝑘𝑠 = 4𝑐1𝑖
2
𝑏/𝑙

3
𝑔, AMB current constant 𝑘𝑖 =

4𝑐1𝑖𝑏/𝑙2𝑔; uAMB is the displacement of the AMB rotor in the control plane.
Due to the speed-dependent nature of unbalance and misalignment forces,

there will be a shift in the equilibrium position of rotor within the AMB clearance
about the geometric center line with the change in rotor speed, as shown in Fig. 2a.
Fig. 2b shows a nonlinear nature of magnetic force versus operating point curve.
Each point on the curve depends on the force caused due to external disturbances,
which in turn varies with the rotor speed. As the rotor’s operating speed changes the
operating point shifts and there is a corresponding change in slope of the curve (𝑘𝑠).
This leads to a change in the AMB current required, which in turn causes a shift in
the slope of the curve (𝑘𝑖), as shown in Fig. 2c.

Thus, stiffness constants of AMB, which are otherwise not varying, change due
to the disturbances that vary with operating speed. Thus, in the presence of external
forces, such as unbalance and misalignment, it would be practical to rewrite the
AMB force as

fAMB(𝜔) = −𝑘𝑠 (𝜔)uAMB + 𝑘𝑖 (𝜔)i𝑐 . (7)

The speed-dependent nature of AMB force is the result of vibratory motion of rotor
due to speed-dependent excitation forces, such as unbalance and misalignment.
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Fig. 2. (a) Operating point of rotor at various speeds inside AMB clearance (hatched lines indicate
coil turnings); (b) AMB force versus operating point; (c) AMB force versus AMB current

2.6. Mathematical model of misaligned coupling

In the presence of misalignment (Fig. 3a), the stiffness of coupling is written
as the sum of static stiffness Kmean

𝑐 , which produces static coupling force, fSCS
and time-varying additive stiffness ΔK(𝑡)fluc

𝑐 , which produces a fluctuating com-
ponent of force, fACS [26]. fSCS is speed-independent and fACS is speed-dependent
parameter and both the forces are in rotating frame of reference (Fig. 3c).

fcoupling =

[
Kmean

𝑐 + ΔK(𝑡)fluc
𝑐

] {
urot

0𝑐 + urot
𝑐 (𝑡)

}
= Kmean

𝑐 urot
𝑐︸     ︷︷     ︸

fSCS

+ΔK(𝑡)fluc
𝑐 urot

0𝑐 + ΔK(𝑡)fluc
𝑐 urot

𝑐︸                               ︷︷                               ︸
fACS (𝜔)

(8)

with

urot
0𝑐 =

{
𝛿𝜉𝑐 𝛿𝜂𝑐 𝛿𝜑𝜂𝑐 𝛿𝜑𝜉𝑐 𝛿𝜉𝑐+1 𝛿𝜂𝑐+1 𝛿𝜑𝜂𝑐+1 𝛿𝜑𝜉𝑐+1

}T
, (9)

urot
𝑐 =

{
𝜉𝑐 𝜂𝑐 𝜑𝜂𝑐 𝜑𝜉𝑐 𝜉𝑐+1 𝜂𝑐+1 𝜑𝜂𝑐+1 𝜑𝜉𝑐+1

}T
, (10)

where Eqs. (9), (10) denote the coupling’s static and vibratory displacements in
rotating frame of reference (Fig. 3c).
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Fig. 3. (a) Schematic of misaligned coupling, (b) Generalized coordinates of coupling,
(c) Stationary and rotational frames of reference

The static and additive stiffness matrices of coupling stiffness in Eq. (8) are
denoted by Eqs. (11), (12)

Kmean
𝑐 =



𝑘𝑥𝑥 𝑘𝑥𝑦 0 0 −𝑘𝑥𝑥 −𝑘𝑥𝑦 0 0
𝑘𝑦𝑥 𝑘𝑦𝑦 0 0 −𝑘𝑦𝑥 −𝑘𝑦𝑦 0 0
0 0 𝑘𝜑𝑦𝜑𝑦

0 0 0 −𝑘𝜑𝑦𝜑𝑦
0

0 0 0 𝑘𝜑𝑥𝜑𝑥
0 0 0 −𝑘𝜑𝑥𝜑𝑥

−𝑘𝑥𝑥 −𝑘𝑥𝑦 0 0 𝑘𝑥𝑥 𝑘𝑥𝑦 0 0
−𝑘𝑦𝑥 −𝑘𝑦𝑦 0 0 𝑘𝑦𝑥 𝑘𝑦𝑦 0 0

0 0 −𝑘𝜑𝑦𝜑𝑦
0 0 0 𝑘𝜑𝑦𝜑𝑦

0
0 0 0 −𝑘𝜑𝑥𝜑𝑥

0 0 0 𝑘𝜑𝑥𝜑𝑥


, (11)

ΔKrot
𝑐 =



Δ𝑘 𝜉𝜉 0 0 0 −Δ𝑘 𝜉 𝜉 0 0 0
0 Δ𝑘𝜂𝜂 0 0 0 −Δ𝑘𝜂𝜂 0 0
0 0 Δ𝑘𝜑𝜂𝜑𝜂

0 0 0 −Δ𝑘𝜑𝜂𝜑𝜂
0

0 0 0 Δ𝑘𝜑𝜉 𝜑𝜉
0 0 0 −Δ𝑘𝜑𝜉 𝜑𝜉

−Δ𝑘 𝜉𝜉 0 0 0 Δ𝑘 𝜉 𝜉 0 0 0
0 −Δ𝑘𝜂𝜂 0 0 0 Δ𝑘𝜂𝜂 0 0
0 0 −Δ𝑘𝜑𝜂𝜑𝜂

0 0 0 Δ𝑘𝜑𝜂𝜑𝜂
0

0 0 0 −Δ𝑘𝜑𝜉 𝜑𝜉
0 0 0 Δ𝑘𝜑𝜉 𝜑𝜉


. (12)
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The static part of coupling stiffness is unchanging and exists with or without
misalignment. The additive stiffness part exists only when misalignment is present.
In this regard its behavior is similar to rotors with breathing crack studied in [23].
The number of amplitude of harmonics depend on the severity of misalignment.
The coefficients of ACS matrix given by Eq. (12) correspond to misalignment
in/about the directions denoted by their subscripts. For example, Δ𝑘 𝜉 𝜉 denotes
misalignment in 𝜉 direction in Fig. 3c. Likewise, Δ𝑘𝜑𝜉 𝜑𝜉

denotes misalignment
about 𝜉 direction.

2.6.1. Force due to coupling’s static stiffness in stationary frame

For the sake of simplicity, the cross-coupling stiffness coefficients in Eq. (11)
are ignored and 𝑘𝑥𝑥 ,𝑘𝑦𝑦 are assumed to be equal to 𝑘rad, the stiffness of coupling in
radial direction. Likewise, the coefficients 𝑘𝜑𝑦𝜑𝑦

, 𝑘𝜑𝑥𝜑𝑥
are assumed to be equal

to 𝑘ang, the stiffness of coupling in angular direction. The final complex form of
static stiffness force of coupling fACS after performing coordinate transformation
from rotating to stationary frame of reference (Fig. 3c) is given by

fSCS =


𝑘rad 0 −𝑘rad 0
0 𝑘ang 0 −𝑘ang

−𝑘rad 0 𝑘rad 0
0 −𝑘ang 0 𝑘ang




𝑢𝑐

𝜑𝑐

𝑢𝑐+1

𝜑𝑐+1


, (13)

where 𝑢𝑐 = 𝑥𝑐 + j𝑦𝑐, 𝑢𝑐+1 = 𝑥𝑐+1 + j𝑦𝑐+1𝜑𝑐 = 𝜑𝑦𝑐 + j𝜑𝑥𝑐 , 𝜑c+1 = 𝜑yc+1 + j𝜑xc+1 in
Eq. (13) are the complex displacements at coupling nodes in stationary frame of
reference.

2.6.2. Force due to additive stiffness of coupling in stationary frame

The additive coupling stiffness part of Eq. (8) contains both static displace-
ments and vibratory displacements at coupling nodes. If vibratory part of dis-
placement is also considered, the resulting equation would contain terms which
are the product of multi-harmonic terms of steering function ΔKrot

𝑐 (𝑡) and urot
𝑐 ,

i.e., translational and rotational displacements, which are also harmonic inc nature.
This product results in a more complex formulation of the coupling stiffness. To
simplify without loss of generality, the present mathematical model of coupling is
based on the assumption that in heavy multi-stage turbogenerators, the vibratory
displacement at coupling nodes is smaller than the corresponding static deflections
(weight dominance) [38].

u𝑐 (𝑡) ≈ u0𝑐 . (14)

The fluctuating coupling force fACS in the second part of Eq. (8) then becomes

frot
ACS = ΔKrot

𝑐 (𝑡)urot
0𝑐 , (15)
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where ΔKrot
𝑐 (𝑡) is the additive stiffness of coupling, which varies in time with

rotation angle. Hence, Eq. (15) is written as the product of matrix of constant coef-
ficients ΔKrot

𝑐 and an appropriate time waveform 𝑠(𝑡), which is called the steering
function (Fig. 4).This particular waveform has been chosen since this generates
multiple integer harmonics of rotor vibration in frequency domain plot as ob-
served in experimental studies conducted in [25]. This multi-harmonic behavior
containing all integer harmonics was not observed with other wave forms (e.g.,
50% duty cycle, saw tooth wave form). Hence, 40% duty cycle waveform is found
to be suitable for numerical simulation of multi-harmonic nature of misalignment
force.

Fig. 4. 𝑠(𝑡): rectangular wave with 40% duty cycle

Therefore Eq. (15) can be rewritten as

frot
ACS = 𝑠(𝑡)ΔKrot

𝑐 urot
0𝑐 . (16)

The Fourier expansion of the time series 𝑠(𝑡) shown in Fig. 4 is given by following
equation:

𝑠(𝑡) = 0.5 + 0.6055 cos(𝜔𝑡) + 0.1871 cos(2𝜔𝑡) − 0.1247 cos(3𝜔𝑡)
− 0.1514 cos(4𝜔𝑡) + 0.1009 cos(6𝜔𝑡) + 0.0535 cos(7𝜔𝑡)
− 0.0468 cos(8𝜔𝑡) − 0.0673 cos(9𝜔𝑡) + 0.055 cos(11𝜔𝑡)
+ 0.0312 cos(12𝜔𝑡) − 0.0288 cos(13𝜔𝑡) − 0.0432 cos(14𝜔𝑡)
+ 0.0378 cos(16𝜔𝑡) + 0.022 cos(17𝜔𝑡) + . . . (17)
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Upon substituting Eq. (9), (12), (17) into Eq. (16), the final complex form of fACS
in stationary frame of reference is given by

fACS(𝜔) = 0.5



(𝛿𝑥𝑐− 𝛿𝑥𝑐+1)
(
Δ𝑘𝜔

𝜉 𝜉

𝑖+𝑛∑︁
𝑖=−𝑛

𝑝𝑖𝑒
j𝑖𝜔𝑡 + Δ𝑘𝜔

𝜂𝜂

𝑖+𝑛∑︁
𝑖=−𝑛

𝑞𝑖𝑒
j𝑖𝜔𝑡

)
(
𝛿𝜑𝑦𝑐− 𝛿𝜑𝑦𝑐+1

) (
Δ𝑘𝜔

𝜑𝜉 𝜑𝜉

𝑖+𝑛∑︁
𝑖=−𝑛

𝑟𝑖𝑒
j𝑖𝜔𝑡 + Δ𝑘𝜔

𝜑𝜂𝜑𝜂

𝑖+𝑛∑︁
𝑖=−𝑛

𝑠𝑖𝑒
j𝑖𝜔𝑡

)
(𝛿𝑥𝑐+1− 𝛿𝑥𝑐)

(
Δ𝑘𝜔

𝜉 𝜉

𝑖+𝑛∑︁
𝑖=−𝑛

𝑝𝑖𝑒
j𝑖𝜔𝑡 + Δ𝑘𝜔

𝜂𝜂

𝑖+𝑛∑︁
𝑖=−𝑛

𝑞𝑖𝑒
j𝑖𝜔𝑡

)
(
𝛿𝜑𝑦𝑐+1− 𝛿𝜑𝑦𝑐

) (
Δ𝑘𝜔

𝜑𝜉 𝜑𝜉

𝑖+𝑛∑︁
𝑖=−𝑛

𝑟𝑖𝑒
j𝑖𝜔𝑡 + Δ𝑘𝜔

𝜑𝜂𝜑𝜂

𝑖+𝑛∑︁
𝑖=−𝑛

𝑠𝑖𝑒
j𝑖𝜔𝑡

)



. (18)

The interpretation of Eq. (18) is as follows: a given amount of parallel and/or angular
misalignment generates speed dependent ACS coefficients and speed dependent
misalignment forces. Hence 𝜔 is attached as superscript to various Δ𝑘 coefficients.
𝛿𝑥𝑐, 𝛿𝑥𝑐+1, 𝛿𝜑𝑦𝑐 , 𝛿𝜑𝑦𝑐+1 , which are the static deflections at coupling nodes, can
obtained from the catenary curve or static deflection curve [38]. 𝑝𝑖, 𝑞𝑖, 𝑟𝑖, and 𝑠𝑖are
the participation factors of various harmonics from 𝑖 = −𝑛 to 𝑖 = +𝑛 arising due to
misalignment.

An important point is to be highlighted as a concluding remark for this section.
The steering function shown in Fig. 4 and given by Eq. (17) is chosen to mimic the
response of real misaligned rotors. In real rotors, the actual steering function that
governs misalignment can be reconstructed from the amplitude of the participation
factors of various harmonics. This was performed in [37] for the case of cracked
Jeffcott rotor.

2.7. Force due to unbalance

The force due to the unbalance eccentricities at various disc locations is

funb = 𝑚𝑑𝑒𝜔
2𝑒j𝜔𝑡𝑒j𝛽 , (19)

where 𝑒 is the disc unbalance eccentricity located at the phase angle 𝛽.

2.8. Global EOM

Eq. (20) is the complex form of global EOMs of the coupled rotor system, as

(Msh + M𝑑) ¥u + [C𝑏 (𝜔) + C𝑐 + C𝑠ℎ − j𝜔(G𝑠ℎ + G𝑑)] ¤u
+ (K𝑏 (𝜔) + KSCS + Ksh) u = funb + fAMB(𝜔) − fACS(𝜔). (20)
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The subscripts sh, 𝑑, 𝑏, 𝑐 refers to shaft, disc, bearing and coupling matrices,
respectively. The assumed solution to Eq. (20) is of following form

u𝑚 =

𝑖=+∞∑︁
𝑖=−∞

ū𝑚𝑒
j𝑖𝜔𝑡 . (21)

Since AMB is a support bearing it experiences force which has the same multi-
harmonic nature as rotor displacement. In such case, the complex current vector i𝑐
of AMB present in Eq.(6) assumes the following form

i𝑐 =

𝑖=+∞∑︁
𝑖=−∞

ī𝑐𝑒j𝑖𝜔𝑡 . (22)

The force vectors, on the right side of Eq. (20) are given by

f̄unb = f̄unb𝑒
𝑖𝜔𝑡 ; f̄AMB(𝜔) = f̄AMB(𝜔)𝑒j𝑖𝜔𝑡 ; f̄ACS = f̄ACS(𝜔)𝑒j𝑖𝜔𝑡

Substituting Eq. (21) and (22) into Eq. (20) converts global EOM in time domain
to frequency domain which is given by:(

−M(𝑖𝜔)2 + j(𝑖𝜔) (C − j𝜔G) + K
)

ū = f̄unb + f̄AMB(𝜔) − f̄ACS(𝜔) (23)

with

M = Msh+M𝑑; C = C𝑏 (𝜔)+C𝑐+Csh; G = Gsh+G𝑑; K = K𝑏 (𝜔)+KSCS+Ksh .

The development of global EOM of coupled rotor system in time domain and con-
version to frequency domain is discussed in this section. Solving Eq. (23) requires
obtaining responses at all nodal locations which is not possible in experiments.
So, we adopt a condensation procedure to reduce the number of measurement
locations, which is discussed in the next section.

2.9. Condensation of Global EOM

The nodes where the external forces act on the rotor system are usually chosen
as master DOFs. The rest of the DOFs are grouped as slave DOFs. In the present
case, the master DOFs correspond to the nodal locations of all identifiable param-
eters. Eq. (24) lists the master nodes which include the translational DOFs at the
nodal locations of TJBs, discs, coupling, AMBs and rotational DOFs at coupling
nodes

u𝑚 =

{
𝑢AMB1 𝑢𝑑1 𝑢𝑑2 𝑢TPJB1 𝑢𝑐1 𝜑𝑐1 𝑢𝑐2 𝜑𝑐2 𝑢TPJB2

𝑢𝑑3 𝑢𝑑4 𝑢AMB2 . . . 𝑢AMB𝑛−1 𝑢𝑑𝑛−1 . . . 𝑢𝑐𝑛−1

𝜑𝑐𝑛−1 𝑢𝑐𝑛 𝜑𝑐𝑛 . . . 𝑢TPJB𝑛
𝑢𝑑𝑛 𝑢AMB𝑛

}T
. (24)



346 R. Siva SRINIVAS

The master DOFs can be linked to the total DOFs as shown in Eq. (25) (ref. [33])

u =

{
u𝑚

u𝑠

}
= T𝑑u𝑚 . (25)

The linking matrix T𝑑 in Eq. (25) is called the transformation matrix and is given by

T𝑑 =

{
I

−[K𝑠𝑠 − 𝜔2
0M𝑠𝑠 − j𝜔2

0G𝑠𝑠]−1 [K𝑠𝑚 − 𝜔2
0M𝑠𝑚 − jG𝑠𝑚]

}
. (26)

In Eq. (26), 𝜔0 is the mean speed at which dynamic condensation is performed.
Eq. (23) rewritten in terms of reduced coordinates is given by(

−M𝑑 (𝑖𝜔)2 + j(𝑖𝜔)
(
C𝑑 − j𝜔G𝑑

)
+ K𝑑

)
ū𝑚 = f̄𝑑unb + f̄𝑑AMB(𝜔) − f̄𝑑ACS(𝜔) (27)

with

M𝑑 =

(
T𝑑

)𝑇
MT𝑑 , K𝑑 =

(
T𝑑

)𝑇
KT𝑑 , C𝑑 =

(
T𝑑

)𝑇
CT𝑑 , G𝑑 =

(
T𝑑

)𝑇
GT𝑑 ,

f𝑑unb =

(
T𝑑

)𝑇
funb, f𝑑AMB(𝜔) =

(
T𝑑

)𝑇
fAMB(𝜔), f𝑑ACS(𝜔) =

(
T𝑑

)𝑇
fACS(𝜔).

The superscript 𝑑 that appears in all the terms in Eq. (27) refers to the dynamically
reduced form of matrices and vectors. Of all the master DOFs given by Eq. (24), the
rotational DOFs of coupling 𝜑𝑐1 , 𝜑𝑐2 , . . . , 𝜑𝑐𝑛 , which are linked to 𝑘ang, Δ𝑘𝑅𝜉 and
Δ𝑘𝑅𝜂 are difficult to measure experimentally. Hence, another stage of reduction
called hybrid condensation [27] is performed by grouping these DOFs as slave
DOFs. The hybrid master DOF are linked to master DOF as shown in the following
equation:

u𝑑 =

{
uℎ

uℎ𝑠

}
= Tℎuℎ . (28)

The transformation matrix Tℎ in Eq. (28) used to perform the hybrid condensation
is given by

Tℎ =

{
I

−[K𝑑
𝑠𝑠 − 𝜔2

0M𝑑
𝑠𝑠 − j𝜔2

0G𝑑
𝑠𝑠]−1 [K𝑑

𝑠𝑚 − 𝜔2
0M𝑑

𝑠𝑚 − jG𝑑
𝑠𝑚]

}
. (29)

The complex displacement vector uℎ in Eq. (28) is given by

uℎ =

{
𝑢𝑑1 𝑢𝑑2 𝑢TPJB1 𝑢𝑐1 𝑢𝑐2 𝑢TPJB2 𝑢𝑑3 𝑢𝑑4 𝑢AMB2 . . .

𝑢AMB𝑛−1 𝑢𝑑𝑛−1 . . . 𝑢𝑐𝑛−1 𝑢𝑐𝑛 . . . 𝑢TPJB𝑛
𝑢𝑑𝑛 𝑢AMB𝑛

}T
. (30)
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It can be seen that the two-fold condensation has achieved the reduction of DOFs
that needs to be measured. The hybrid master DOFs shown in Eq. (30) consist only
of translational DOFs which can be measured readily.

The final EOM in terms of hybrid DOF in frequency domain is given by(
−Mℎ (𝑖𝜔)2 + j(𝑖𝜔)

(
Cℎ − j𝜔Gℎ

)
+ Kℎ

)
ūℎ = fℎunb + fℎAMB(𝜔) − fℎACS(𝜔), (31)

where

Mℎ =

(
Tℎ

)𝑇
M𝑑Tℎ, Kℎ =

(
Tℎ

)𝑇
K𝑑Tℎ, Cℎ =

(
Tℎ

)𝑇
C𝑑Tℎ, Gℎ =

(
Tℎ

)𝑇
G𝑑Tℎ,

fℎunb =

(
Tℎ

)𝑇
f𝑑unb , fℎAMB(𝜔) =

(
Tℎ

)𝑇
f𝑑AMB(𝜔), fℎACS(𝜔) =

(
Tℎ

)𝑇
f𝑑ACS(𝜔).

The superscript ℎthat appears in all the terms in Eq. (31) refers to matrices and
vectors in hybrid reduction form.

In this section the global EOM is rewritten in terms of translational DOFs
which can be readily measured on test rotors. The development of identification
algorithm is explained in the next section.

2.10. Development of inverse problem for parameter estimation

Eq. (31) can be rearranged by relocating all the unknown parameters (disc
unbalance, coupling static and additive stiffness coefficients, TPJB stiffness and
damping, AMB constants) to the right side in the following form(

−Mℎ (𝑖𝜔)2 + j(𝑖𝜔)
(
Cℎ

𝑠ℎ+𝑐 − j𝜔Gℎ
)
+ Kℎ

sh

)
ūℎ

= f̄ℎunb − f̄ℎSCS + f̄ℎAMB(𝜔) − fℎACS(𝜔) − f̄ℎbrgk(𝜔) − f̄ℎbrgc(𝜔). (32)

At a given speed 𝜔, Eq. (32) can be partitioned as follows

{
Aunb ASCS AACS(𝜔) ATPJB(𝜔) AAMB(𝜔)

} 

xunb

xSCS

xACS(𝜔)
xTPJB(𝜔)
xAMB(𝜔)


= b(𝜔), (33)

where:

xunb =

{
𝑈re

1 𝑈im
1 𝑈re

2 𝑈im
2 𝑈re

3 𝑈im
3 𝑈re

4 𝑈im
4

}T
,

xSCS =

{
𝑘rad 𝑘ang

}T
,

xTPJB(𝜔) =
{
𝑘TPJB1 (𝜔) 𝑘TPJB2 (𝜔) 𝑐TPJB1 (𝜔) 𝑐TPJB2 (𝜔)

}T
,
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xAMB(𝜔) =
{
𝑘𝑠 (𝜔) 𝑘𝑖 (𝜔)

}T
,

xACS(𝜔) =
{
Δ𝑘𝜂𝜂 (𝜔) Δ𝑘𝜂𝜂 (𝜔) Δ𝑘𝜑𝜂𝜑𝜂

(𝜔) Δ𝑘𝜑𝜉 𝜑𝜉
(𝜔)

}T
.

The vector of unknown parameters x in Eq. (33) consists of speed-dependent and
speed-independent parameters. For each speed of interest 𝜔𝑖, the corresponding
vector of unknown parameters is given by x(𝜔𝑖).For 𝑛d ifferent speeds Eq. (33)
has the following form

A(𝜔1) 0 0 0
0 A(𝜔2) 0 0
...

...
...

...

0 0 0 A(𝜔𝑛)




x(𝜔1)
x(𝜔2)

...

x(𝜔𝑛)


=


b(𝜔1)
b(𝜔2)

...

b(𝜔𝑛)


. (34)

The inputs to Eqs. (33) and (34) are the real and imaginary parts of complex
displacements at measurement locations on rotors (ūre

ℎ , ūim
ℎ ) and complex currents

at AMB locations (īre, īim) obtained from the amplitude and phase of harmonics in
full spectrum FFT plots.

ūℎ = ūre
ℎ + jūim

h , ī = īre + jīim. (35)
A detailed treatment on the theory and application of full spectrum FFT plots is
given in [36]. The development of identification algorithm from condensed global
EOM has been discussed in this section. The next section discusses the Simulink
model used for generating vibration and current outputs.

2.11. Simulink model

The illustrative SimulinkTM model shown in Fig. 5 is built using Eq. (20) and
is solved using ODE15s which is a stiff solver. The time domain responses of rotor
vibration and control currents in AMB coils in complex form are logged for every
1/216 seconds from simulation. The next section discusses the coupled rotor system
used for numerical simulation.

Fig. 5. Representative SIMULINK model of turbine generator supported on TPJBs and AMBs
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3. Rotor-bearing-coupling considered for simulation

A coupled rotor system with multiple discs running at 3000 rpm is considered
for numerical simulation and is shown in Fig. 6. Rotor-1 and rotor-2 each carry two
rigid discs and are supported on AMBs at outboard locations and TPJBs at inboard
locations. An intermediate coupling transmits the drive from rotor-1 to rotor-2.
The properties of motor and drive end coupling are not included in the model.
The properties of rotor, discs, AMB constants and the dimensions of TPJB-1 and
TPJB-2 each with 4 pads are given in Table 1. The speed-dependent bearing input
properties, i.e., stiffness and damping coefficients at 6 different speeds (500 rpm,
1000 rpm, 1500 rpm, 2000 rpm, 2500 rpm and 3000 rpm) are generated from
DyRoBeS© BePerf computer program (Fig. 7a, Fig. 7b). The assumed values of
speed-dependent ACS coefficients and AMB coefficients are shown in Fig. 7c and
Fig. 7d.

Fig. 6. Coupled rotor system supported on TPJBs and AMBs

Fig. 7. Speed-dependent inputs: (a) stiffness and damping of TPJB-1 generated from DyRoBes
BePerf, (b) stiffness and damping of TPJB-2 generated from DyRoBes BePerf, (c) assumed ACS

coefficients, (d) assumed AMB coefficients
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Table 1. Specifications of rotor, AMB & TPJBs

Disc

Mass, kg Moment of inertia, kg m2
Unbalance

Amplitude, kg m Phase, rad

𝑚𝑑1 = 2.25 𝐼𝑑1 = 0.0024 𝐼𝑝1 = 0.0048 𝑒1 = 4 × 10−5 𝛽1 = 𝜋/10

𝑚𝑑2 = 1.75 𝐼𝑑2 = 0.0035 𝐼𝑝2 = 0.007 𝑒2 = 3 × 10−5 𝛽2 = 𝜋/4

𝑚𝑑3 = 2.5 𝐼𝑑3 = 0.0045 𝐼𝑝3 = 0.009 𝑒3 = 4 × 10−5 𝛽3 = 𝜋/15

𝑚𝑑4 = 1.6 𝐼𝑑4 = 0.004 𝐼𝑝4 = 0.008 𝑒4 = 3 × 10−5 𝛽4 = 𝜋/12

Shaft AMB
𝑑, m 𝑙𝑒, m 𝑎0 𝑎1 𝑘 𝑝 12 200 A/m

0.17 0.25 0.154 1e-5
𝑘𝑖 2000 A/(m s)
𝑘𝑑 3 (A s)/m

Tilting-pad journal bearing
Parameter TPJB-1 TPJB-2
Length (mm) 14 20
Diameter (mm) 20 20
Clearance (μm) 100 100
No. of pads 4 4
Arc length (degree) 72 72
Pivot offset 0.5 0.5
Configuration lbp lbp

4. Results and discussion

The current orbits of AMB-1 and AMB-2 are plotted and shown in Fig. 8.
The elliptical nature of orbits is similar to the elliptical displacement orbits in
the experimental results reported in [25], which is indicative of the presence of
misalignment. Fig. 9 shows full spectrum amplitude and phase plots of the AMB-1
and AMB-2 complex currents. The integer harmonics from −5 to +5 through 0 can
be seen.

This is qualitatively similar to the FFT plots obtained from experimental data
reported in [25]. This shows the suitability of the steering function 𝑠(𝑡) chosen for
simulation.

The translational vibration data of rotor at two TPJBs, two AMBs, four discs
and two coupling locations and the current data at the two AMBs is acquired from
the Simulink model.
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Fig. 8. Complex current orbit of AMB-1 and AMB-2

Fig. 9. Full spectrum fft of AMB1: (a) current amplitude, (b) current phase; AMB2: (c) current
amplitude, (d) current phase

These are processed through full spectrum FFT algorithm to obtain the ampli-
tude and phase at all positive and negative integer harmonics of interest. The real
and imaginary parts of harmonics are then calculated and passed to the identifica-
tion algorithm.

At each of the six speeds (500 rpm, 1000 rpm, 1500 rpm, 2000 rpm, 2500 rpm,
3000 rpm) a total of 20 parameters comprising 8 unbalance parameters 𝑒1 cos 𝛽1,
𝑒2 cos 𝛽2, 𝑒3 cos 𝛽3, 𝑒4 cos 𝛽4, 𝑒1 sin 𝛽1, 𝑒2 sin 𝛽2, 𝑒3 sin 𝛽3, 𝑒4 sin 𝛽4, 4TPJB param-
eters (𝑘TPJB1 , 𝑐TPJB1 , 𝑘TPJB2 , 𝑐TPJB2), 2 AMB parameters (𝑘𝑠, 𝑘𝑖) and 6 coupling
parameters (𝑘rad, 𝑘ang, Δ𝑘 𝜉 𝜉 , Δ𝑘𝜂𝜂 , Δ𝑘𝜑𝜉 𝜑𝜉

, Δ𝑘𝜑𝜂𝜑𝜂
) are estimated using linear

least-squares problem from Eq. (33). The case of 0% noise is studied first. Fig. 10a
shows that the error in unbalance estimates is less than 3% with 𝑒3 sin 𝛽3 showing
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the highest deviation 2.8% at 3000 rpm. Among the TPJB parameters (Fig. 10b)
𝑐TPJB1 shows the highest deviation (2%) at 1500 rpm. Among coupling parameters
(Fig. 10c), the maximum error is displayed by 𝑘ang (−7%) at 2000 rpm. This is the
result of hybrid condensation, wherein the angular displacements of coupling are
made as the slave DOF. Among AMB parameters, 𝑘𝑠 shows a highest deviation
of 6.5% at 3000 rpm (Fig. 10d). From Fig. 10c the highest error % in any ACS
parameter is around 5%.

Fig. 10. Error in the estimates with 0% measurement noise: (a) unbalance of discs,
(b) speed-dependent TPJB parameters, (c) speed-dependent coupling parameters,

(d) speed-dependent AMB parameters

Generally, to model random and interval uncertainties in numerical formu-
lations probabilistic, interval-based approaches are used. In the current work, a
measurement error and bias error are introduced to study the sensitivity of iden-
tification algorithm. A random Gaussian noise of 5% is added to the vibration
and current signals and the estimation is performed again. From Fig. 11a, it is
seen that all the unbalance parameters show large deviation at all speeds with
𝑒2 cos 𝛽2 varying the highest (10% at 500 rpm). Likewise the errors in TPJB coef-
ficients (Fig. 11b), coupling stiffness parameters (Fig. 11c) and AMB parameters
(Fig. 11d) due to 5% measurement noise are 𝑐TPJB2 (4.5%) at 1500 rpm, 𝑘ang (15%)
at 1500 rpm, Δ𝑘 𝜉 𝜉 (15%) at 3000 rpm and 𝑘𝑠 (14.2%) at 3000 rpm, respectively.

Next, the sensitivity of algorithm to modelling bias is examined. A 5% bias
in 𝑚𝑑1 , 𝑚𝑑2 , 𝑚𝑑3 , 𝑚𝑑4 and 𝛿𝑥𝑐, 𝛿𝑥𝑐+1, 𝛿𝜑𝑦𝑐 , 𝜑𝑦𝑐+1 is introduced. The maximum
errors observed in various parameters are 𝑒3 sin 𝛽3 (2.5%) at 3000 rpm (Fig. 12a),
𝑐TPJB1 (1.5%) at 1500 rpm (Fig. 12b), 𝑘ang (−8%) at 2000 rpm (Fig. 12c), 𝑘𝑠 (−6%)
at 3000 rpm (Fig. 12d), respectively. The algorithm has shown more sensitivity to
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Fig. 11. Error in the estimates with 5% measurement noise: (a) unbalance of discs,
(b) speed-dependent bearing parameters, (c) speed-dependent coupling parameters,

(d) speed-dependent AMB parameters

Fig. 12. Error in the estimates with 5% modelling bias (a) unbalance of discs, (b) speed-dependent
bearing parameters, (c) speed-dependent coupling parameters, (d) speed-dependent AMB

parameters
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measurement noise than to bias in parameters. Nevertheless, the error in estimated
parameters is within reasonable limits. The absolute values of estimated versus
assumed parameters at 3000 rpm for the case of 5% measurement noise are shown
in Table 2. It can be seen that the maximum percentage error for ACS parameter
Δ𝑘 𝜉 𝜉 which denotes parallel misalignment is 15.7%.

Table 2. Assumed values vs estimated values at 3000 rpm for 5% measurement noise

Parameter (units) Assumed value Estimated value Error (%)

𝑈re
1 , kg m 1.33E-04 1.31E-04 −1.85

𝑈re
2 , kg m 8.49E-05 8.85E-05 4.27

𝑈re
3 , kg m 1.17E-04 1.17E-04 −0.44

𝑈re
4 , kg m 1.55E-04 1.56E-04 0.68

𝑈im
1 , kg m 4.33E-05 4.25E-05 −1.86

𝑈im
2 , kg m 8.49E-05 8.66E-05 2.11

𝑈im
3 , kg m 2.49E-05 2.63E-05 5.47

𝑈im
4 , kg m 4.14E-05 4.26E-05 2.96

𝑘TPJB1 , N/m 5830000 5903738 1.26

𝑘TPJB2 , N/m 7660000 7635603 −0.32

𝑐TPJB1 , N s/m 11200 11192 −0.07

𝑐TPJB2 , N s/m 12100 12131 0.25

𝑘𝑠 , N/m 495600 428749 −13.49

𝑘𝑖 , N/A 41.9 36 −12.95

𝑘rad, N/m 225000 224243 −0.34

𝑘ang, N m/rad 200000 160492 −19.75

Δ𝑘 𝜉 𝜉 , N/m 63400 73409 15.79

Δ𝑘𝜂𝜂 , N/m 41700 43081 3.31

Δ𝑘𝜑𝜉 𝜑𝜉
, N m/rad 36800 37155 0.97

Δ𝑘𝜑𝜂𝜑𝜂
, N m/rad 54380 53653 −1.34

In this section, numerical results from simulation and results of inverse problem
are presented. Even in the presence of 5% measurement noise, the maximum error
in the estimation of ACS parameters which is representative of misalignment is
found to be less than 15%. This shows the robustness of the identification algorithm.
The next section discusses as to how the ideas presented so far can be used to detect
the presence of parallel and angular misalignments in real rotors.
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5. Method of application in real rotors

Fig. 13 is the pictorial representation of how the algorithm can be used for
condition monitoring of misalignment in real rotors.

Fig. 13. Method of application of identification algorithm in real rotors

6. Conclusions

The objective of the present work is the modelling of misaligned coupling
using the SCS and ACS matrices and identification of ACS coefficients at various
speeds in coupled rotors

1. The intermediate coupling stiffness has two components: SCS and ACS
matrices. Parallel and angular misalignments have been represented by
ACS coefficients in the corresponding directions.

2. The mathematical model of coupling is developed based on weight domi-
nance criteria and the selection of suitable steering function.

3. The global EOM is assembled and condensed by grouping the coupling
rotational DOF, which are difficult to measure experimentally, as slave DOF.
An inverse problem is developed from frequency domain representation of
the condensed EOM.

4. The inputs to the algorithm are obtained from the full spectrum plots of
vibration at rotor master nodes and currents at AMB nodes. The solution
to the inverse problem is sought at six different speeds thereby yielding
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the speed-dependent unknown system parameters. The estimated values in
the presence of noise and modelling bias showed acceptable level of error
thereby validating the robustness of identification algorithm.

5. The novelty of the present work is the development of methodology that
has potential for the condition monitoring of misalignment in real rotors.

6. The current numerical work shall be experimentally validated in future
to demonstrate the effectiveness of identification algorithm for condition
monitoring using AMBs. The experimental results can then be compared
with those of traditional condition monitoring techniques.

7. This method primarily differs from the other condition monitoring meth-
ods in the manner characterization of misalignment is made. This method
quantifies the amplitudes and phase of harmonics of vibration and current
that arise due to misalignment using AMB that also acts as support bearing
for the rotor system.
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