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Abstract

Hybrid testing combines numerical simulations with physical experiments to evaluate large
mechanical systems, such as wind turbines, that are impractical to test at full scale. While
hybrid testing has been widely applied in structural dynamics, its extension to complex
multibody dynamic systems remains challenging due to nonlinear kinematics and strongly
coupled degrees of freedom. Although the Kane method underpins widely used wind turbine
simulation tools, hybrid testing frameworks that directly integrate Kane-based multibody
formulations and interface force coupling remain largely unexplored. Here, a stepwise hy-
brid testing framework is presented in which the equations of motion are formulated using
the Kane method, enabling a systematic treatment of multibody dynamics within hybrid
testing. Interface forces are identified from free-body diagrams and incorporated into the
equations of motion through the principle of virtual power, allowing consistent coupling
between numerical and physical substructures. The framework is demonstrated in a pseudo-
dynamic hybrid test of a 13-degree-of-freedom simplified wind turbine rotor system, where
a pitch bearing is tested as a physical substructure under force-controlled bi-axial bending
and displacement-controlled pitch rotation. A virtual hybrid test validates the formulation
and coordination algorithm, while the physical hybrid test demonstrates stable mixed-mode
coupling under experimental feedback. The results show that the framework can couple
a Kane-based multibody model with a physical wind turbine component and capture its
influence on the system-level rotor response.
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1. Introduction

1.1. Background and motivation

As wind turbines (WTs) continue to increase in size and capacity, physical testing remains
a major bottleneck in the development and validation of new turbine components. For
example, accelerated fatigue testing of blades and nacelles may last up to 6-8 months. The
community recognizes that some of these tests could be substantially shortened provided that
the loading sequence comprehensively captures critical loading scenarios. This has motivated
the development of alternative testing methodologies that combine physical testing with
numerical simulation.

Hybrid testing (HT) enables testing a physical substructure (PS) of an engineering sys-
tem while numerically simulating its interaction with the remaining numerical substructure
(NS) [1, 2]. The PS and NS are coupled through a control system and servo-controlled
actuators, while a coordination algorithm based on numerical time integration or control
theory enforces dynamic equilibrium and kinematic compatibility between the two substruc-
tures. To address scaling issues and actuation limitations, the wall-clock time associated
with testing the PS may be faster than, equal to, or slower than the simulation time. In civil
engineering applications, limited actuation capacity typically necessitates testing at speeds
slower than real time, requiring the PS to exhibit nearly rate-independent behavior. While
HT has been extensively developed for seismic testing of civil engineering structures [3, 4],
more recent applications have addressed fire [5], hydrodynamic [6], aerodynamic loading [7],
and multi-actuator setups [8, 9, 10]. Consequently, the application of HT to wind turbines
is becoming increasingly relevant.

To evaluate the dynamic response of WT's under realistic loading conditions, HT method-
ologies have been employed in several applications. Sauder et al. [11] advocate applying
physical hydrodynamic loading on floating substructures within an ocean basin while nu-
merically simulating aerodynamic loading and rotor system dynamics. Similarly, Belloli et
al. [12] propose applying physical aerodynamic loading on rotor systems in wind tunnels
while simulating hydrodynamic loads on floaters. Zhang et al. [13] apply HT to evaluate
a tuned liquid damper coupled with a numerically simulated 13-DOF wind turbine model.
These studies demonstrate the potential of HT for wind turbine applications and motivate
the use of system-level models for capturing the coupled mechanical response of intercon-
nected parts.

As WTs are characterized by interconnected parts that undergo large rotations, multi-
body dynamic (MBD) modeling is essential to accurately capture their dynamic behavior.
Among WTs, HT has been applied to various MBD systems, such as biomechanics [14],
railway systems [15, 16, 17], vehicle dynamics [18], and robotics [19]. In some of these appli-
cations the NS is simulated using software like SIMPACK or FreeDyn, while others formulate
the equation of motion from Lagrangian, Hamiltonian, or Newton-Euler methods. Along-
side these classical approaches, Kane’s method is a well-established formulation in multibody
dynamics and has been employed in academic and software-based implementations.

In the context of wind energy, the Kane method underpins the structural dynamics
formulation in FAST [20], which is widely used for wind turbine aeroelastic simulation in
the research community. Additionally, Sarkar et al. [21] demonstrates the use of the Kane’s
method in deriving the equations of motion of a floating offshore wind turbine. Introduced



in 1965, the Kane method [22, 23, 24] offers an alternative to classical formulations by
deriving the equations of motion directly from the principle of virtual power. It is widely
recognized to yield expressions of reduced symbolic complexity and to facilitate formulations
with a minimal set of degrees of freedom. These properties avoid the need for additional
kinematic constraints and associated differential-algebraic equation (DAE) solvers, which is
advantageous for hybrid testing applications. Despite the long-standing development of HT,
to the authors’ knowledge, HT frameworks that integrate multibody dynamic formulations
based on the Kane method remain largely unexplored.

1.2. Scope

In this work, a hybrid testing framework for multibody dynamic systems is presented, in
which the equation of motion is formulated using the Kane method and coupled to a physical
substructure operating under force-controlled conditions. The framework is first presented
through a simple hybrid system and it is then demonstrated experimentally through a hybrid
wind turbine rotor model in which one pitch bearing is tested under mixed-mode control.

The paper is organized as follows. Section 1 introduces the background, motivation, and
scope. Section 2 presents the hybrid testing framework, including the formulation of the
hybrid model for a simplified system and the coordination algorithm for coupling the NS to
the PS in force-control. Section 3 demonstrates the framework through a hybrid test of a
WT pitch bearing. Section 4 presents and discusses the HT results, and Section 5 concludes
the work.

2. Multibody dynamic hybrid testing framework

This section introduces a HT framework formulated for MBD systems. Although the
framework applies to systems with multiple interconnected bodies, for clarity, it is illus-
trated using a simplified single-body example with two degrees of freedom, which serves as
a conceptual basis for the wind turbine application presented later in the paper. The hybrid
model is shown in Figure la, and the testing setup for the PS, as highlighted in red, is
illustrated in Figure 1b.

Actuator

(b)
Figure 1: a) Two-degree-of-freedom hybrid model and b) test setup. In both subfigures, the physical sub-
structure is highlighted in red

A cantilever beam serves as the PS, while the remaining components comprise the NS. The
first generalized coordinate, &;, describes the rotation of a body attached to frame B; about



a fixed point O in the negative n,-direction. The second generalized coordinate, &3, describes
the tip displacement of the cantilever beam attached to the body, in the b,-direction. To
simplify the model, stress stiffening effects are neglected. The body is rotationally damped
with the damping coefficient ¢ and an external torque s is applied in the negative By—direction.
The body attached to B has a mass of inertia Ify in its By—direction. Gravity g acts in the
negative n,-direction.

2.1. Formulation of multibody dynamical hybrid model

Following the Kane method as presented by Banerjee [24] and Roithmayr et al. [25],
a hybrid model is formulated for the simplified system described in the previous section.
The symbolic derivation is implemented using the Mechanics module of SymPy [26, 27], a
Python-based library for analytical mechanics.

Rather than presenting a generic derivation of the Kane method, this section illustrates,
in a stepwise manner, how the formulation is applied to assemble a hybrid model for the
outlined system. The formulation extends and further develops the approach introduced in
the authors’ earlier conference paper [28]. It proceeds through the definition of (i) reference
frame orientations, (ii) position vectors, (iii) inertia forces and torques, (iv) active forces and
torques, (v) interface forces and torques, (vi) the principle of virtual power, and (vii) the
assembly of the equations of motion.

(i) Reference frame orientations are first defined. The Kane method builds upon a projec-
tion of forces and torques to the direction of partial velocities, and all vector quantities
(e.g., positions and forces) are reported by explicitly stating the reference frame compo-
nents. The set of generalized coordinates £ = [51, &]T defines the relative orientation
between these frames and thus the projection basis. In particular, the orientation of
the body-fixed frame B relative to the inertial frame N is described by the rotation

matrix,
n,-b, n,-b, n, b, cos& 0 —sin&
.- WSS A
C”=1|n,-b, n,-b, n,-b,|=| 0 1 0 (1)
n.-b, n,-b, n,-b, sin; 0 cos&;

where N denotes the inertial reference frame, defined by the orthonormal unit vectors
n,, n,, and n,. The frame B is fixed to the body and described by the local unit

vectors Bx, f)y, and b,.
Angular velocities and accelerations follow directly from the time derivatives of the

reference frame orientations. In the present work, these relations are evaluated sym-
bolically using the Mechanics module of SymPy. This follows from the fact that taking
N

the time derivative in the inertial frame, denoted —. of a unit vector Bk produces a

skew-symmetric matrix multiplication. This matrix operation is the equivalent of the
vector operation,

E];)k = EB(jNN(jBE)]C = NwB X f)k k=x Y,z (2)
dt dt ’ e



where x denotes the cross product, and Yw? is the angular velocity of frame B with
respect to frame N. This becomes,

Ny .
NP = vect (EBCNNCB) = —&1b, (3)

where vect(+) is a vectorization operation following [29]. Deriving the angular velocity
in frame N gives the angular acceleration,

N 5 Ydy T
o = w” = —-&b, (4)

(ii) Position vectors are next defined. The generalized coordinates along the directions of

the unit vectors define the relative position vector p©”, representing the position of
point P with respect to a fixed reference point O,

p°” = Ib, + &b, (5)

where [ is the length of the cantilever beam.

Translational velocities and accelerations are automatically derived by the time-derivative
in the N frame to the position vectors in (5). By making use of (2), the generic one-
point theorem from [26] appears. Accordingly,

Nd . A A .o
YW= —p = Igb. + &b, — S6b, (6)
vop Ny p oo D -
a = vV = [§1b, — I&7by + &b, — 26162b, — §261b, — §267b, (7)

(#ii) Inertia forces and torques are defined for lumped masses and bodies following the
Newton and Euler formulations, respectively. Notably, acceleration from (7), angular
velocity from (3), and angular acceleration from (4) are all defined in the inertial frame
N. Accordingly,

' = —mpNa® (8)

¢*B — _IB . NoB _ N B (IB.NwB) 9)

where mp is the mass of the body attached to point P and IP is the inertia dyadic
of the body attached to frame B. This enables defining the mass of inertia in the
principal axis of a given body,

1" =I1b, @b, (10)

where Ify is the inertia of the body attached to frame B in its y-direction and ® denotes
the outer product.



(iv) Active forces and torques acting on points and bodies are defined based on the unit
vectors from the reference frames.
' = —mpgn,, t¥=—sn, —c&in, (11)
where s is an external moment and c is a damping coefficient.

(v) Interface forces and torques are revealed from a free-body diagram. For the illustrative
example, the free-body diagram is presented in Figure 2. The NS is presented in Figure
2a and the PS on the test bench in Figure 2b.
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Figure 2: Free-body-diagram of hybrid structure with interface forces on a) the numerical substructure and
b) the physical substructure

In the free-body diagram for the NS, the interface force acting on O and P and the
interface torque acting on B read, respectively,
A9 = \b,, ' =-)\b,, t'F =I\b, (12)

where A is a Lagrange multiplier constraining the NS to the PS, such that,

r =h¢ (13)

where h = [O 1] is a boolean matrix mapping the degrees-of-freedom of the PS to the
NS.

(vi) The principle of virtual power is applied following the Kane method. All inertia, active
and interface forces are projected onto the partial velocities. As forces on stationary
points have no contribution to the virtual power, they can be disregarded. The virtual
power associated with él and 52 sums respectively to,

Fo=NvP. (f*P+fP+fAP) _‘_NwlB.(t*B_'_tB_i_t)\B) —0

= _Cél +s—gmp (lcos&; — &asinéy) — [iél —mp (5251 - lérz - 535”1 - 2525152)
(14)



Fy=NvP. (f*P+fP+fAP) P NP (t*B+tB+tAB) —0

. . . 15
= —gmpcos& —mp (151 + & — 525%) —A (15)

where the partial velocities and partial angular velocities are defined with respect to
each generalized coordinate derivative. This forms a shared projection basis for the
application of virtual power. The generalized velocities of P read,

aN P . . aN P R
NP =S Y b, b, WP =2 T (16)
851 afé
and the partial angular velocities of B read,
0N B aN B
NP = i =-n, “w)= Y —o (17)
0& 3
(vii) Assembly of the equation of motion (EoM) is done by combining (14) and (15). Ac-
cordingly,
. . F
M£+f—h)\:[ }:O (18)
Fy
where A = [A] in this example with only one Lagrange multiplier. M is the mass

matrix, whose characteristic for MBD structures is dependent on the state,

(19)

—mpl —mp

Remaining forces composed of external, gravity, Coriolis, and centrifugal force read,

. [—cél +5—gmp (Lcos& — & sinéy) + 2mP525152} (20)

—gmp cos &1 + mp&at?

In combination with the set of kinematical equations, this is recast to state space form,

£=u
{u:-M*ﬁ—N)) (21)
where u = [ul u2]T is a collection of generalized speeds.

The set of differential equations in (21), formulated using Kane’s method, provides the
basis for the coordination algorithm for the HT.



2.2. Coordination algorithm

In this study, HT is performed in force-control mode by using the coordination algorithm
presented in [30]. A coordination algorithm, which may take the form of either a time-
integration or control scheme, ensures that the NS and PS satisfy equilibrium and kinematic
compatibility. The equation of motion of the hybrid model is described by the following
differential algebraic equation (DAE),

é—u
u=-M"(f - h7TX) (22)
h¢ —x=0

Equation (22) is a Hessenberg index-2 DAE, which is solved using the Baumgarte stabilization
method [31]. Accordingly, interface forces are computed as,

A= (bM'h7) " (AM'f 4 % — 27 (hu — %) — 7* (h€ — X)) (23)

where x and X are obtained by polynomial interpolation of the PS kinematic response over
the last three time steps. The parameter v is the Baumgarte stabilization parameter. In
this work, the two Baumgarte parameters are set equal, such that v = a = 3, as suggested
in [31].

3. Wind turbine case study

This case study demonstrates the proposed hybrid testing framework for testing a WT
pitch bearing. Pitch bearings play a central role in load transfer between blades and hub
and they have been reported to account for 20% of turbine downtime [32]. Its boundary con-
ditions can be replicated using MAST setups, which apply controlled six-degree-of-freedom
(6-DOFs) loading [33, 34, 35|, or through blade-bearing-hub tests that reproduce the hub-
blade interface using lever arms [36, 37, 38].

Stamler et al. [39] concludes that dynamic loads, oscillating movements, and complex
interfaces form a set of requirements unique to pitch bearings and identifies that development
of new approaches for interface emulations is needed. While component-level testing allows
investigation of critical elements, accurately replicating the interaction between components
and capturing the full system dynamics remains challenging.

In the present study, the pitch bearing is selected as the PS and is subjected to bi-axial
bending, applied in force-control mode, and pitch rotation, applied in displacement-control
mode. Force-control is employed for the bending degrees of freedom because the pitch bearing
is a stiff component, for which displacement-controlled testing can be adversely affected by
actuator compliance and measurement noise.

Section 3.1 presents the hybrid model and Section 3.2 presents the experimental setup.

3.1. Hybrid model

In a 13-DOF hybrid MBD model of a simplified wind turbine rotor system, one pitch
bearing is represented as a 3-DOF PS, while the remaining components are described by the
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Figure 3: 13-DOF multi-body dynamic hybrid model of a simplified wind turbine rotor, where the pitch
bearing represented as the physical substructure is highlighted in red.

NS. An illustration of the hybrid model is presented in Figure 3, where the PS is highlighted
in red.
The equation of motion of the hybrid model is associated with 13 DOF's,

E=1[& &.. Cono S0.s C0,0 0o 0,5 Ee1 Ee2 Eez Ep1 Epo ffS}T (24)

where the pitch angle § is a time-varying simulation parameter. The model includes a hub,
denoted by body Bj, whose rotation is described by the generalized coordinate &,. Three
pitch bearings are attached to the hub. Each is associated with a reference frame A;, oriented
according to its azimuth angle and rotated with a pitch angle 3 along a;,. For the it pitch
bearing, the corresponding blade is positioned within the frame B;. The bending of the pitch
bearing is described by two generalized coordinates, &y,, and &, along the new a;, and a;,
directions, respectively. Within each blade, three lumped masses are distributed, and the
generalized coordinates describe the displacement of the blade tip &; in the edge-wise and £y,
in the flap-wise direction, along f)m and E)Z-y, respectively. Constant lift and drag forces are
applied to the blade tips, and a rotational dashpot represents the generator. The formulation
of the EoM follows the framework presented in Section 2.1. The specific formulation and a
list of model parameters is provided in Appendix A.

An essential aspect of the hybrid model is the treatment of the interface forces, which are
obtained from free-body diagrams and incorporated into the principle of virtual power. The
interface forces acting on the NS are shown in Figure 4a, while those on the PS are shown
in Figure 4b.

The interface forces are applied as torques to the bodies on either side of the pitch bearing,
namely the bodies associated with frames A; and B;. These torques are therefore expressed
as,
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Figure 4: Free-body-diagram of hybrid structure with interface forces on a) the numerical substructure and
b) the physical substructure

tM = \jag, + Aay, (25)

t)\Bl - _Alélw - )\Qé.ly (26)

where A\; and Ay are the bending moments acting on the pitch bearing in the z- and y-
directions, respectively. These are defined in the frame rotated by the pitch angle 3.

3.2. FExperimental setup

The experimental setup has been developed for the purpose of validating the proposed
methodology while coping with the limited budget for experimental work. Therefore, the
WT case study was conceived around an available SKF slewing bearing with external gears
(SLB 061.20.0644), which is used as the PS. Figure 5 shows the experimental test bench at
Force Technology in Munkebo, Denmark.

As can be seen in Figure 3, a loading system consisting of a 2 m steel pipe structure con-
verts actuator force/displacement to the boundary conditions applied to the PS. Specifically,
Actuators #1 and #2 (250 kN force capacity), which operate in force-control mode, apply
bending loads to the PS whereas Actuator #3 (125 kN force capacity), which operates in
displacement control-mode imposes the pitch angle. All actuators are equipped with load
cells, position sensors, and pressure transducers to enable precise measurement and control
throughout the test.

The control system of the experimental setup converts the PS DOF's, which coincide with
the task space control variables, to the joint space and vice versa. The latter are the control
variables (i.e., force or displacement) associated with each single actuator connected to the
loading system. The geometrical transformations between task and joint space coordinates
are formulated following [40]. A schematic overview of the complete HT setup is shown in
Figure 6.

10
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Figure 5: Experimental setup with physical substructure highlighted in red and actuators in green

Hybrid model Numerical substructure Physical substructure
Ao, B .Invers?
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Forward P
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Figure 6: Schematic overview of hybrid test

The TASK-SPACE coordinates x represent the DOF's from the hybrid model, and TASK-
SPACE forces F represent the interface forces. Accordingly,

ex )\1
X = «9y 5 F = /\2 (27)
6] 0

where 0, and 0, are bending angles in x and y-direction and 3 is a pitch angle in the z
direction applied to the bearing. A; and Ay are the resulting bending moments in x- and
y-direction, respectively. No torque is applied about the pitch axis in force-control mode.

Similarly, the JOINT-SPACE coordinates q and forces 7 are represented by the actuation
system,

11



a=|e|, 7= |m (25)

where ¢, q2 and g3 are actuator elongations. 7, and 7, are actuator forces.
The inverse kinematic associated with the control system is obtained analytically and
reads,

q=g(x) (29)

The forward kinematics solution is obtained by solving the following nonlinear algebraic
equation using Newton-Raphson,

x=g '(q) (30)
The corresponding relation of forces between TASK-SPACE and JOINT-SPACE reads,

F=J'r (31)
r=J"TF (32)
where J represents the Jacobian matrix,
_ 9g(x)
J = I (33)

The tests are performed in a pseudo-dynamic regime, where the hybrid model is advanced
in time while the PS is allowed to reach quasi-static equilibrium at each time step. The
numerical integration is performed with a time step of 10 ms, while actuator target updates
are issued at a lower rate of 0.3 Hz to ensure quasi-static conditions on the test bench.

The coordination procedure follows four main steps:

1. The actuator feedback is converted into pitch bearing bending angles using the forward
kinematic relationship.

2. Based on the feedback of the bending angle, the coordination algorithm evaluates the
NS and generates the bending moment for the PS, following the procedure outlined in
Section 2.2.

3. The commands are transformed into actuator forces and elongations through the in-
verse kinematic transformation.

4. The resulting actuation commands are sent to the experimental setup, where they
are applied by a force-controlled PID control system. Once steady-state conditions
are reached on the test bench, the measured actuator elongations are returned to the
coordination algorithm, closing the loop and providing updated input for the NS.

12



Analogously to the implementation of Kane’s method, the geometric transformation of
the control system is obtained using the Mechanics module of SymPy [26]. A 2D top-down
view of the test bench is presented in Figure 7a, and Figure 7b presents it in a 3D view.

PB3 q3

(a) (b)

Figure 7: Sketch of test bench in a) 2D top-down view, and b) 3D view

To describe the positions of the end-effectors in a deformed configuration, a reference
frame is attached to the pipe. This frame adopts a partially body-fixed orientation. Initially,
the frame undergoes a pitch rotation 8 about the n, axis. Subsequently, bending rotations 0,
and 0, are applied about the rotated axes a, and a,, respectively. The resulting orientation
of frame A relative to frame N is described by the rotation matrix,

CgC@y Sgng —Sgy
N A
C = —850930 + S@xSQyCB SﬂngSQy + CﬁC@w S@xCQy (34)
85891 =+ SQyCﬁCé}m SBSQyCQE — 89I05 Cgl,ng

where s() = sin () and ¢y = cos (). For each actuator, vectors are defined from the fixed
end P4; to the moving end Pg;,

NpPAiPBi = PBméx + PBiyéy + PBzzéz - (PAza:ﬁ:c + PAiyﬁy + PAizflz)a (Z - 17 2a 3) (35)

where (Paiz, Paiy, Paiz) and (Pgiz, Ppiy, Ppi») represent the coordinates of the fixed and
moving ends, respectively, for the ¢-th actuator. The elongation of each actuator is described,

gi(x) = |¥p™ | — 1, (1=1,2,3) (36)
where [; is the length of the i-th actuator in an undeformed configuration.

3.3. Geographically distributed testing

As described above, the coordination procedure involves iterative exchange of displace-
ment feedback and force commands, ensuring compatibility and equilibrium at the interface.

13



To implement this coupling in a flexible and scalable way, a distributed software architecture
was adopted.

The principle behind the design of the developed geographically distributed testing frame-
work is to link computational and experimental facilities through the internet while pre-
venting stakeholders from disclosing critical information on the computational model and
experimental specimens. Therefore, the distributed software architecture reported in Figure
8 was adopted. The network relies on three building blocks:

o Numerical substructure node: In the presented application, this node is physically
located at Aarhus University, Denmark. The related code is implemented as a Python
script. At each time step of the HT procedure:

1. It fetches the PS interface displacements (6, and 6,) in TASK-SPACE from the
messaging system.

2. It solves the hybrid model equation of motion and simulates the NS.

3. It posts the NS interface forces (A, and Ag) and pitch displacement (3) in TASK-
SPACE to the messaging system.

e Physical Interface node: In the presented application, this node is physically located
at the laboratory of FORCE TECHNOLOGY, Denmark. The related code is imple-
mented as a Python script. At each time step of the HT procedure:

1. It fetches the NS interface forces (A; and A2) and pitch displacement (/) in TASK-
SPACE from the messaging system.

2. It converts interface forces and displacement from TASK-SPACE to JOINT-
SPACE.

3. It sends JOINT-SPACE forces/displacements (71, 7o and ¢3) to the MTS control
system via EtherCAT.

4. It receives the corresponding JOINT-SPACE displacement (¢; and ¢2)
5. It converts JOINT-SPACE displacement /forces to TASK-SPACE
6. It posts TASK-SPACE displacement/forces (6, and 6,) to the messaging system.
e messaging system: cloud-based messaging broker implemented using Azure Event Hub,
a distributed event streaming platform designed for high-throughput, low-latency data
exchange [41]. At each time step of the HT procedure:
— It dispatches messages received from the simulation node to the network.
— It dispatches messages received from the testing node to the network.
— It performs data logging.
The cyclic exchange of messages between numerical substructure node and physical interface

node within step of the HT procedure is graphically depicted in the sequence diagram of
Figure 9. In the presented application, numerical integration was performed with a time

14



step of 10 ms, while actuator setpoints were updated with an average rate of ~ 0.3 Hz to
ensure quasi-static conditions on the test bench.

Distributed Hybrid Testing - Network Architecture

Azure Event Hub
(Cloud Messaging Broker)

Stream displacement feedback Publish force commands (A) Stream force commands “\Publish displacement feedback (x)

Numerical Substructure Node
(Python Simulation)

Physical Interface Node
(Test Bench Controller)

]

Kane-based MBD Salver Sensar Acquisition

El ‘

EI ‘
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Coordination Algarithm Actuator Contral System

Time Integration (RK4) Event Hub Producer/Consumer Task « Joint Space Transform

EI ‘
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Figure 8: Network architecture for geographically distributed HT: the numerical substructure node and the
physical interface node exchange force commands and displacement feedback through the messaging system.
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| (quasi-static condition)
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Figure 9: Message sequence for one HT time step, showing how displacement feedback is published from
the physical interface node, processed by the numerical substructure node, and returned as force commands
through Azure Event Hub.

Numerical Substructure
(Pythan)

A key feature of this implementation is that communication is asynchronous, but the
algorithm behaves synchronously at the logical level by enforcing a stepwise loop. Both
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simulation and testing nodes interact only via message streams; therefore, they can be easily
verified independently. Additional components, such as data logging and monitoring services,
can be attached to the message stream without affecting the other components. Temporary
disconnections do not cause the HT to fail since messages are buffered.

4. Results and discussion

4.1. Validation of the framework

Before executing the HT, the formulation and coordination algorithm are validated using
a fully numerical replica of the hybrid model. This validation assesses both the correctness of
the hybrid model formulation and the numerical stability of the coordination algorithm. In
the numerical validation of the hybrid model, the PS pitch bearing is replaced by a virtual
counterpart (vPS) with approximated mechanical properties. The first three steps of the
coordination scheme shown in Figure 6 are retained. The fourth step, which normally involves
the experimental response of the PS, is instead performed numerically by transforming the
actuator forces into bending moments in the pitch bearing using (31). Based on an estimated
bearing flexibility, the bending angles %/%¢ and G;jf b are computed and provided as virtual
feedback (vfbk). The vPS response is then transformed into actuator elongations via (29)
and returned to the hybrid model.

The numerical validation, referred to as the virtual hybrid test (vHT), is compared against
a conventional numerical simulation (sim). The results for the vPS are shown in Figure 10,
while the responses of all components in the NS are presented in Figure 11.
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Figure 10: Validation results for pitch bearing 1, which here is a virtual physical substructure. a) shows the

full dataset, and b) is zoomed in on the first 0.2 s
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Figure 11: Validation results for a) pitch bearing 2 and b) pitch bearing 3, ¢) blade 1, d) blade 2, e) blade
3, and f) hub. The presented results are all for numerical substructures

The behavior of the hybrid test is quantified using performance indices adapted from

the hybrid testing criteria proposed by Silva et al. [9].

degree-of-freedom j is compared to the reference simulation with,

Jij =

S [&(te) — 5 ()]

>[5 (1))

X

100%

The hybrid test response for each

(37)

and displacement compatibility mismatch between the NS and PS is quantified by,

Ja

> [65(te) — o, (t)2

>t 6o, (812

x 100%

(38)

For the virtual hybrid test, the performance metrics are presented in Table 1 and 2.
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Table 1: Reference simulation mismatch quantifiers for the virtual hybrid test

So..  So,  Cei &
Blade1 2.19 1.36 0.49 0.57
Blade 2 093 0.76 0.78 0.63
Blade 3 0.97 0.51 0.56 0.66

Ji; [%]

Table 2: Displacement compatibility quantifiers for the virtual hybrid test

0, 0,
051 0.33

Jaj (7]

The numerical replica of the hybrid model produces responses close to those of the con-
ventional numerical simulation for both the vPS in Figure 10 and the NS in Figure 11. This
agreement is supported by the error metrics in Table 1, where all reference simulation mis-
matches remain below 2.2%. The largest deviations occur for the bending coordinates of
blade 1, which are directly coupled to the vPS, while the remaining DOF's show errors close
to or below 1%. This indicates that the hybrid formulation and coordination introduces only
minor deviations into the system response.

The displacement compatibility errors in Table 2 are 0.51% for 6, and 0.33% for 6,,, show-
ing that the coordination algorithm enforces the interface constraint with small mismatch.
The small oscillations observed in Figure 10 are therefore not associated with a significant
loss of compatibility or accuracy. They are attributed to irregularities in the displacement
feedback and are mitigated through Baumgarte stabilization.

The choice of Baumgarte stabilization parameters plays a crucial role in this regard: while
reducing the parameters slightly attenuates the oscillations, it also increases the simulation’s
sensitivity to noise, potentially leading to instability. In the vHT, the Baumgarte stabiliza-
tion parameters are manually calibrated to « = g = 7, and these values are subsequently
used in the physical hybrid test.

4.2. Hybrid testing results

The HT results for the WT rotor system are presented in Figure 12 for the PS pitch
bearing. The results for the remaining NS components are shown in Figure 13.
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Figure 12: Hybrid test results for pitch bearing 1, which here is a physical substructure. a) shows the full

(a)

dataset, while b) presents a close-up of the first 0.2 s
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Figure 13: Hybrid test results for a) pitch bearing 2 and b) pitch bearing 3, ¢) blade 1, d) blade 2, e) blade
3, and f) hub. The presented results are all for numerical substructures

The reference simulation mismatch from (37) and displacement compatibility mismatch

from (38) are quantified in Tables 3 and 4, respectively.

Table 3: Reference simulation mismatch quantifiers for the hybrid test

geyi fei gfz

Ji; (7]

Blade 1 44.57 28.11 6.87 8.53

Blade 2
Blade 3

0.86
0.88

485 4.27 0.59
3.95 348 0.61

Table 4: Displacement compatibility mismatch quantifiers for the hybrid test

2

Oy

Joj [70]

4.79

2.59

19



The mismatch metrics show that the physical pitch bearing behaves differently from its
numerical counterpart. In Table 3, the largest errors occur for blade 1, with J; ; = 44.57%
for &,, and 28.11% for &, ,. This is expected, since blade 1 is directly coupled to the PS.
The reference simulation uses an approximate linear bearing stiffness, whereas the physical
bearing includes nonlinear effects that are not captured by the numerical bearing model.
The errors therefore reflect the difference between the assumed numerical bearing stiffness
and the actual experimental response.

This difference also affects the rest of the rotor. For blade 1, the blade-tip displacement
errors reach 6.87% and 8.53%), while the indirectly coupled blades show errors up to 4.85%.
This demonstrates the main motivation for HT: a change in the physical component response
changes the motion of the full structure, which cannot be captured by the reference simulation
alone.

The displacement compatibility errors in Table 4 are 4.79% for 6, and 2.59% for 0,. These
values are higher than in the vHT, mainly due to noise in the displacement feedback and
inaccuracies in the experimental setup. Despite this, the PS motion in Figure 12 remains
smooth and the HT remains stable. This is important for force-controlled HT, which is
generally sensitive to feedback noise. The result shows that the Baumgarte stabilization
reduces the sensitivity to noisy feedback while maintaining stable coupling between the NS
and PS.

The exchange of command and feedback signals in the experimental setup is illustrated
in Figure 14.

The geometric transformation between task-space and joint-space coordinates demon-
strates satisfactory performance. A linear relationship is maintained between bending mo-
ments and angles in the task-space domain for small pitching motions. However, for larger
pitch rotations, as shown in Figure 14b, the hysteresis plot in Figure 14h reveals a notable
nonlinearity. This nonlinearity likely results from the simplified straight-pipe assumption,
which does not fully capture the small displacements introduced by rotational deformation
and distorts the results.

Overall, the WT rotor motion in the HT follows the trends observed in the numerical
simulation, confirming a successful implementation of the interface forces in the hybrid model
and demonstrating the stability of the coordination algorithm.
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Figure 14: Experimental hybrid testing results showing: a) bending moment commands, b) pitch angle
command, c¢) actuator force commands, d) pitch actuator elongation, e) actuator elongation feedback, f)
actuation hysteresis, g) pitch bearing bending angle feedback, and h) pitch bearing bending angle hysteresis

5. Conclusion

This work has presented a hybrid testing framework for multibody dynamic systems,
tailored to wind turbine mechanical components. The equations of motion are derived using
Kane’s method, and interface forces are introduced through the principle of virtual power.
The framework supports mixed-mode control, with task-space and joint-space coupling for-
mulated using robotic kinematics.

The framework is demonstrated on a 13-degree-of-freedom simplified wind turbine rotor
model, where one pitch bearing is tested as the physical substructure. A virtual hybrid
test validates the formulation and coordination algorithm, with all reference simulation mis-
matches below 2.2% and displacement compatibility errors of 0.51% and 0.33%.
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The physical hybrid test shows that the pitch bearing differs from its numerical coun-
terpart. This leads to large mismatches for the directly coupled blade, with J; ; = 44.57%
and 28.11% for the two pitch-bearing bending coordinates. The difference also propagates
to the remaining rotor DOFs, showing that changes in the physical substructure response
can modify the motion of the full structure.

Despite displacement feedback noise and force-controlled bending, the hybrid test remains
stable. The displacement compatibility errors are limited to 4.79% and 2.59%, indicating
that Baumgarte stabilization reduces sensitivity to noisy feedback while maintaining stable
coupling between the NS and PS.

The experiments are performed in a pseudo-dynamic regime. Extension to real-time hy-
brid testing, including the coupled dynamics of the PS and transfer system, will be addressed
in future work.
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Appendix A. Full derivation

The parameters describing the model are defined in Table A.5.

Table A.5: Model parameters for the simplified wind turbine rotor system.

Description Symbol Value Unit
Blade length Iy 35 m
Blade mass 1 Mp1 7000 kg
Blade mass 2 M2 5000 kg
Blade mass 3 M3 3000 kg
Blade damping Ch 840 EkNs/m
Blade stiffness K 15.45 kN/m
Pitch bearing stiffness k, 21000 kNm
Applied load x-direction | f, 525 kN
Applied load y-direction | f, 105 kN
Geartrain mass of inertia | I, 2.0-10% kgm?
Geartrain damping Cq 21 kNms
Gravity g 9.82 m/s?
Ramping time instance to 0.5 s
Ramping parameter v 2.8-1073 -

(i) The hub frame B is oriented with £, in the n,-direction,

cos (&) 0 sin (&)
NCho = 0 10 (A1)

—sin (&) 0 cos (&)

Between blade frame B; and frame N, a frame A; is attached to each pitch bearing.

—sin(§o + V) cos(B) sin(§o + V) sin(B)  cos(§o + V)
Nedi = sin(f) cos(f) 0 , (1=1,2,3)
—cos(§ + ;) cos(&y + W) sin(B) —sin(& + ;)
(A.2)
where Uy = 0, ¥y = 27/3 and V3 = 47/3 are the initial azimuth angles of the three
blades.

cos(&p,;)  sin(&p,,)sin(&s,,)  cos(&e,,) sin(&s,,)
AigBi = 0 cos(&p,) —sin(&,,) , (1=1,2,3)  (A.3)

—sin(&p,) sin(&p,,) cos(&p,;)  cos(&p,,) cos(&p,,)
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(7i) Relative positions of nodes
pof =lzbi, (i=1,2,3)
PO = libi. + @(l)ésibiy + P(l)éeibia, (i =1,2,3) (k= 1,2,3)

223l — 2)
¢(2) = TR

(#i) Inertia forces and torques

£l — —mNafe (1=1,2,3) (k=1,2,3)
t*Bi _ —IBi . NaBi . NwBi % (IBz . NwBi) \ (2 = O’ 172,3)

1% = I,by, ® by, 1% =L,b;, @b, (i=1,2,3)

(iv) Active forces and torques

£l = L'(t) (—mkgflz + kaBm + fkaiy) , (1=1,2,3) (k=1,2,3)
£l = fhs 4 (_kbgei 3 Cbéei>f)ix -+ (_kbgfi - Cbéfi)f)iy? (Z =1,2, 3)
£70 = (Kyloi + hbei)biz + (kopi + Cbéfi)lsiw (i=1,2,3)
tho = —cgéhﬁy
t4 = ko, i + kplo, 8y, (1 =2,3)

tBi = - p€9méix - kpgb?yiéiyy (Z = 27 3)

(v) Interface forces and torques
tM = \ag, + M\oay,

t)\Bl = _)\lélx - )\Zély
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(A.10)

(A.11)
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(A.17)



(vi) Kane method

3 33
Fj _ ZNVfio . fhio 4 ZZNVfik . (f*Plk + fPZ;C)
i=1 i=1 k=1
N, .Bo (¢%Bo | +Bo - N A A, i N Bi exBi | 4B (A.18)
NP (P 4 gP0) 4y " Vet gt Y " NP (6P 4t
i=1 i=1

Hwt M NP (j=1,2,...,13)
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