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ABSTRACT Bearingless machines have the potential to provide shorter rotors and achieve overall lower
losses and higher energy densities than traditional technologies. However, levitation control has to overcome
some further challenges. The aim of this work is to attain robust levitation in the presence of disturbances
of various natures. To address dynamics dependent on varying speed, a linear parameter-varying (LPV)
Ho-based control of magnetic suspension is applied, where speed is the scheduled parameter. The model-
based centralized position control uses inverse nonlinearity compensation and position estimation at actuator
locations to decouple levitation and motoring as well as to linearize the plant model. Different control
configurations and resulting performances are benchmarked from the application perspective. The tested
controllers are synthesized according to the same weighting scheme. However, the control synthesis is
achieved by using a Linear Matrix Inequality and a Riccati-based algorithm. A fixed-parameter Hx,
controller and an LPV controller are evaluated against gain uncertainty. The performance of the controllers
is studied based on frequency-domain analysis and time-domain simulations against accurate nonlinear
plant models derived by Finite Element Modeling. Analytical results, supported by simulations with a
detailed nonlinear plant model, together with selected experimental tests, assist the evaluation of the control
performance of a 160 kW bearingless two-stage compressor prototype. The LPV controller demonstrates
superior disturbance attenuation near the rotor bending modes and better handling of external disturbances
at low frequencies. The compressors serve as part of a 500 kW high-temperature industrial heat pump.

INDEX TERMS Bearingless rotor, heat pump, high-speed compressor, Hy, robust control, linear parameter-
varying (LPV), magnetic levitation, noncollocation.

I. INTRODUCTION

Emerging high-speed kinetic compressor applications
respond to global sustainability strategies that aim to
minimize the industrial carbon footprint and enable
low-carbon society technologies. One notable example is
compressors used in industrial heat pumps and chillers.

The associate editor coordinating the review of this manuscript and

approving it for publication was Mou Chen

The continuous search for further increases in efficiency
and energy density leads to further-increasing differences
in operating temperatures of heat pumps and speeds of
compressors. However, high-speed rotors with magnetic
bearings face rotor dynamics issues (resulting from the
increased length), an increased component count, and larger
footprints. A new paradigm of the high-speed compressor has
been the centralization of the bearing and torque production
functionality in a bearingless rotor.
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Bearingless machines have gained significant attention
in the past few decades due to their numerous advantages,
such as reduced friction, increased efficiency, and extended
service life. Potential use-cases for bearingless motors in
large industrial systems were reviewed in [1]. The largest
experimentally tested machine at nominal power was demon-
strated by Liu et al. [2] at 60 kW for a twin unit. However,
reports on higher power laboratory experimental machines do
not provide experimental results in nominal conditions, e.g.,
[3] and [4], pointing to control challenges at higher speeds.

Precise and robust control of the rotor suspension sys-
tem that ensures stable levitation and preventing contact
between the rotor and the stator is a critical aspect of
bearingless machine operation. Various model-based and
proportional-integral-derivative (PID)-based active levita-
tion control strategies have been proposed and implemented
for bearingless machines [5], [6]. From the mechanical
point of view, the rotor levitation control shares similarities
with the active magnetic bearing (AMB) rotor control.
These examples include both centralized and decentralized
control solutions. Generally, centralized model-based con-
trollers have demonstrated superiority over PID and PD/PI
controllers [7].

For the model-based control of active levitation, the Hyo
control is a popular choice owing to its robust performance in
the presence of uncertainties and disturbances. It minimizes
the worst-case gain from disturbance inputs to regulate the
performance outputs, effectively attenuating the impact of the
worst disturbances. In the Hy, framework, various weighting
schemes can be applied. In [8], the authors compared an
H, controller, built using a signal-based weighting scheme
with PID and linear quadratic regulator (LQR) controllers.
They show experimentally that an H, controller exhibits
considerable robustness against speed variation while using
less control current, even though the performance is lower
than for the LQR. Further examples of Hs, controllers
synthesized according to the signal-based and loop-shaping
performance weighting schemes applied to AMB rotors are
given in [9]. Both analytical and experimental comparisons
show that the signal-based approach provides greater robust
stability. Further experimental results of applying the Hy
control to actively suppress vibrations in magnetic actuators
are presented in [10]. Importantly, this approach successfully
passes the first critical speed.

Linear parameter-varying (LPV) control has been applied
to magnetically suspended rotor systems because of its ability
to handle varying operating conditions and improve the
control performance. Various LPV synthesis approaches have
been used, e.g., a Linear Matrix Inequality (LMI) and a
Riccati-based algorithm (RIC). The RIC has been proven to
provide accurate/robust results, but it can be computationally
demanding and, in some cases, may not converge [11]. The
LMI approach, on the other hand, often leads to conservative
solutions and may not always be applicable, depending on
the nature of the control problem [12]. Well-designed AMBs
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are linear with respect to currents and positions, but the
AMB-rotor system, when operating with highly gyroscopic
rotors, becomes nonlinear because of the rotational speed.
Model predictive control (MPC) based on LPV models
was considered for an active magnetic bearing (AMB)
system in [13]. System identification and control of a
nonlinear electromagnetic actuator with an LPV controller
for a levitated system was investigated in [14]. The Hyo
LPV approach was applied to semiactive suspension control
in [15]. The aim of [16] was to address the effects of mass
imbalance disturbances. This was achieved by incorporating
a parameter-dependent performance weight into the design
of a robust LPV controller. The approach takes account of
neglected system dynamics by integrating a fixed additive
uncertainty weight. In [17], a switching-based LPV control
approach was proposed to obtain a high-performance gain-
scheduled control by maintaining continuity of the Lyapunov
function across the defined parameter subset boundaries.
In [18] and [19], the LPV approach was investigated in
the case of highly gyroscopic AMB rotors. Those works
focused on the design of Hs,—based stabilizing controllers
within variable speeds to cover the full operating region.
In [20], a neural network-based model was considered to
obtain a velocity-dependent model for the LPV control.
As proposed in [21], a generalized interpolation scheme
applies LPV-type controllers for AMB-suspended systems,
employing Youla—Kucera parametrization. For actuators
that maximize the force density, forces are also nonlinear
with respect to currents and displacements. An LMI-based
controller with a time-varying effective stiffness parameter
was used to recover stable operation of the AMB after a
contact with the touchdown bearing in [22]. Finally, an active
fault-tolerant control for LPV models was effectively applied
to an AMB rotor system in [23].

Bearingless rotors are trailing behind the AMB rotors,
which are well established for all power levels in industrial
applications. While bearingless machines share similarities
with magnetic bearing-based solutions, the force production
mechanics require the use of a rotating reference frame
as well as different application specifics of force—torque
decoupling in the controller. Further, the system, electronics,
and machine design are significantly more challenging,
particularly for shared-winding machines and multi-degree-
of-freedom actively suspended rotors, contributing to bridge a
research and application gap between AMBs and bearingless
rotors.

This work reduces the research gap by significantly extend-
ing the results published in [24]. Here, the Hy, and LPV
controls are studied in more detail by providing a comparison
of various control strategies and experimental results. Control
system design options and a comparison between a fixed-
parameter Hy, control and an LPV H, controller applied
to an innovative high-power bearingless compressor are
detailed for the first time. The inverse nonlinearity [25] for
levitation force decoupling and linearization requires position
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estimation at nodes related to the actuators. Therefore,
estimation of the rotor position at bearing locations, within
the Hy, framework, is proposed. Schemes to obtain rotor
positions at bearing locations and different optimal control
synthesis methods of the LPV controller best suited for
the application are discussed, and the performance of the
controllers under varying conditions is analyzed. In the com-
parison, both the fixed-parameter Ho, controller and the LPV
controller are designed according to the same weighing
scheme but using two different synthesis approaches, namely
the LMI and the RIC. The RIC-based algorithm allows easier
separation of the controller and observer structures capable
of estimating the rotor position, including contributions from
estimated rotor bending mode states at bearing locations.

The structure of the paper follows the control design
process. It starts with modeling in Section II, which
comprises a brief explanation of the modeling methods,
a description of the linearized plant model used for control
synthesis, and an accurate model used for simulations.
Section III follows with an introduction of the adopted
control structure, the fixed and variable parameter H, control
synthesis. Section IV presents simulated and experimental
results and robust performance evaluation. The closed-loop
performance is evaluated using frequency-domain analysis
and time-domain simulations with a detailed nonlinear plant
model. The simulations are validated against experimental
results obtained from a heat pump compressor equipped
with a bearingless motor, which has been reported, e.g.,
in [26] and [27]. The subsequent multidisciplinary design of a
bearingless compressor for a high-temperature industrial heat
pump has been presented in [4] and [28].

Il. MODELING

This section discusses two plant models in brief: a linearized
plant model used for controller synthesis and a very accurate
nonlinear electromechanical model used to verify the control
by Matlab Simulink simulations.

A. PLANT MODEL FOR CONTROL DESIGN

The electromagnetic behavior of the bearingless motor is
modeled using the JMAG Finite Element Modeling (FEM)
software. Magnetic force models obtained from the FEM
exhibit cross coupling, load dependence, and eccentricity
dependence, as discussed in [25]. This electromagnetic model
is used to compute motor parameters and the contribution
of the motoring current to the force production. Coupling
of nonlinear terms in the electromagnetic force and torque
relations cannot be directly used for the plant formulation.
However, owing to inverse nonlinearity compensation, the
control plant model can comprise only the mechanical part
with added delays caused by the presence of the inner current
control loops.

This mechanical model is also built with FEM, which
considers Timoshenko beam modeling. The rotor model used
for the control plant is a linear model with retained rigid rotor
modes and the first (lowest frequency) two rotor bending
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FIGURE 1. FEM rotor model with the first three bending mode pairs.
Sensor locations, s; actuator locations, a. LP and HP are the low- and
high-pressure ends, respectively.

3

modes (symmetrical in the xz and in yz planes) after modal
decomposition and model reduction.

The noncollocated arrangement of sensors and actuators in
the rotor layout is shown in Fig. 1. The rotor is axisymmetric
around the z-axis, i.e. its principal axis of inertia. However,
there is no half a plane symmetry about a line passing through
its center of mass because of different-sized compressor
wheels at low- and high-pressure (LP and HP) ends.

B. PLANT MODEL FOR CONTROL VERIFICATION

A verification model comprises an actuator electromagnetic
model and a rotor-dynamic mechanical model. Actuator
nonlinear forces F' are modeled using a lookup table (LUT)
obtained from the FEM results. This LUT comprises xy
force vectors as a function of the motor and suspension dg
currents and rotor angular position 6. It is supplemented by
the analytical nonlinear eccentricity model dependent on the
rotor translation positions xy. The accuracy of the LUT can
be increased at expense of the FEM simulation time for LUT
preparation.

The flexible rotor model with retained three first bending
modes, per plane, depicted in Fig. 1, is a reduced Timoshenko
beam FEM-derived model. Additionally, runout at sensor
locations, unbalance forces, pulse width modulation (PWM),
and current saturation are taken into account in the verifica-
tion model. The block diagram of the closed-loop system is
shown in Fig. 2.

IIl. CENTRALIZED MODEL-BASED CONTROL

The cascaded control structure, presented in Fig. 2, com-
prises the decentralized inner current control and the outer
centralized position control loops. The inner loops have a
bandwidth of 2500 Hz, while the outer position control loop
is much slower. The inner-loop dynamics are controlled
through four two-phase equivalent variables in a rotating
reference frame. The outer position loop is regulated with
a model-based Hy, controller in the stationary frame. The
outer position control loop provides a control force signal
that transforms into the control current through the inverse
force mapping and comes as a control input to the inner loop.
The inverse force mapping defines the suspension currents
that should be produced to obtain the required force at
certain radial displacements, angular positions, and motoring
currents [25]. This force-linearizing block is extracted from
the FEM model and can be represented with an inverted
matrix equations or with a pseudo inverse LUT. Both the
motor speed control and all the inner current control loops
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FIGURE 2. Control system architecture comprising the outer position control (fixed-parameter H,, controller/ LPV Hy, controller), the inner
current control loops (PI controllers), and the plant. Here, the LUT-based inverse nonlinearity block uses the rotor position, estimated in the

controller, at the bearing locations ye.

are built on PI controllers. The speed control strategy assumes
ig = 0 with a measured rotor position. This is the most energy
efficient approach [29], which also simplifies the levitation
force modeling and control.

A. FIXED-PARAMETER H., CONTROLLER

Here, we select a signal-based two-degrees-of-freedom
weighting scheme (Fig. 3a) for the levitation control syn-
thesis, because the machine physical signal constraints are
known. It is a general approach for multivariable problems.
Five weights (W, Wy, Wq, W, W,) define the frequency
characteristics of the exogenous signals affecting the system
inputs and the desired frequency content of error and system
outputs. In practice, these weights are used for the tuning of
the controller.

The first problem is reference tracking (servo problem),
which is only applied during a start-up from the safety
bearings to move the rotor to the center position. The
second and the main concern is the control problem with
good disturbance attenuation. Disturbances considered here
are due to unbalanced forces, noise, and runout at sensor
locations. Additional disturbances, which are not explicitly
taken into account when making the weight selection, can
result from compressor blade dynamics and interactions of
flow field dynamics, e.g., due to surge or stall conditions.

The extended closed-loop transfer function of the Hyo
control problem solved with the RIC method is shown in
Fig. 3b. The generalized plant P is based on

x=Ax +Biw+ Bu
z=Cix +Dyw + Dyau.
y = Cax + Doyw + Doau

ey

Because of noncollocation and the selected inverse nonlin-
earity linearizing strategy, the sensor feedback and control
signals must be converted into the same coordinates. On the
one hand, if the sensor measurements are transformed into
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the bearing coordinates using rigid rotor transformations, the
information about the contribution of the bending modes
to the displacement is lost. On the other hand, if the
rotor position at the bearing locations is derived from the
estimator, which does estimate the states of both the rigid
and bending rotor modes, the estimation error will propagate
into the feedback. Those cases provide us with two alternative
methods to obtain the rotor positions at bearing locations
needed for the inverse nonlinearity block. The state feedback
and observer gains can be formed as

X = Ax, + Biw, + Bau + Lge
u = Kyx, + Lye,
we = Kyxe

@

where w, is the estimated worst case perturbation, x, is the
estimated state vector, the K, and Ky are the state feedback
controller gains, and the Ly and L, are the observer gains.
The innovation term is expressed [11], [30] as:

e =y — Cyx, — Dy1w, — Dpau. 3)

The RIC method allows to separate the controller and the
estimator and to retain the meaning of the physical state;
therefore, the rotor position at the bearing locations y;, can
be estimated. The output of the matrix C, is an estimated
rotor position at sensor locations. It should be converted into
bearing coordinates with the matrix Cp as shown in (4).
The state space representation of the controller K with the
estimated output position at the bearing locations is derived
from (1) — (3) and yields the system equations in the following
form

Xe = [A + B1Ky + B2K, + (BaLy + Ly)

(—=Cz — D21Ky)lxe + [B2Ly + L]y
u = [Ky + Ly(—Cz — D21 Ky)]xe + Lyy,
Cp  04x4]x,

4)
Vb = [04x16
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FIGURE 3. (a) Two-degrees-of-freedom H,, weighting scheme used in
this study. The weights Wy, Wp, W4, We, and Wy, are used to scale the
reference, noise, external disturbance, error and control effort,
respectively. G is the plant, and K the controller. (b) General H,, scheme
for the controller synthesized with the RIC method with separated state
feedback and observer gains, where the physical meaning of the states is
retained and an estimation of the rotor position at bearing locations is
employed.

where Cy, is the output matrix at bearing locations. The order
of the states of controller is as follows: 16 states are related to
weights, 12 states to the mechanical plant (the states related
to the first bending mode are included), and four states to the
actuators.

When synthesizing an H, controller, it is important to
ensure that the Hy, problem has solutions and is far from
singularity. It is advantageous to synthesize the controller
fulfilling the weighted robust performance without adding
extra states to meet the design objectives. The fewer
constraints are set, the easier it is to achieve the convergence
of the Hy problem, and the resulting controller to be
implemented is smaller. Additionally, retaining the physical
meaning and the state order is required for the linearization
that employs the estimated positions. The fixed-parameter
H controller is synthesized by employing the weights given
in Table 1. Four weights are the first-order transfer functions,
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TABLE 1. The values considered in the weighting functions for the H,

problem comprise symmetric and diagonal 4 x 4 matrices.

Filter ‘ Values

Wir(s) W(0) =1, W(oo) = 0.01, wp, = 31.2 - 27
Wh(s) 0.1

Wa(s) | W(0) =0.065 W(co) = 1, wp = 1.18 - 102 - 2
Wel(s) W(0) = 2000, W (o0) = 1,wp, = 0.01 - 27
Wu(s) W(0) =1, W(oc0) =2, wp, = 96.7- 27

o(G) [db]

10! 10° 10°
Frequency [Hz]

FIGURE 4. Minimum and maximum singular values of four closed-loop
transfer functions: disturbance-to-position (G ), reference-to-position
(Gry), disturbance-to-control effort (G,), and reference-to-control effort
(Gru).

and one weight is a scalar. W(0) is a DC gain, and W (c0)
is a high-frequency gain. wy, is the bandwidth defined as the
frequency at which the magnitude response is 3 dB (0.707 in
absolute values) below the low-frequency gain. The selected
design weights reflect the physical signal constraints and
lead to the desired properties of the closed-loop system. For
example, the noise is 10% of the maximum measured values;
the unbalance disturbances increase in proportion to the
rotational speed, and the control effort is physically limited
by the actuator characteristics. The nominal bandwidth of the
actuators is 2500 Hz. The higher gain at low frequencies and
roll-off at high frequencies are targeted for good servo and
regulation properties.

The performance is evaluated by singular value analysis,
where the selected closed-loop functions are disturbance-to-
position (Ggy), reference-to-position (G,y), disturbance-to-
control effort (Gg,), and reference-to-control effort (G,,,).
The results are depicted in Fig. 4, and they indicate a
well-behaving control loop. The control system is four-input
four-output (FIFO); the highest singular value of 7.3 db is for
Gyy at low frequencies. The G,y and Gy transfer functions
are critical. The bandwidth for G,y is 20.5 Hz, and for Gy is
42.7 Hz.

B. LPV Hy, CONTROLLER
The LPV H, control is an extension of the fixed-parameter
Hy control that is formulated to handle LPV systems.

VOLUME 12, 2024
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In terms of broader classification, the LPV systems that
use the Hy, control with a reference model in the weighting
scheme can be considered as both the Model Adaptive
Control (MAC) and the Model Reference Control (MRC).
The LPV Hy control is a form of MAC, because the
controller adapts to changes in the system parameters. It is
also a form of MRC, because a reference model is used to
define the desired rotor position behavior.

In this study, the LPV Hy, control strategy is adopted
to handle the varying speed of the bearingless rotor. Other
varying parameters, such as position within the air gap
and current amplitudes, are not considered because the
dependence of the actuator on those parameters is linearized
by the force inverse block. The LPV system is represented by
using a polytopic model given by (5), where the vertices of
the polytope vary with the speed parameter. The polytopic
approach can be used because of the linear dependence
on the parameter [31]. Technically, the operating region
of the system is divided into sections based on the values
of the speed parameter. A linear controller is designed
for each section, assuming the parameter is constant. The
LPV approach involves interpolating between these local
controllers as the speed parameter varies. Ten vertices (speed
parameters) are used in the polytope to accurately capture the
variation in the speed parameter:

A1) +JE@) B(1)
C(t) D)

S(t)

|:A1 + jEq B1i| |:Ak + jEx Bk:|
€ Co Ci Dy Gk Dy

S1(t) Sk (1)

&)

where Sy(7)...Sk(t) are vertex systems built for the speed
range. The synthesis of the LPV Hy, controller employs a
generalized plant description as follows

x=A@)x + Bi(p)w + Bau
z=Ci1(p)x +D1u(p)w + Dr2u (6)
y= Carx + Da1w + Dau

where p is the scheduling parameter. The difference between
the above approach and the gain scheduling approach is
the interpolation method, which is used to approximate the
controller for parameter values within the polytope. While the
fixed-parameter controller is synthesized with the LMI and
RIC methods, the LPV Hy, is computed with the LMI method
only. For the controller computed with the LMI algorithm,
the inverse force mapping block is fed with measured (and
not estimated) rotor positions. This applies to the fixed- and
Ho-parameter controllers.

IV. RESULTS AND PERFORMANCE EVALUATION

A. PERFORMANCE ANALYSIS

The synthesized controllers are evaluated for robustness
performance in the closed loop using the LPV plant. The
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maximum singular values of the closed loops for the fixed-
parameter and LPV Hy, controllers at low and high speeds
are compared. The evaluated closed-loop transfer functions
are

Gay = GI-KG)™' = GS;; 7
Gy = GKI — GK)™' = Ty; ®)
Gu =KGI—KG) ™' =T;; ©)
Gu = G(I - GK)™' =GS,, (10)

where S;j and S, are the input and output sensitivities,
respectively, and Tj and T, are the complementary input and
output sensitivities, respectively, I is the identity matrix, and
G is the plant model. The fixed-parameter Hy, controller is
derived at low speed (1 RPM), whereas the LPV controller is
synthesized at low and high speeds. In Fig. 5, the analytical
closed-loop frequency responses of the fixed-parameter H
controller, computed using the LMI and RIC methods,
are compared at low and high speeds with the frequency
responses of the LPV controller. Gain uncertainty of 5% is
taken into account. These plots show that the LPV controller
can better attenuate the disturbances entering the measured
positions at frequencies close to the rotor bending modes as
well as external disturbances at low frequencies. If the fixed-
parameter Hy, controller is computed for higher speeds,
its performance decreases when tested in the whole speed
range [25], and therefore, that case is not presented here.

When analyzing the results presented in Fig. 5, it can be
seen that the closed-loop system with the controller computed
with the RIC method has a roll-off at higher frequencies,
while the system with the controller computed with the LMI
method has a static gain. It can be noticed that the maximum
singular values (o) of the system with the LPV controller are
lower at a higher speed, especially in the worst region (the
first bending mode). Singular values of the transfer function
G,y coincide with Gg,. A frequency analysis was conducted
for 2, 10, and 100 vertices. The Gy singular values improve
with a higher number of vertex systems, while noise-to-
control effort becomes slightly worse. The differences are
negligible, and therefore, results for a higher number of
vertices are not presented here. The FIFO loop system shows
a significant stability margin with a disc margin of 0.95,
a gain margin of 2.8, and a phase margin of 51 degrees. These
metrics ensure robust stability, providing sufficient protection
against potential instabilities or disturbances.

In addition to the analytical frequency responses, a
time-domain analysis was performed by simulations using
the verification plant model described in Section II. The
verification plant makes the simulation conditions very close
to the actual bearingless compressor.

B. SIMULATION RESULTS

In the simulated event sequence, the acceleration is ramped
up from 0 to 30000 RPM during the first 2.8 s, as shown
in Fig. 6b. The acceleration rate is chosen based on the
currents, ensuring that they stay well below the saturation
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FIGURE 5. Maximum singular values of the closed loops with 5% gain
uncertainty for 100 randomized plants for two speed boundary points (0
and 30000 rpm). (a) Using the fixed-parameter H, controller, computed
for low speed with the LMI method, tested at low speed. (b) Employing
the same controller to the plant at high speed. (c) Using the LPV H,
controller, computed with the LMI method (the recommended method),
tested at low speed. (d) Applying the same LPV H, controller, tested at
high speed. (e) Using the fixed-parameter H,, controller computed for
low speed with the RIC method, tested at low speed. (f) Employing the
same Ho, controller, but tested at high speed.

limit. The nominal design phase current, as well as the
inverter limit, is 125 A. The visible position oscillations
are mainly caused by runout. An unbalance compensation
is applied at 2000 RPM (& 1.2 s); it effectively limits the
controller responses to the first and second measured position
harmonics. Both controllers yield similar position responses,
and therefore, Fig. 6a shows the position response of both
rotor ends (high and low pressure) during acceleration to the
nominal speed only for the system with the fixed-parameter
Hy, controller. A small difference is that the LPV Hyo
controller provides better damping at the speed corresponding
to the frequency equal to half of the first bending mode
(25251 RPM). The frequency of the first bending mode is
841.7 Hz. The oscillations at this frequency are excited by the
second harmonic of runout. When analyzing the suspension
and motoring currents in the u-phase of the first bearingless
unit shown in Figs. 7a and 7b, it can be seen that the
currents do not saturate. Moreover, the system is not highly
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FIGURE 6. (a) Responses of both rotor ends (high and low pressure)
during acceleration to the nominal speed. (b) The reference and actual
speeds. Main oscillations are caused by runout. However, basic
unbalance compensation of the first two harmonics, which is applied at
2000 rpm, effectively limits the oscillations of the outputs.

gyroscopic. For more gyroscopic rotors, the advantage of
the LPV controller would, therefore, be more pronounced
even for subcritical operation. Nevertheless, in the context of
frequency analysis of Fig. 5, the use of the LPV control in the
studied bearingless compressor is optimal.

The simulated plant (true) and controller-estimated rotor
positions (both observed at bearing locations) of the first bear-
ingless unit in the x-direction, for the controller synthesized
with the RIC method, are shown in Fig. 8. The estimated
position is closer to the reference value (that is 0) compared
with the simulated positions, resulting in smaller steady-
sate errors, and with the measured and transformed positions
using rigid body transformation matrices. Moreover, the
estimated position has smaller amplitude variations because
of the filtering properties of the estimator. Admittedly, the
measured and converted positions are closer to the actual
plant positions at bearing locations. Nevertheless, using an
estimated position as an input to the inverse nonlinearity
block provides slightly better overall simulation results
than the use of the measured position converted into the
bearing coordinates. For measured and converted positions,
the information about the phases of the bending modes is
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FIGURE 7. (a) Suspension currents in dq coordinates, (b) motoring
currents in dq coordinates.

potentially compromised depending on the location of the
rotor bending mode nodes due to the noncollocation problem.

From inverse nonlinearity (decoupling) linearization
method implementation point of view, the LUT approach
yields slightly better closed-loop simulated performance
compared to the equation based inverse. This is expected
because in the LUT the dependence of the force vectors on
the rotor angular position is inherently included. However, the
LUT based inverse and non inverter plant static models alike
have limitation about FEM computation times and memory
for large table implementations. Moreover, in this work,
we have not included the torque angle dependence, leaving
us only with the motor zero i; current strategy for the motor
control.

C. EXPERIMENTAL RESULTS

The prototype machine as in the commissioning stage is
shown in Fig. 9. The objective is to verify the modeled
and designed controller performances in both the frequency
domain and the time domain through start-up tests, ensuring
their consistency with the simulated results.

First, the measured and analytical output sensitivity plots
of the fixed-parameter Hy, controller, obtained using 30 um
amplitude excitation to assess the position signals one loop
at a time are shown in Fig. 10. The ISO 14839-3:2004(E)
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FIGURE 8. Simulated rotor position at bearing locations and measured
position transformed into bearing coordinates for the controller
synthesized with the RIC method in the x-direction of the high-pressure
end.

(b

FIGURE 9. Experimental setup: (a) compressor, (b) permanent magnet
rotor with compressor wheels.

lays down acceptable peak output sensitivity values. The
sensitivity peaks at 5 dB indicate that the closed-loop
system qualifies as one with the best relative stability,
operating in zone A with a notable margin for uncertainty
according to the standard, before reaching the limit of 9.5 dB.
However, the differences at low frequencies between the
measured and analytical plots highlight potential modeling
errors. Those discrepancies could arise from the inaccurate
nonlinearity compensation resulting from inverse LUT errors
or errors in rotor positions at bearing locations, estimated or
reconstructed from measurements.

Output sensitivities are almost the same for both fixed-
parameter and LPV controllers, and thus, only the worst
output sensitivity function of the four single-input single-
output (SISO) loops is shown for the system with the
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FIGURE 11. Measured and simulated radial positions during start-up
from the safety bearings. (a) Measured, (b) simulated.

fixed-parameter H, controller applied to the plant at max-
imum speed (which is the worst case). The results indicate
that the controllers withstand the gain uncertainty well.

Next, the time-domain performance is studied by com-
paring the measured and simulated radial positions during
start-up from the safety bearings in Fig. 11. The controller has
no integral action, and therefore, a small steady-state error in
position after the settling time is observed. Further, because
of the assembly inaccuracies and runout, the rotor is seen
as in an eccentric position. In order to match the simulation
results with the measured ones, an eccentricity vector [xe1p
Ye.LP Xe HP YeHP] = [-11 -80 -22 30] um was added to the
simulation model.

V. CONCLUSION

Two robust control methods, i.e., fixed-parameter H, control
and LPV Hy, control, were implemented based on the
FEM plant model and applied to the bearingless compressor
operating as part of a high-temperature 0.5 MW industrial
heat pump for the first time. The time- and frequency-
domain responses of the closed-loop system were used to
evaluate the performance of the two control approaches.
In addition, the RIC and LMI control synthesis methods
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were compared. The solution for the noncollocation problem
was presented and tested using the estimated rotor position
at bearing locations with the RIC method and the recon-
structed position at bearing locations through rigid body
transformation matrices with the LMI method. The positions
estimated by the controller, computed with the RIC method,
retain the correct information about the contribution of the
bending rotor modes to the rotor deformation and thereby
the displacement at bearing locations. This provides slightly
better closed-loop performance indices than the controller
computed with the LMI method. However, the LMI is suitable
for the LPV control.

For rotors that are not highly gyroscopic, the LPV approach
still provides better Ho, norms compared with the fixed-
parameter control. The LPV control has better performance
in terms of closed-loop responses to noise at frequencies
corresponding to the rotor bending mode frequencies. For
the synthesis of fixed-parameter H, controllers, the optimal
speed point is generally closer to zero and not to the nominal
rotor speed. For highly gyroscopic rotors, the LPV approach
shows increasingly improved performance and robustness
with higher rotational speeds.

Additionally, two different implementation methods for
the linearization and motor current dependence decoupling
of the magnetic forces have been tested in the simulations.
Currently, LUT interpolation is performed using the linear
point-slope method. However, other techniques, such as
piecewise-affine approximation with model predictive con-
trol, could be explored in future research to better address
different behaviors in different regions of the state space.

As constructions and control of bearingless machines
continue to evolve, more avenues are opening for new
high-power high-speed bearingless rotor applications and
expanding research interests in the field.
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