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Unbalance vibrations are crucial problems in heavy rotational machinery, especially for the systems with high operation speed, like
turbine machinery. For the program of 10MWHigh Temperature gas-cooled Reactor with direct Gas-Turbine cycle (HTR-10GT),
the rated operation speed of the turbine system is 15000 RPM which is beyond the second bending frequency. In that case, even
a small residual mass will lead to large unbalance vibrations. Thus, it is of great significance to study balancing methods for the
system. As the turbine rotor is designed to be suspended by active magnetic bearings (AMBs), unbalance compensation could be
achieved by adequate control strategies. In the paper, unbalance compensation for the Multi-Input and Multi-Output (MIMO)
active magnetic bearing (AMB) system using frequency-domain iterative learning control (ILC) is analyzed. Based on the analysis,
an ILC controller for unbalance compensation of the full scale test rig, which is designed for the rotor and AMBs in HTR-10GT, is
designed. Simulation results are reported which show the efficiency of the ILC controller for attenuating the unbalance vibration
of the full scale test rig. This research can offer valuable design criterion for unbalance compensation of the turbine machinery in
HTR-10GT.

1. Introduction

It has been proved that the High Temperature gas-cooled
Reactor (HTR) with direct energy conversion cycle (the
closed Brayton cycle) has higher electricity generation effi-
ciency [1]. With the success of 10MW High Temperature
gas-cooled Reactor (HTR-10), the program of 10MW High
Temperature gas-cooled Reactor with direct Gas-Turbine
cycle (HTR-10GT) is proposed [2]. To meet the specific
requirements for the bearings, active magnetic bearings
(AMBs) are adopted to support the rotors in the Power
Conversion Unit (PCU) of HTR-10GT. As illustrated in
Figure 1, the PCU consists of three parts: the exciter, the
generator, and the turbine. All rotors are fitted vertically and
the turbine component is settled at the bottom. Aiming at
studying and developing the key technologies of the turbine
system, a full scale test rig for the turbine rotor and AMBs

is established in compliance with the dynamic similarity
principle by Institute of Nuclear andNew Energy Technology
(INET), Tsinghua University [3].

Rotor dynamic analysis shows that the rated operation
speed of the turbine compressor rotor is beyond the second
bending frequency. In that case, unbalance vibrations will
be a crucial problem which will reduce the system per-
formances and even affect the safety of the system under
some circumstances. Therefore, it is absolutely essential to
study the attenuation of unbalance vibrations.The traditional
methods for balancing of the rotating masses are based on
the principle which shifts the mass center to the geometrical
center by adding or moving additional masses to or from the
rotating parts. During the balancing process, repeated start-
up and shutdown are required, which is time-consuming and
even causes failure under conditions where the rotor systems
are not allowed to stop. Another disadvantage is that the
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Figure 1: The layout of PCU in HTR-10GT.

application of the methods is limited by a balancing speed.
The balanced rotor will be unbalanced if the operation speed
exceeds the balancing speed; then rebalancing is required.

Another principle for balancing of the rotating masses is
offsetting the unbalance forces by adding additional forces,
which are of same magnitudes but opposite phases as the
resultant centrifugal forces. As AMBs have specific active
control ability, the additional forces for counteracting of the
resultant centrifugal forces can be generated by adequate
control strategies. At present, varies control methods have
been proposed for unbalance compensation as reported in
literatures [4–7]. However, most of the control methods are
complex in strategies or required online calculation or highly
rely on accurate model of the system.

In 1978, iterative learning control (ILC) was first raised
by Uchiyama to achieve better control performance for high
speed movement of manipulators [8]. The method possess
some highly desirable features, structural simplicity, offline
calculation, and almost model-independent design, since the
control signal is built iteratively by using the error signal
and control signal in the previous iteration. Currently, large
amounts of papers related to ILC have been published. The
publications are related to various issues, such as convergency
analysis [9, 10], survey paper [11–13], and practical application
[14–16]. For practical application, many fields are included.
Comprehensive reviews of applications in energy generation,
healthcare, and lasers could be found in [17]. In [15], two
model-based ILC algorithms (Arm Side Measurement ILC
and Force Measurement ILC) were successfully applied to
an industrial robot for increasing the accuracy of robotic

machining. In [14], ILC control was used to achieve accurate
and high speed bidirectional scanning for high speed laser
scanning microscopy and the ILC controller was designed by
two inversion methods: the zero phase approximation and
time delay approximation.Another successfully application is
for reducing runout in hard disk drives. In [16], ILC was used
to design a reference signal to reduce periodic disturbances
and the method was tested on a hard disk drive.

The goal for this paper is to develop ILC controller for
unbalance compensation of an AMB system. A small amount
of papers related to this topic has been reported.The ILC con-
troller can be designed either by time-domain approach or
by frequency-domain approach. In [18], frequency-domain
ILC controller was designed and implemented successfully
for unbalance compensation of a rotating system with a
single active magnetic bearing (AMB) controlled from one
end. However, in the paper, the system was simplified as
totally decoupled system and the control strategy was stated
from the viewpoint of single-input and single-output (SISO)
system. Bi et al. proposed a control scheme named after
automatic learning control (ALC), based on time-domain
iterative learning control and scheduled gain control, to
compensate the unbalance effect in AMB system [19, 20].The
same as literature [18], in the paper, the ALCwas designed for
four one-DOF subsystems.That is to say, theAMB systemwas
decoupled as SISO systems.

In the paper, we focus on analyzing unbalance compen-
sation for Multi-Input Multi-Output (MIMO) AMB system
using the frequency-domain approach based ILC controller.
Based on the analysis, an ILC controller is designed for
unbalance compensation of the full scale test rig which is
designed for HTR-10GT.The simulation results show that the
unbalance vibrations of the rotor are reduced significantly,
which validates the efficiency of the method. The remainder
of the paper is organized as follows: In the next section,
the description and modeling of the full scale test rig are
given. In Section 3, the stability and steady-state tracking
errors for AMB system controlled by ILC controller with
forgetting factor are derived. Design of the ILC controller
and the simulation results are given in Section 4. Concluding
remarks are shown in Section 5.

2. The Full Scale Test Rig

2.1. Overall Description of the System. Aiming at imitating
and studying the control strategies and supercritical opera-
tion of turbomachine system, the full scale test rig is designed
and established as a principle prototype rig in Division of
Magnetic Bearing, INET, TsinghuaUniversity.Thewhole sys-
tem is installed in two places. Tomake debugging convenient,
the control related components including controller facilities
and power amplifiers are installed overground. To ensure the
safety, the other components are installed in a concrete hole
with 5m in diameter and 10m in height. The underground
components of the system are shown in Figure 2. The high
speed electric motor is equipped at top and connects with
the turbine components by coupling. Several AMB units are
settled along the rotor.
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Figure 2: The underground parts of the full scale test rig.

The rotor is designed to have some characteristics which
is similar to the turbine rotor. It is 3.55m in length and
630 kg in weight which is almost the same as the actual
turbine rotor. Moreover, the bending natural frequencies, the
stiffness distribution, and the bendingmodals of the rotor are
also close to those of the actual turbine rotor, such that the
maximum error of the first two bending frequencies between
the rotor and the actual one is less than 15% [21]. As illustrated
in Figure 3, there are two AMB assemblies located at the
top and the bottom of the rotor, respectively, to support the
rotor in radial directions. A thrust bearing is located at the
top of the rotor to stabilize the rotor in axial direction. The
displacement sensors are placed close to the AMBs.

In order to have deep insight into the rotor, rotor dynamic
analysis is performed. The resulting free-free mode shape
of the rotor is given in Figure 4. Based on this map, we
can predict the vibrations of the rotor when the bending
frequency nodes are excited. Additionally, the positions of the
sensors and AMBs are also marked in the map which show
the observability and controllability of the full scale test rig,
intuitively. One conclusion can bemade that the observability
of the first bending mode, the second bending mode, and
the third bending mode is good, because the sensors are in
proper positions where they can detect enough information
of the rotor displacements. Another conclusion is that the
controllability of the third bending mode is insufficient, as
the position of the AMB at the bottom is close to the node
of the third bending mode. In that case, the vibration of the
rotor cannot be controlled effectively when the third bending
mode is excited.

An important feature for the rotor supported by AMBs is
that the natural frequencies vary with the support stiffness.
Thus, another important map for rotordynamics analysis is
the critical speed map of the rotor. The map can be obtained
by changing the support stiffness and the result is shown in
Figure 5. It could be seen that the first bending frequency, the

second bending frequency, and the third bending frequency
are started at 50.2Hz (3012 RPM), 147.9Hz (8874 PRM), and
290.3Hz (17418 PRM), respectively. It indicates that, before
arriving the rated operation speed 15000 RPM, the rotor has
to pass the second critical speed. The map is divided into
three zones. In zone A where the support stiffness is much
smaller than flexural rigidity of the material, the bending
frequencies keep invariance while the rigid frequencies vary
linearly in logarithmic coordinate. With the increasing of
support stiffness, the magnitudes of the support stiffness and
flexural rigidity of the material are at the same level; then,
both rigid frequencies and flexible frequencies rise with the
increase of support stiffness as shown in zone B. When the
support stiffness is much larger than the flexural rigidity of
the material, the natural frequencies will keep invariance as
shown in zone C. Based on this map, we can predict the
support stiffness at which the natural frequencies will be
excited.

The rotor dynamic analysis results can help us have
deep insight into the rotor characteristics, which will provide
valuable information for controller design. Based on the
analysis, a feedback PD controller is designed to stabilize the
AMB system.

2.2. Modeling of the Closed-Loop AMB System. Asmentioned
in Section 2, the rotor of the full scale test rig is controlled by
two AMB assemblies in radial directions. Therefore, if only
themovements in radial directions are considered, the system
is a Multi-Input and Multi-Output (MIMO) system with 4
inputs and 4 outputs. A diagram of the closed-loop AMB
system is shown in Figure 6. For clarity, themain components
of the system are marked in blue and all the components are
modeled in the modeling process. To describe the MIMO
system, all the components in the figure are presented by
transfer function matrices and all the signals are vectors.
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Figure 3: The structure of the full scale test rig.
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Figure 5: Nature frequencies in dependence of support stiffness.

The transfer function matrix of the rotor R(𝑠) is a block
diagonal matrix under two proper simplifications. One sim-
plification is that the rotor is regarded as a rigid body.Another
simplification is that the gyroscopic effect is neglected as
the influence of gyroscopic effect for slender rotor is small.
For the sensors and amplifiers, their dynamic characteristics
are omitted in the modeling process as the bandwidth of
the sensors and the amplifiers in practical applications are
wide enough. It has been validated by applications that
the omission leads to fairly good results [22]. The sensors
and amplifiers are described by gain matrices A and S,
respectively. For the AMBs, the conventional linearized AMB
model is adopted and it is written as

F𝑚 (𝑠) = K𝑖 (𝑠) I (𝑠) − K𝑥 (𝑠)X (𝑠) , (1)

where I(𝑠) is for the control current and X(𝑠) is for rotor
displacement. K𝑖(𝑠) and K𝑥(𝑠) are diagonal matrices with
force current factors and force displacement factors as diag-
onal elements, respectively. It should be pointed out that the
force displacement factor, also known as “negative stiffness,”
is negativewhichmakes the open-loopAMB systemunstable.
Thus, to stabilize the system, decentralized PD controllers are
involved and are described by a diagonal transfer function
matrixC(𝑧)with diagonal elements referring to discrete time
transfer function of the PD controllers.

2.3. Unbalance Vibrations of the AMB System. Unbalance
vibrations are a result from the unbalancemass of themoving
parts. Ideally, the mass center and geometrical center of an
homogeneous rigid body are coincident; then, unbalance
vibrations will not appear. However, in practice, the existence
of the unbalance mass is unavoidable on account of the
material’s consistency, manufacturing error, rotor abrasion,
and so forth. The unbalance mass will change mass distri-
bution of the rotor and shift the mass center of the rotor
away from its geometrical center. When the rotor is trying
to rotate around its geometrical center, therefore, there will
be a resultant centrifugal force acting on the rotor which

will result in unbalance vibrations in rotor displacements.We
assume that the initial phase of the resultant centrifugal force
is 𝜃, the unbalance mass is 𝑚, and the eccentricity caused by
unbalance mass is 𝑒. When a rotor is rotating with an angular
speed 𝜔, then, the unbalance forces (the resultant centrifugal
force) can be written as

𝑓𝑖𝑥 = 𝑚𝜔2𝑒 cos (𝜔𝑡 + 𝜃) ,

𝑓𝑖𝑦 = 𝑚𝜔2𝑒 sin (𝜔𝑡 + 𝜃) .
(2)

Here, the subscript 𝑖 denotes the position along the rotor
where the unbalance force acts.The subscripts𝑥 and𝑦 denote
the two orthogonal directions in radial directions. Equation
(2) shows that the unbalance effect will be sharp under
conditions where the unbalance mass is large or under the
other conditions where the angular speed is high. That is to
say, the unbalance effect should be considered for the systems
with large rotor imbalance or high operation angular speed.
Thus, for the heavy rotating machinery with high speed
like the turbine system, unbalance compensation technology
should be involved. It should be emphasized that unbalance
compensation is essentially a periodic disturbance rejection
problem as the unbalance forces and the unbalance vibrations
are periodic. In the next section, an unbalance compensation
method for the AMB system is introduced.

3. Frequency-Domain Iterative Learning
Control Algorithm

To attenuate the unbalance vibrations of the AMB system, an
ILC controller is applied to modify the reference signal and
the detailed structure is shown in Figure 7 [23]. Let G(𝑠) be
the Laplace transfer function matrix between the reference
signal r(𝑠) and output signal y(𝑠),D(𝑠) be the Laplace transfer
function matrix from the periodic disturbance signal f𝑑(𝑠) to
output signal y(𝑠), and C(𝑠) be the Laplace transfer function
matrix of the feedback controller in continuous time obtained
by adequate continuous approximation. Then, we have

G (𝑠) = (I + C (𝑠)AK𝐼 (𝑠)RK (𝑠)R (𝑠) S)−1 C (𝑠)AK𝐼 (𝑠)
⋅ RK (𝑠)R (𝑠) S,

D (𝑠) = (I + C (𝑠)AK𝐼 (𝑠)RK (𝑠)R (𝑠) S)−1 R (𝑠) S

(3)

with RK(𝑠) = (I − R(𝑠)K(𝑠))−1R(𝑠). Here, I is an identity
matrix with appropriate dimensions. The system response to
reference signal and periodic disturbance can be derived as

y (𝑠) = G (𝑠) r (𝑠) +D (𝑠) f𝑑 (𝑠) . (4)

As the disturbance signal is periodic, if the time interval of
one iteration is equal to the period of the disturbance signal,
(4) can be rewritten in iteration form

y𝑘 (𝑠) = G (𝑠) r𝑘 (𝑠) +D (𝑠) f𝑑 (𝑠) . (5)

Here, the subscript 𝑘 denotes the number of iterations and
each iteration has the same time duration as the period of
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the disturbance signal. Note that the system response to the
periodic disturbance can be counteracted if we can find a
reference signal

r𝑘 (𝑠) = −G (𝑠)−1D (𝑠) f𝑑 (𝑠) . (6)

But in practice, the reference signal cannot be obtained
directly, since the magnitude and initial phase of the periodic
signal f𝑑(𝑠) are unknown. In the paper, the reference signal is
updated, iteratively, based on the error signal and reference
signal in previous iteration. Let us define the error signal as

e𝑘 (𝑡) = y𝑑 (𝑡) − y𝑘 (𝑡) , (7)

where y𝑑(𝑡) is the desired output signal. Taking Laplace
transfer on both sides of (7) yields

e𝑘 (𝑠) = y𝑑 (𝑠) − y𝑘 (𝑠) . (8)

When considering the initial errors, measurement noise, and
fluctuations of the AMB system, the ILC controller with
forgetting factor is adopted and the control signal updating
law can be expressed as

r𝑘+1 (𝑠) = 𝜇r𝑘 (𝑠) + L (𝑠) e𝑘 (𝑠) . (9)

Here, 𝜇 ∈ (0, 1] is a constant representing the forgetting
factor. L(𝑠) is an operator in frequency domain. Considering
the error signal in (𝑘 + 1)th iteration, we have

e𝑘+1 (𝑠) = y𝑑 (𝑠) − G (𝑠) r𝑘+1 (𝑠) −D (𝑠) f𝑑 (𝑠)
= y𝑑 (𝑠) − 𝜇G (𝑠) r𝑘 (𝑠) −D (𝑠) f𝑑 (𝑠)

− G (𝑠) L (𝑠) e𝑘 (𝑠)
= (𝜇I − G (𝑠) L (𝑠)) e𝑘 (𝑠)

+ (𝜇 − 1) (D (𝑠) f𝑑 (𝑠) − y𝑑 (𝑠)) .

(10)

For the AMB system, the desired system output is always set
as y𝑑(𝑠) = 0; then (10) can be rewritten as

e𝑘+1 (𝑠) = (𝜇I − G (𝑠) L (𝑠)) e𝑘 (𝑠)
+ (𝜇 − 1)D (𝑠) f𝑑 (𝑠) .

(11)

According to (11), we have

e𝑘+ℎ = (𝜇I − G (𝑠) L (𝑠))𝑘 eℎ (𝑠) + (𝜇 − 1)

⋅ (I − 𝜇I + G (𝑠) L (𝑠))−1

⋅ (I − (𝜇I − G (𝑠) L (𝑠))𝑘)D (𝑠) f𝑑 (𝑠) .

(12)
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Figure 8: Unbalance responses of the closed-loop AMB system.

Taking norm on both sides of (12) yields

e𝑘+ℎ
 ≤ (𝜇I − G (𝑠) L (𝑠))𝑘

eℎ (𝑠)
 + (1 − 𝜇)

⋅ (I − 𝜇I + G (𝑠) L (𝑠))−1
D (𝑠) f𝑑 (𝑠)

+ (1 − 𝜇) (I − 𝜇I + G (𝑠) L (𝑠))−1
⋅ (𝜇I − G (𝑠) L (𝑠))𝑘

D (𝑠) f𝑑 (𝑠) .

(13)

Note that if ‖(𝜇I − G(𝑠)L(𝑠))‖ < 1, then

lim
𝑘→∞

e𝑘+ℎ


≤ (1 − 𝜇) (I − 𝜇I + G (𝑠) L (𝑠))−1
D (𝑠) f𝑑 (𝑠) .

(14)

Equations (13) and (14) indicate that the system equation (4)
controlled by (9) is stable if

(𝜇I − G (𝑠) L (𝑠)) < 1. (15)

In order to facilitate the description, hereafter, thematrix 𝜇I−
G(𝑠)L(𝑠) is named as “stability matrix.”

Remark 1. The original D-type ILC controller proposed by
Arimoto is a special case of (9) in which 𝜇 = 1. In that
case, freedom from noise, repeatability of initialization, and
invariance of system dynamics are assumed, and the error is
converged to zero as the number of iterations goes to infinity.

Remark 2. It is desired to point out that the system stability
does not imply that the error when 𝑘 → ∞ is smaller
than what is achieved without ILC control. Shown in (14) is
that the steady-state error is governed by (1 − 𝜇)‖(I − 𝜇I +
G(𝑠)L(𝑠))−1‖‖D(𝑠)f𝑑(𝑠)‖.

From the above analysis, the design objectives of ILC con-
troller could be concluded as follows: finding two parameter
matrices, 𝜇 and L(𝑠), such that

(1) (15) is satisfied which ensures the stability of the AMB
system controlled by ILC controller,
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(2)

(1 − 𝜇) (I − 𝜇I + G (𝑠) L (𝑠))−1 < 1 (16)

which ensures that the unbalance vibrations are atten-
uated to some extent.

For the single-input and single-output system, the Nyquist
frequency plot can be applied to analyze the stability and
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steady-state error. However, it is difficult to extend this
method to MIMO system. Here, the singular value analysis
method in robust theory is introduced. With the assumption
that thematrix normmentioned in the paper is∞norm, then
(15) and (16) can be expressed as [24]

𝜎 {𝜇I − G (𝑠) L (𝑠)} < 1,

(1 − 𝜇) 𝜎 {(I − 𝜇I + G (𝑠) L (𝑠))−1} < 1.
(17)
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Here 𝜎 denotes the maximum singular value of the matrix.
Unbalance compensation for AMB system is inherently to
attenuate the synchronous vibration in rotor displacements;
thus, Fourier method is used to detect the synchronous
component which is to be attenuated by ILC control. Thus,
for continuous time system, the design objectives can be
expressed as

𝜎 {𝜇I − G (𝑗𝜔0) L (𝑗𝜔0)} < 1,

(1 − 𝜇) 𝜎 {(I − 𝜇I + G (𝑗𝜔0) L (𝑗𝜔0))−1} < 1.
(18)

However, for discrete time system, it is [25]

𝜎 {𝜇I − G (𝑒𝑗𝜔0𝑇𝑠) L (𝑒𝑗𝜔0𝑇𝑠)} < 1,

(1 − 𝜇) 𝜎 {(I − 𝜇I + G (𝑒𝑗𝜔0𝑇𝑠) L (𝑒𝑗𝜔0𝑇𝑠))−1} < 1.
(19)
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Figure 14: Control currents and rotor displacements in radial directions: saturation current is 5 A.
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Figure 15: Control currents and rotor displacements in radial directions: saturation current is 20A.

Here, 𝜔0 is the frequency of the unbalance vibrations to be
attenuated and 𝑇𝑠 is the sample time. For specific application,
the design objectives in singular form could be further
simplified. In addition, the existing tools for frequency-
domain analysis can be applied, directly, in ILC controller
designing.

4. Simulation Results

In this section, the ILC controller with forgetting factor, as
recalled in Section 3, is applied to the full scale test rig
described in Section 2 to attenuate unbalance vibrations. The
simulation studies are carried out based on the simulation
model of the entire AMB system derived in Section 2 and
themeasurement noise which is modeled by white noise with
zero-value is also included.

To model the unbalance vibrations, in the simulation,
additional sines and cosines forces of 1000N with initial
phase of 0.3𝜋, intentionally, are added to the radial AMB at
one end. Simulation studies are carried out under the con-
ditions where operation speed is initially fixed at 5000 RPM
(83.3Hz) and system sample time 𝑇𝑠 is set as 10−4 s. Shown
in Figure 8 is some simulation results including the rotor
displacements in four radial directions and the orbits of the
center of the shaft with respect to the geometrical centers
of the magnetic bearings in each end. As estimated, when

the system is only controlled by discrete time PD controllers,
periodic vibrations appear in the rotor displacements. The
simulation results show that the maximum amplitude of
periodic vibrations, in this case, is 15 𝜇m. Generation of
this phenomenon is derived in [19]. As they reported, this
phenomenon will appear when the initial phase of the
unbalance force is not 𝜋/2 + 𝑘𝜋, 𝑘 = 0, 1, 2, . . ..

To reduce the periodic vibrations in the rotor displace-
ments and increase the rotating accuracy of the rotor, an ILC
controller is applied to modify the reference signal of the
closed-loop AMB system. As the ILC controller is naturally
a digital one, adequate discrete approximations are used to
transfer the closed-loop AMB system into discrete time.
Based on the design objectives mentioned in Section 4, an
ILC controller in which 𝜇 = 0.95 and the diagonal elements
of the operator in discrete time domain are 0.7 + 0.001(𝑧 −
1)/𝑇𝑠𝑧 is designed. The stability of the system controlled
by the designed ILC controller is checked by the singular
values of stability matrix. As shown in Figure 9, under the
condition where the operation speed is 5000 RPM (83.3Hz),
the maximum singular value of stability matrix is about
−4.27 dB. That is to say, the system is stable as the first
equation in (17) is satisfied.

In the simulation, the rotation period of rotor is fixed
at 0.012 s (5000 RPM) and sample time is 10−4 s. Thus there
are 120 sample points in one iteration. Initially, the system
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Figure 16: Orbits of the center of the shaft and the maximum tracking errors versus number of iterations with different rotor operation
speeds.

is only controlled by the feedback PD controller, and the
operation speed of 5000 PRM is obtained in safe conditions.
The ILC controller for attenuation of unbalance vibration is
activated at 1 s. The simulation results are shown in Figures
10–13. Shown in Figure 10 are the shaft displacements in
four radial directions. Note that the vibrations of the rotor
increase slightly during the initial learning period and then
decrease quickly up to the steady-state errors. As expected,
the vibrations are attenuated, remarkably.

The orbits of the center of the shaft (with respect to the
geometrical centers of the magnetic bearings) are shown in
Figure 11, in which the orbits with and without ILC controller
are colored in blue and red, respectively. It could be seen that
the orbits of the center of the shaft with ILC controller are
much smaller than what is achieved without ILC controller.

The convergence process in terms of maximum tracking
error in each iteration at radial directions is shown in
Figure 12. It can be observed that the tracking errors increase

in initial iteration periods and then decrease quickly, finally
reaching nonzero steady-state tracking errors. The results
match with the shaft displacements in radial directions. It
should be pointed out that the steady-state tracking errors
are the result of a combination of measurement noise, initial
errors, and the forgetting factor.

The control currents in radial directions are shown in Fig-
ure 13. Note that the amplitudes of the currents are abruptly
enlarged at 1 s and even lead to saturation of power amplifier
(in this case, the saturation current of the power amplifier is
10 A). This phenomenon indicates that large control forces
are required at initial iterations. As we all know, saturation
of power amplifier should be avoided as it could reduce the
system performances and even lead to failure. To further
study this phenomenon, simulation studies with different
saturation currents are carried out. Shown in Figures 14 and
15 are some simulation results which indicate that amplitude
limiting on control currents only affects convergence speed of
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Figure 17: Control currents and rotor displacements in radial directionswith different power amplifier saturation currents: the rotor operation
speed is 4000 RPM.
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Figure 18: Control currents and rotor displacements in radial directionswith different power amplifier saturation currents: the rotor operation
speed is 6000 RPM.



Science and Technology of Nuclear Installations 13

Rotor operation speed (RPM)
1000 2000 3000 4000 5000 6000 7000

Th
e a

m
pl

itu
de

 o
f t

he
 u

nb
al

an
ce

 fo
rc

e (
N

)

0

500

1000

1500

2000

2500

Figure 19: The amplitude of the unbalance force acts on the rotor.

Rotor operation speed (RPM)
1000 2000 3000 4000 5000 6000 7000

Th
e m

ax
im

um
 st

ea
dy

 st
at

e r
ot

or
 d

isp
la

ce
m

en
ts 

(

0

2

4

6

8

10

12

14

16

18

20

𝜇
m

)

Y2

Y1

X2

X1

Figure 20: The maximum steady-state rotor displacements without
unbalance control.

the rotor displacements, while the stability of the system and
steady-state control currents keeps invariant. Thus it could
be concluded that saturation of the power amplifier can be
avoided by adding amplitude limiting with low thresholds
without affecting system stability.

To confirm the conclusions made above, simulations
under the conditions where the rotor operation speed is
4000 RPM and 6000RPM, respectively, are carried out. As
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Figure 21:Themaximum steady-state rotor displacements with ILC
control.

shown in Figure 9, the singular values of the stability matrix
under both rotor operation speeds are below 0 dB which
ensure the stability of the system with ILC controllers. The
simulation results are shown in Figures 16–18. Shown in
Figure 16 are the orbits of the center of the shaft and the
maximum tracking errors versus number of iterations when
the rotor operation speed is 4000 RPM and 6000RPM. It
is clear that, in both cases, the unbalance vibrations are
effectively attenuated. Figures 17 and 18 show the influence
of power amplifier saturation current on control currents and
rotor displacements. As predicted, the saturation current only
has influence on the convergency speed but has no significant
effect on the convergency of the system and the steady-state
control current and rotor displacements.Theobservations are
the same as what is observed when the rotor operation speed
is 5000 RPM.

To further study the effectiveness of the proposed
method, unbalance compensation for AMB system with
different operation speed is studied. The operation speed is
initially 1000 RPM, then increases with a step of 50 RPM,
and stops with 7000 RPM. The unbalance force acting on
the rotor, the maximum steady-state rotor displacements
without unbalance control, and the maximum steady-state
rotor displacements with ILC are shown in Figures 19, 20, and
21, respectively. To model the unbalance force results from
imbalance mass of the rotor, two forces whose amplitude
is proportional to the square of rotor operation speed are
intentionally applied to the X1 and X2 directions of the
rotor as shown in Figure 19. Compared with Figure 20,
Figure 21 shows that the unbalance response of the rotor can
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be attenuated to a great extent in the given rotor operation
speed range. The results mentioned further validate the
effectiveness of the proposed method.

5. Conclusions

In the paper, unbalance compensation for an AMB system
using ILC controller is introduced. The stability and steady-
state tracking errors for the MIMO AMB system controlled
by an ILC controller are derived. Tools used to calculate the
singular values of the frequency response of a dynamic system
are introduced to analyze the system stability.

Based on the concluded controller design objectives, an
ILC controller is designed to attenuate the unbalance vibra-
tions of an full scale test rig which is designed for the rotor
and AMBs in HTR-10GT. With the controller, the unbalance
vibrations in rotor displacements are reduced, remarkably.
The control currents required in the initial iterations may
lead to saturation of the power amplifier. However, this
disadvantage can be avoided by adding amplitude limiting
on controller outputs with low thresholds without affecting
system stability. Our further research includes experimental
study in real test rig and ILC controller design based on the
frequency response function obtained by frequency sweeping
test which will include unmodeled system dynamics.
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