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Abstract—This paper describes the design of a PID-type
Fuzzy Logic Controller (PID-FLC) and its application on the
stabilization of an Active Magnetic Bearing System (AMB). The
proposed PID-FLC is obtained by combining a PD-type Fuzzy
Logic Controller (PD-FLC) and a Pl-type Fuzzy Logic Controller
(PI-FLC). A multi-objective Genetic Algorithm (MOGA) is used
to determine the scaling factors of the inputs and outputs of the
PID-FLC. The designed controller is then coded in C and
implemented in real-time on a Digital Signal Processor (DSP)
card. The results from the PID-FLC are compared with those of
a conventional lead-lag type controller and the system’s on-board
analogue controller. Designing controllers based on classical
methods could become tedious, especially for systems with high
order model. In contrast, PID-FLC controller design requires
only the tuning of some scaling factors in the control loop and
hence is much simpler than classical design methods. The
experimental results have also verified the enhanced
performance and robustness of the system under the proposed
PID-FLC control in the presence of disturbance.
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l. INTRODUCTION

Active Magnetic Bearing Systems (AMBSs) can provide
contactless suspension of rotors by attractive electromagnetic
forces produced by electromagnets. Classical mechanical
bearings can be replaced by active magnetic bearings, where
the attraction force is provided by electric current. AMBSs have
various advantages over conventional mechanical and
hydrostatic bearings. These advantages are zero frictional
wear and efficient operation at extremely high speed. AMBs
are ideal for clean environments where no lubrication is
required. They can work in harsh environments such as high
temperature, heavy load and high humidity. These special
characteristics have attracted significant attention and interests
amongst the researchers in the past decade. AMBs can be
utilized in many industrial applications, where fast and precise
operations are desired such as energy storage flywheels,
artificial heart, high speed turbines and jet engines [1] and [2].
However, highly nonlinearity and open-loop unstable
characteristics of these systems have hindered the widespread
commercial and industrial application of AMBs. Since AMB
is open-loop unstable, closed loop system identification is
always required for model-based controller design purpose. In
order to achieve high productivity and performance typically
in terms of high speed and short response time in AMBs, it is
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necessary to have AMBs reliably stabilized. Even though the
AMBs have existed for a long time, there are a lot of issues
governing the systems that need to be explored. Some of these
issues are finite bearing stiffness, rotor unbalance and easily
excitable high frequency oscillations. Therefore, AMBs
control system performance is demanding in terms of stability
and robustness improvements.

In recent years, various types of controllers have been
implemented on AMBs to address the challenges in modelling
and control of AMBs. Reference [3] reported the design and
implementation of a conventional lead compensator (PD
controller) to stabilize a MBC500 magnetic bearing system.
Different structures of H,, control, such as linear H, loop-
shaping, signal-based H,, control and two-degrees-of-freedom
(2DOF) H,, control were implemented in [4], [5] and [6] to
AMB system. The designed controllers based on H,, method
were then compared with other control methods such as
Linear-Quadratic-Gaussian (LQG) and PID. Generally, an
accurate model of the system is crucial for obtaining a good
controller for system stabilization.

However, for systems subject to external disturbances,
nonlinearities, uncertainties and signal limits, obtaining an
accurate model of the system in various operating conditions is
very difficult. Thus, model-free controllers have emerged
recently in the literature [7]. Although the model of the system
is required in the controller design stage, an exact model of the
system is not required for controller synthesis. PD-type fuzzy
controller (PD-FLC) and PI-type fuzzy controller (PI-FLC) are
the most commonly reported methods in the literature. In [8]
and [9], a PD-like fuzzy logic controller was designed for
stabilization of open-loop AMBs. The obtained results were
compared with conventional lead compensator. The advantage
of using the PD-FLC is that unlike conventional controller
design methods, the exact model of the system is not required
at the controller design stage. PD-FLC improves the transient
response of the system. However, the steady-state error of the
system remains large when PD-FLC is employed. Although PI-
FLC control is known to be more practical than PD-FLC
because it results in zero steady state error [10], its transient
performance is poor due to the phase lag introduced by the
integral part. While common three-input PID-FLC control is
able to enhance the system performance, its excessively large
rule-base makes the design of such controllers very
cumbersome [11]. An alternative approach to alleviate this
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problem is to add an integrator to the output of the PD-FLC
and sum it to the PD part. However, it then produces a PD-
FLC+I instead of a PID-FLC [12].

In this paper, in order to design a PID-type fuzzy logic
controller, we combined a PI-FLC and a PD-FLC. This
structure simplifies the configuration and makes the controller
easier to implement because both rule-bases are two-
dimensional. The problem then becomes one of designing a PI
and a PD rule base, which reduces the complexity of the design
[13]. After designing the fuzzy controller, fine tuning can be
made to improve the performance of the controller. Tuning can
be made either to the membership functions or to the scaling
factors (note that it is common to use normalised inputs and
outputs for fuzzy controller and hence scaling factors are
required to normalise these inputs and outputs). However, as
the rule-base conveys a general control policy, it is preferred to
keep the rule-base unchanged and the tuning exercise is
focused on the scaling factors. Multi-objective Genetic
Algorithm (MOGA) was utilized to optimize the PID-FLC
scaling factors in order to achieve the optimum trade-off
between the desired objective functions. The final obtained
controller was then implemented on the AMBs for system
stabilization analysis. The results from PID-FLC show a
considerable performance enhancement in comparison with
those of a conventional PD-FLC, a conventional lead-lag
compensator and the on-board analogue controller. It should be
noted that, although the carefully designed controller based on
conventional method lead to a good performance, an extensive
knowledge about the system behaviour is required.

Il.  DESCRIPTION OF THE MODEL AND SYSTEM
IDENTIFICATION

The system under study is a shaft containing two pairs of
magnetic bearings on each end to levitate the shaft on its
equilibrium position. This can be represented as a four-input
four-output system. Fig. 1 illustrates the top and front views of
the experimental setup. The system employs four linear
current-amplifier pairs (one pair for each radial bearing axis)
and four internal analogue lead compensators to independently
control the radial bearing axes. In this paper, we present a
design where the on-board analogue controller will be
replaced by digital controllers. A model of the MBC500
magnetic bearing system will be identified only for the
purpose of dynamic simulation and conventional controller
design as the design of FLCs does not require the model of the
system. Since the magnetic bearing system is open-loop
unstable, a closed-loop system identification procedure is
required. A two-step closed-loop system identification
procedure is employed to identify a model for the magnetic
bearing system. The details of the frequency response
experiment and the system identification procedure were
described in [14]. By using the collected experimental data, a
model of the magnetic bearing was obtained and presented in
(1). The experimentally collected frequency response
magnitude is also shown in Fig. 2. However, in this paper,
only the model of the first channel is used for conventional
controller design and AMB system dynamic simulation.

Fig. 1. Active magnetic bearing experiment.

Fig. 2. Frequency response of MIMO system.

Two resonances can be seen in the frequency response of
the first channel (Fig. 2). Since the total model order of four is
required to model the two resonant modes, it can be deduced
from Fig. 3 that models with order less than five will fail to
accurately model the actual plant. Furthermore, the higher the
order model, the more difficult to design the conventional
controller. The ultimate goal here is to find a model of the real
system that is as simple as possible and yet capable of
capturing all of the essential characteristics of the plant.
Therefore, a 6™ order model is chosen in order to model both
the rigid-body and bending-body modes with a second order
and fourth order transfer function, respectively.
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Fig. 3. Frequency responses of the fitted models vs experimental data.

A sixth order model of the first channel is obtained and
follows:

Gxq (S) =
—0.004824(s+2e4)(s—1200)(s%+2240s + 2.127e07)(s?+ 3140s + 1.631e08)
(s+389)(s—212.5)(s? + 5.56s + 2.344€07)(s? + 1.37s + 1.673e08)
)

1. PID-TYPE FUZzY CONTROLLER DESIGN

In order to reduce the number of rules that is used in
regular three-input PID-type fuzzy controller, two Sugeno-
type FLC structures shown in Fig. 4 are used in this paper. In
fact, the PID action is separated into a PI-FLC part and a PD-
FLC part. The outputs from these two fuzzy controllers are
then added to produce a PID-FLC. As it can be seen from Fig.
4, four parameters need to be tuned using optimization
methods. Namely, GE is the input error scaling factor, GCE is
the input rate of change of error scaling factor, GCU is the PI-
FLC output scaling factor, and GU is the PD-FLC output
scaling factor respectively.

Fig. 4. Structure of the PID-FLC Controller.

The inputs to both the PI-FLC and the PD-FLC parts are
scaled error (é(t)) and the scaled rate of change of error
(é(t)). The linguistic variables “error”, “rate of change of
error,” and “control output” will take on the following
linguistic values:

“NL” = Negative Large
“NM” = Negative Medium
“NS” = Negative Small
“ZO™" = Zero

“PS” = Positive Small
“PM” = Positive Medium
“PL” = Positive Large

The size of inputs and output membership functions is
chosen to be seven. The membership functions of the input
variables for both the PI-FLC and the PD-FLC to be employed
are of the triangular type and they are defined as shown in
Figs. 5 and 6. The membership function of the output variable
for both the PI-FLC and the PD-FLC are singletons as
depicted in Fig. 7.

Fig. 5. Membership functions of the input error é(t) in the PI-FLC and the
PD-FLC.

Fig. 6. Membership functions of the input rate of change of error é(t) in the
PI-FLC and the PD-FLC.

Fig. 7. Membership functions of the control output in the PI-FLC and the
PD-FLC.
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The controller surface for the PI-FLC and the PD-FLC are
depicted in Figs. 8 and 9.

Fig. 8. Control surface of the PD-FLC.

Fig. 9. Control surface of the PI-FLC.

For the two configurations (PD-FLC and PI-FLC) used in
Fig. 4, two complete rule matrices of size 7 x 7 are defined
separately in Tables | and II. Since both the PD-FLC and the
PI-FLC parts share the same inputs, the number of rules has
been reduced to (7 x 7 + 7 x 7) = 98 instead of regular three
input PID-FLC controller with (7x7x7) = 343 rules. Note that
the universe of discourse for both the PI-FLC and the PD-FLC
is normalized between [-1, 1]. Thus, four scaling factors
namely GE, GCE, GCU and GU (see Fig. 4) need to be
designed and tuned using MOGA. This will be discussed in the
following section.

TABLE I. RULE-BASE FOR THE PI-FLC

TABLE II. RULE-BASE FOR THE PD-FLC

IV. TUNING OF THE SCALING FACTORS USING MOGA
The overall output of the PID-FLC controller up;p_g ¢ Can

be obtained as the sum of the PI-FLC output and the PD-FLC
output (see Fig. 4).

UPID—FLC = UPI—FLC+UPD—FLC (2)

The output from PI-FLC controller can be written as:

Upi_pre = GCU x [(é(t) + é(t)) dt 3)

Upi—pre = GCU X [(GE x e(t) + GCE x é(t))dt  (4)

Upp-ric = GU X (&(t) + é(t)) (5)

Upp—ric = GU X (GE X e(t) + GCE X é(t)) (6)

Substituting (4) and (6) into (2) results in:

Upip-ric = (GCU X GCE + GU X GE)e(t) + (GCU X
GE) [ e(t)dt + (GU x GCE)é(t) (7)

Comparing (7) with the output equation of a traditional
PID controller results in:

K, = GCU X GCE + GU x GE (8)
K, = GCU x GE 9)
K, = GU X GCE (10)

Thus, the initial value of the scaling factors in (8) to (10)
(GCU, GU, GE, and GCE) can be obtained using available
PID-tuning methods such as Ziegler-Nichols method.
Furthermore, fine tuning can be made by employing
optimization methods. MOGA has been chosen as an
optimization approach due to its remarkable properties
compared to its counterparts [15]. The main idea of using
MOGA is to obtain the optimum solution when there are
multiple objectives need to be optimized at the same time.
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MOGA using fitness sharing technique is adopted in this study
due to its versatile characteristic for dealing with various
conflict objectives and their constraints. MOGA based on
fitness sharing has been successfully implemented in other
control engineering problems [16] and [17]. In MOGA, fitness
sharing technique is utilized to give confidence in the search
toward the true Pareto optimal set while maintaining diversity
in the population. The basic idea of fitness sharing is that all
the individuals within the same region (called a niche) share
their fitness. In fitness sharing method a niche count is
obtained from the Euclidean distance between every pair of
solutions first and then the fitness of each solution is ranked
from the best individual to the worst. Details of this method
can be found in [18].

Given the system G(s) (see Fig.10) with unity feedback,
controller FLC, disturbance d, measurement noise n, and
reference input r, the closed-loop model of the system can be
shown as:

Fig. 10. Closed-loop model of the system.

The integral of absolute magnitude of the error (IAE) and
the maximum overshoot of the AMB system were chosen as
performance indices.

Ji = [le(®)] dt (11

J2 = max(y(t)) (12)
Convergence of the objective functions using MOGA is

depicted in Fig. 11. Optimal values of GE, GCE, GU, and GCU
were found to be 0.18, 0.0048, 9.5 and 111.55, respectively.

Fig. 11. Pareto front of the two objectives using MOGA.

A flowchart of MOGA is illustrated in Fig. 12.
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Fig. 12. Flowchart of MOGA.

V. IMPLEMENTATION OF THE DESIGNED Fuzzy
CONTROLLER

After designing the PID-FLC controller and obtaining the
required scaling factors using MOGA, a dSPACE DS1104
processor board, MATLAB, and dSPACE Control Desk are
employed to implement the controller in real time. The
controller is coded in C with a sampling frequency of 20 KHz.
The inputs and output of the controller are connected to the
MBC500 system via the ADC and the DAC of the DS1104
processor board. Performance of the designed PID-FLC
controller is first compared with a carefully designed
conventional lead-lag controller. The results demonstrate that
the performance of the system using the PID-FLC is better
than the lead-lag type compensator. It should be noted that in
the conventional controller, the designed lead-lag compensator
should be cascaded to two notch filters in order to attenuate
the effect of the structural resonance frequencies (at
approximately 775Hz and 2059Hz). The final conventional
controller should also be cascaded with a low-pass filter in
order to attenuate the high-frequency measurement noise and
the destabilizing effect of high-frequency model uncertainty.
In contrast, the designed PID-FLC can be implemented on the
AMBs without employing any notch filters and low-pass
filters. The FLC was tested extensively to ensure that it can
operate in a wide range of conditions. A unit step disturbance
is introduced to the first channel after approximately 1.5
seconds and the results from PID-FLC, lead-lag compensator
and the on-board controller are depicted in Figs. 13 and 14.
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Fig. 13. Step response of the system using the PID-FLC controller and the
lead-lag compensator in the presence of disturbance.

Fig. 14. Step response of the system using the PID-FLC controller and the on-
board analogue controller in the presence of disturbance.

One advantage of using the proposed PID-FLC scheme is
that by only replacing the scaling factor GCU (see Fig. 4) to
zero, a PD-FLC can be achieved without any further
adjusments or modifications. The results obtained from the
PD-FLC is compared with the on-board analogue controller
(on-board analgue controller was a lead-type compensator in
serier with two notch filters and a low-pass filter) in Fig. 15.
The resutls clearly show that the PD-FLC (without any notch
filters and low-pass filters) that was obtained by setting GCU
to zero has a very similar behaviour to the on-board lead
compensator.

Fig. 15. Step response of the system using the PD-FLC controller and the on-
board analogue controller in the presence of disturbance.

VI. CONCLUSION

A PID-FLC controller was designed by combining a PI-
FLC and a PD-FLC. Multi-objective Genetic Algorithm
(MOGA) was used to secure an optimal trade-off between
multiple conflicting performance measures such as steady-state
error, overshoot, settling time and rise time. The optimal PID-
FLC controller was then implemented on the system in real
time. The results were compared with those of a conventional
lead-lag compensator and the on-board analogue controller in
the presence of disturbance. The results show that the system’s
performance was dramatically improved by using the PID-FLC
compared to the on-board analogue controller. It is worth
noting that the designed lead-lag type compensator also worked
well. However, two notch filters and a low-pass filter had to be
added to the designed lead-lag compensator before closed-loop
stability becomes a reality. The PID-FLC, on the other hand,
was successfully implemented without the need of any notch
filters or low-pass filters.
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