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Real-time Control of a Magnetic Levitation
System for Time-varying Reference Tracking

Eduardo Giraldo

Abstract—In this work, a design and implementation of a
modified PID for tracking time-varying references are designed.
The modified PID structure allows the reduction of the zeros
added by the classical PID structure. The design of the
controller is performed by considering time features such as
settling time and maximum overshoot. The proposed controller
is implemented and evaluated over a Hardware-in-the-Loop
structure for real-time control performance. The controller is
designed around an operational point and is evaluated for initial
conditions, constant references, and time-varying references in
terms of settling time and maximum overshoot. As a result,
the modified PID structure shows advantages over the classical
PID structure in terms of settling-time, maximum overshoot,
and fidelity to the designed features.

Index Terms—Real-time, PID control, Magnetic Levitation,
Time-varying reference.

I. INTRODUCTION

HE design of PID controllers over nonlinear systems is
usually performed by using the transfer function H(s)
of the system computed by a linear approximation of the
nonlinear system around an operational point [1]. Several
controllers can also be applied over nonlinear systems,
such as variable structure controllers [2], adaptive robust
controllers [3] or intelligent controller [4]. It is worth noting
that a key factor in the design of controllers over real
systems is the evaluation of the controller over simulated
and real prototypes [5]. These prototypes are usually
build-up by using Hardware-In-the-Loop (HIL) strategies
or Software-In-the-Loop (SIL) structures, being the HIL
structure the most common implementation to evaluate the
effectiveness of the controller [6].
The common equation for a PID controller is defined as

de
dt

being K, K; and K, the controller parameters, and e(t)
the tracking error computed as

e(t) =r(t) —y(t) 2)

being 7(t) the reference of desired output signal and y(t) the
output of the system to be controlled [7].

The transfer function of the error-based PID controller
of (1), defined as C(s) is obtained by applying the Laplace
transform over (1) as:

u(t) = Kpe(t) + Ki/e(T)dT + Ky (1)

K;
C(s) = Ky + = + Kas 3)
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being U(s) = C(s)E(s) and considering that the tracking
error is computed by

E(s) = R(s) = Y (s) )

where the linearized plant to be controlled H(s) around an
operational point is defined as:

Y(s) = H(s)U(s) ©)

The resulting block diagram of the closed-loop system
considering (3), (5) and (4) is presented in Fig. 1.

RO o 1o Y6,

Fig. 1. Closed Loop controller

The success of the controller is highly dependant of the
variability of the nonlinear function around the operational
point where the system is operating [8]. The closed-loop
transfer function can be obtained from the block diagram
of Fig. 1, as follows:

Y(s) = HcrR(s) (6)
being H¢p, defined as
__H()C(s)
1+ H(s)O(s)
Two design criteria are usually applied to design the
controller [9]. The first one is based on the closed-loop
characteristic equation prc(s) which is the denominator
of the closed-loop transfer function. This design criteria

considers a desired equation for the closed-loop dynamics
as pq(s) where the following relation is defined

Hey, @)

poL(s) = pa(s) 3

The second criteria considers the steady-state error e, by
applying the Final Value Theorem computed as follows

ess = lim e(t) = lim sE(s) 9

This design criteria considers that the absolute value of the
steady-state error must achieve the following condition

|€ss‘ <e (10)

being € > 0 a threshold defined as the maximum permissible
error for steady-state.

A methodology to design a PID controller for nonlinear
systems around an operational point is presented in this
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work. The methodology is obtained by combining (8)
and (10) to design the controller, which results in a PID
with time-varying tracking capabilities. A modified structure
of the PID is used to reduce the effect of the zeros
added by the controller structure. The proposed approach
is validated by using a Magnetic Levitation nonlinear
system around an operational point. The tracking capabilities
are evaluated for initial conditions, constant references,
and time-varying references. A HIL implementation of
the Magnetic Levitation is used to evaluate the controller
performance over a real system. This paper is organized as
follows: section II describes the mathematical methods for
modeling the magnetic levitation system and PID design.
In section III the discrete equations used for real-time
implementation of the controller and the HIL model of
the magnetic levitation system are presented, and finally, in
section IV the results and discussion are shown.

II. MATHEMATICAL MODEL

Consider the Magnetic Levitation model of Fig. 2 with
current u(¢) as an input, and output y(¢) the displacement of

/L1
u(t)

<
<

Fig. 2.  Magnetic Levitation system

The system of Fig. 2 can be modeled by the following
dynamical equation

4
Mg — K& = My
y()
By considering the operational point yy a constant, an
equilibrium equation can be obtained

(1)

Mg— K2 —¢ (12)
Yo
where u is obtained as
M gyo
= —= 13
ug % (13)

The linear approximation of (11) by using Taylor series
approximation is obtained as

(14)

By defining the parameters of the Magnetic Levitation system
of (11) as M = 0.05, K =1, g = 9.8 and yo = 0.01, the
following linear equation is obtained:

—2000Au(t) + 980AyY(t) = Ajj (15)

By applying the Laplace transform over (15) the transfer
function of the Magnetic Levitation system of Fig. 2 is
obtained

—2000
AY(s) = 5 ggg

In Fig. 3, is presented the resulting linear closed-loop
block diagram.

AU(s) (16)

AR(s) AE(s) K, AU(s) [ —2000 | AY (s)
Ky +— + Kas i >

Fig. 3. Linear closed-loop block diagram

The steady-state error by using the Final Value theorem
around an operational point is re-defined for the linear model
as follows:

Aegs = lim SAE(s) (17)
s—0

where AFE(s) is obtained from the block diagram of Fig. 3
as follows:

3 — 980s
53 — 2000K 452 — (2000K p + 980)s — 2000K;

AE(s) = AR(s) (18)

where the closed-loop characteristic equation pcr(s) is

per(s) = 3 — 2000K 452 — (2000Kp + 980)s — 2000K;
(19)

The first criteria for desired poles suggest that the

dynamical behaviour of the closed-loop system must be
determined by the following closed-loop complex poles:

s12=—-2+jV2

However, since pcor(s) is a third order equation, an
additional pole is required for the desired closed-loop

equation p4(s). Therefore, the p4(s) is defined as
pa(s) = (s +2+jV2) (s +2-jV2)(s +p)  (0)

being s = —p with p > 0, the additional closed-loop pole.

From (20), the py(s) can be obtained as
pa(s) =5+ (d+p)s’+ (p+6)s+6p Q2D

By defining py(s) = pcr(s) the following relationships
can be obtained

—2000K; = 6p (22)
—(2000K, +980) = 4p + 6 (23)
—2000K,=4+1p (24)

where is remarkable that, since p > 0 then K; must be
negative. It is noticeable the equations (22), (23) and (24)
describe a system of three equations and four unknown
quantities. In order to obtain an additional constraint and
solve the system, the second criteria for steady-state error is
used.

The second criteria considers the steady-state error of (17),
where Aegs is equal to zero for AR(s) of type impulse
and step. For time-varying references AR(s) of type ramp,
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Aegs is not equal to zero. For this case, the steady-state error
of (17) around and operational point is defined as

980

A S8 — "An~To
“ss = 2000k,

(25)

where a AR(s) = Z is used. By considering an ¢ = 0.05

for the second criteria, the resulting constraint is

|Aegs| < 0.05 (26)
and therefore
| K[ > 98 27)
By choosing K; = —100 the resulting p is p = 209000
and therefore, K, and K are
K, = —67.15 (28)
K; = —16.66 (29)

It is worth noting that the dominant response of the
closed-loop system is approximated by the transfer function

w2

o R(s)

$2 4 2pwp s + w2

Y(s) ~ (30)

being the damping coefficient p = 0.816 and w, = 2.45,
which is presented in Fig. 4.
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Fig. 4. Dominant response of the closed-loop system

It can be seen that the maximum overshot is around 1.18%
of the unitary step, and the settling time is around 2 seconds.
The resulting closed-loop transfer function is given by

—2000(Kqs” + Kps + K;)

AY (s) =
(s) $3 — 2000K 452 — (2000Kp + 980)s — 2000K;

AR(s) ()

It is worth noting that the closed-loop transfer function has
two zeros related directly to the controller, in comparison
with the system that has no zeros. This phenomenon is due
to the structure of the PID controller, where the derivative
and proportional actions are related directly to the error. If
the structure of Fig. 3 is modified as shown in Fig. 5 the
resulting closed-loop has no zeros.

A\
AR(s) AB ()7 < AU(s) [=2000 | AY (s)
s S 52 — 980 g
K p T Kgs
Fig. 5. Linear closed-loop with modified PID structure

By considering Fig. 5 the resulting closed-loop transfer
function is now given by

—2000K;
s3 — 2000K 452 — (2000Kp + 980)s — 2000K;

AY(s) = AR(s) (32
where the closed-loop characteristic equation is hold, and
where the transfer function for the error is now defined as

5% — 2000K 452 — (2000K,, 4 980)s

AE(s) =
(s) $3 — 2000K 452 — (2000Kp + 980)s — 2000K;

AR(s) (33)

which has the same dynamics but for the selected values
of the controller, the steady-state error for a ramp reference
signal, is computed as

|Aeys| = 0.66 (34)

Therefore, in order to reduce the steady-state error, and
according to the stability criteria, the controller parameters
must be recalculated. For time-varying references AR(s) of
type ramp, Aegs is not equal to zero. For this case, the
steady-state error of (17) around and operational point is
defined as

2000k, -+ 980

A ss —
€ 2000K,

(35
where a AR(s) = Z is used. By considering an e = 0.05
for the second criteria, the resulting constraint is

|Acss| < 0.05 (36)

III. REAL-TIME CONTROL EVALUATION

The real time implementation of the magnetic levitation
system of (11) is performed by an approximation of the
nonlinear model by using the backwards operator. The
resulting nonlinear difference equation is defined as

Kh2ulk — 2]

ylk] = gh® — Mylk 2]

+2k - 1] —ylk-2] (37

The discrete implementation of the PID controller in its
classical or modified structure is based on the approximation
by backward differences of derivative and integrative
operators. The classical structure of the PID is implemented

by using the following set of difference equations:

ei[k] = e;[k — 1] + helk] (38)
ealk] = elk] — Z[k —1] (39)
ulk] = Kpelk] + Kqeqlk] + Kiei[K] (40)

being e;[k] the integral of the error e[k] and eg4[k] the
derivative of the error e[k], and h the sample time, where
the error e[k] = r[k] — y[k].

The block diagram of the Hardware-In-the-Loop (HIL)
implementation of the classical PID controller over a
Magnetic Levitation (MaglLev) model is presented in Fig. 6.
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Computer and MagLev HIL
DAQ simulation
r[k]
ﬂ(é_?» PID
ulk]
vk
Fig. 6. Block diagram of the HIL implementation of the MagLev model

for the classical PID controller

On the other hand, the modified structure of the PID
is implemented by using the following set of difference
equations:

eilk] = e;[k — 1] + he[k] 1)
b = V2L )
ulk] = —Kpy[k] — Kaya[k] + Kiei[k] (43)

being yq[k] the derivative of the output y[k], e;[k] the integral
of the error e[k].

The block diagram of the HIL implementation of the
modified PID controller over a Maglev model is presented
in Fig. 7.

Computer and MagLev HIL
DAQ simulation
rlk] ~
Ve I
& ufk]
Y[kl |PD
Fig. 7. Block diagram of the HIL implementation of the MagLev model

for the modified PID controller

It is worth noting that the HIL implementation is
performed over an ARDUINO DUE embedded system at
74MHz clock frequency, and the real-time controller is
implemented in C++ by using a real-time clock with priority
and a Data-AcQuisition system USB-6009 from National
Instruments with a sample time A = 10 milliseconds.

IV. RESULTS AND DISCUSSIONS

The designed control system is evaluated under unitary
impulse, response, and ramp signals for the continuous
closed-loop transfer functions to validate the design
conditions. These reference signals are selected to validate
the response of the closed-loop system to initial conditions,
constant reference tracking, and time-varying reference
tracking.

The response to a unitary impulse by using a classical PID
structure is presented in Fig. 8.
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Fig. 8. Unitary impulse response by using a classical PID structure

The response to unitary step reference by using a classical
PID structure is presented in Fig. 9.
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Fig. 9. Unitary step response by using a classical PID structure

It is noticeable that the tracking response of the
closed-loop system obtained by using the classical PID
structure, shown in Fig. 9, is not adequate since this response
is not similar to the tracking response presented in Fig. 4 in
terms of the settling-time. This effect is due to the zeros of
the closed-loop system added by the PID classical structure.

The response to unitary ramp reference by using a classical
PID structure is presented in Fig. 10.
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Fig. 10. Unitary ramp response by using a classical PID structure

The response to a unitary impulse by using a modified
PID structure is presented in Fig. 11.
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Fig. 11. Unitary impulse response by using a modified PID structure

The response to unitary step reference by using a modified
PID structure is presented in Fig. 9.
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Unitary step response by using a modified PID structure

The response to unitary ramp reference by using a
modified PID structure is presented in Fig. 10.
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Fig. 13.  Unitary ramp response by using a modified PID structure

It is noticeable that the tracking response of the
closed-loop system obtained by using the modified PID
structure, shown in Fig. 12, is quite similar to the tracking
response presented in Fig. 4.

In Fig. 14 it is shown the real reference 7(t) and output
y(t) signals, considering a 5 seconds constant reference
signal, by considering the modified PID structure. Two
signals are presented by using the Digital-Analog -Converters
of the micro-controller: y(¢) and r(t). The signals are
acquired by using an Uni-T, two channel, 100 MHz
bandwidth, 1GS/s Oscilloscope.
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Fig. 14. Real-time 5 seconds constant reference tracking performance

It is worth noting that the output signal y(¢) in Fig. 14
tends to the reference r(t) with zero steady-state error.

In Fig. 15 it is shown the real reference 7(t) and output
y(t) signals, considering a 4 seconds constant reference
signal, by considering the modified PID structure.
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Fig. 15. Real-time 4 seconds constant reference tracking performance

In Fig. 16 it is shown the real reference r(¢) and output
y(t) signals, considering a 3 seconds time-varying reference
signal. It can be seen that the output signal y(¢) tends to
the reference r(t) with a constant steady-state error, which
is directly related to the slope of the reference.

Amplitude [V]

Time [s]

Fig. 16. Real-time time-varying reference tracking performance

In Fig. 17 it is shown the real reference r(¢) and output
y(t) signals, considering a 15 seconds time-varying reference
signal, where is clear that y(t) tends to the reference r(t)
with a constant steady-state error directly related to the
change-rate of the reference.

Amplitude [V]

0 7.5 15
Time [s]
Fig. 17. Real-time time-varying reference tracking performance for 15

seconds segment

V. CONCLUSIONS

A methodology to design a PID controller for nonlinear
systems around an operational point is presented in this work.
The method is obtained by combining (8) and (10) to design
the controller, which results in a PID with time-varying
tracking capabilities. A modified structure of the PID is used
to reduce the effect of the zeros added by the controller
structure. As shown in the results, the proposed modified
PID structure effectively reduces the impact of the zeros
of the system compared to the classical PID structure. The
Magnetic Levitation nonlinear system is implemented in a
HIL structure with the real-time modified PID designed
around an operational point. The tracking capabilities are
evaluated for initial conditions, constant references, and
time-varying references. The proposed approach increases
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the performance of the classical control approach in terms
of design fidelity for settling-time and maximum overshoot.
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