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Abstract. This article presents the implementation results of second order sliding mode control (SOSM) for
magnetic levitation system. In practical systems, especially when the actuators are electro-mechanical, the
conventional (first order) sliding mode control can not be used effectively as it exhibits chattering, which is
highly undesirable. Therefore, for such systems, sliding mode control of higher order can be a suitable choice
as the reduce the chattering significantly. In this article the super-twisting control, which isa second order
sliding mode control, is designed and implemented for the experimental setup of Maglev system, Model 730
developed by ECP systems.

1 Introduction

Reduction of the friction between moving surfaces is quite
important aspect in electro-mechanical designs. Mag-
netic levitation principle provides an option of the non-
contacting motion of moving objects, which substantially
reduces the resistance to the motion. This increases the
overall efficiency of the system.

Many industrial applications have been found in lit-
erature to have used a magnetic levitation successfully
such as high-speed train suspension [1], magnetic bearings
[2], launch assistance in space missions [3], superconduc-
tor rotor suspension of gyroscopes [4] and wind turbines
[5, 6].

The control objective in such systems is to design the
controller that maintains levitation of an object at a de-
sired height. In past three decades various methods for
the design of control for magentic levitation (maglev) sys-
tems have been reported in literature, for example, linear
and nonlinear controller designs in [7, 8] via feedback lin-
earization [9].

As the model uncertainties or the external disturbances
may cause the system to underperform, it is desirable to
design the robust controller that guarantees the desired
performance in presence of disturbance. Numerous meth-
ods of robust controller design for Maglev system can be
found in literature. For example, adaptive robust control
design against parametric uncertainties [10], robust con-
troller based on Lyapunov’s direct method [3] or two DOF
controller for magnetic levitation using quantitative feed-
back technique [11]. A sliding mode control (SMC) is one
of popular robust control design methods for simplicity
in control structure and insensitivity to a matched distur-
bances See [12, 13]. Numerous articles on SMC design for
Maglev system are found in literature. An experimental
comparison of SMC and classical control has been found
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in [14] and that of sliding mode disturbance compensation
and H−∞ in [15]. In [16], SMC has been employed to
provide high performance over a wide bandwidth in track-
ing of piezoelectric driven devices. Recently, experimen-
tal results on sliding mode control of maglev system has
been discussed in [17]. The conventional (first order) slid-
ing mode control exhibits chattering phenomenon due to
it’s discontinuous nature, which often is not suitable for
practical applications. For a magnetic levitation system,
SMC based on input-dependent surface to reduce the chat-
tering has been discussed with simulation results in [18].
In [19], SMC has been designed with effective switching
gain that is a function of distance between trajectory and
the sliding surface. Super-twisting control (STC) is well
known second order SMC, which reduces the chattering
effect significantly [20–23]. This paper discusses the de-
sign and implementation of the STC on experimental setup
Maglev Model 730 laboratory setup from educational con-
trol products [24]. The experimental results are compared
with simulation results and are found satisfactory.

2 System Description

An experimental setup ECP Model 730 Maglev system
[24] consists of two electromagnetic actuator coils, one
mounted at the bottom that produces repulsive magnetic
force to levitate the magnet and other actuator coil is
mounted at the top, which produces the attractive magnetic
force to that can be used to levitate the magnet. Each coil
can be energized separately to levitate one or two mag-
nets along a glass rod. Therefore, this system can either be
configured as single-input single-output (SISO) or multi-
input multi-output (MIMO) or multi-input single-output
(SIMO) system. Fig.1 shows the representative diagram
of experimental setup.

In this paper, we consider maglev system in SISO con-
figuration and using lower coil to produces appropriate re-
pulsive magnetic force that levitate the magnet at desired

ITM Web of Conferences 32, 01004 (2020) https://doi.org/10.1051/itmconf/20203201004
ICACC-2020

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution  
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



Upper Coil

Lower Coil

Precision Glass
Guide Rod

Upper Magnet

Lower MagnetSupply and
Signals

Figure 1. Maglev system, ECP-Model 730 representative dia-
gram.

position while the upper coil is left unenergized. Fig.2
shows the free body diagram of ECP Model 730 Maglev
system. The dynamical equation for the motion of the
magnet with displacement x(t) is given by,

mẍ(t) + cẋ(t) = Fu(t) − mg (1)

Where, m is mass of magnet, c is coefficient of viscous
friction offered by glass rod during motion and Fu(t) is re-
pulsive force produced by the lower actuator (coil), which
is nonlinear with respect to current i through the coil and
it is given by,

Fu(t) =
i(t)

a(b + x(t))N (2)

Where N, a and b are constants which can be deter-
mined via numerical approximation from the characteris-
tics. Therefore, from (1) and (2), we get

mẍ(t) + cẋ(t) =
i(t)

a(b + x(t))N − mg (3)

Fu

cẋ mg

x

Current i Coil

Magnet

Figure 2. Free body diagram of ECP-Model 730 (SISO).

Define the state variables, z1 := x, z2 := ẋ and control
effort u := i. So the system (3) can be represented in state
variable form as,

ż1(t) = f1(t) = z2(t) (4)

ż2(t) = f2(t) = − c
m

z2(t) +
u(t)

ma(b + z1(t))N − g (5)

y(t) = z1(t) (6)

2.1 Linearization at operating point

Let u0 = i0 be the current passes through coil that levitate
the magnet at desired height x0. Therefore, at the operating
point (z1, z2, u) = (x0, ẋ0, u0) =: O. To linearize the system
we perform Jacobian linearization at operating point. Fol-
low from (4)-(5),

Jz =


∂ f1
∂z1

∂ f1
∂z2

∂ f2
∂z1

∂ f2
∂z2

 , Ju =


∂ f1
∂u
∂ f2
∂u

 (7)

Jz =


0 1

−Nu(t)
a(b+z1(t))N+1 − c

m

 , Ju =


0
1

a(b+x(t))N

 (8)

Then the linearized model at operating point is given
by, 

ż1(t)
ż2(t)

 = Jz |O


z1(t)
z2(t)

 + Ju |O u(t)

This gives,


ż1(t)
ż2(t)

 =
[

A11 A12
A21 A22

] 
z1(t)
z2(t)

 +
[

0
B2

]
u(t)

y = z1(t) (9)

Where,

A11 = 0, A12 = 1, A21 =
−Nu0

ma(b + x0)N+1

A22 = −
c
m

and B2 =
1

ma(b + x0)N (10)

Remark 2.1 In ideal condition, c = 0 i.e there is no air
resistance and no friction between glass rod and magnet,
the system can be represented as,


ż1(t)
ż2(t)

 =
[

0 1
A21 0

] 
z1(t)
z2(t)

 +
[

0
B2

]
u(t)

y(t) = z1(t) (11)

Note that, the response of the system (11) is oscillatory
about the operating point because the poles are pure imag-
inary at ± j

√
|A21|. However, practically, there exist a finite

amount of resistance that can be modeled as viscous fric-
tion, though very small. This results in underdamped tran-
sient response.

3 System identification

For the linear model (11), the mass of magnet and grav-
itational force are known. However, parameters a, b and
N are required to compute A21 and B2. For the experi-
mental setup, the values recommended by manufacturer
are b = 6.2 and 3 < N < 4.5. With these values, the con-
stant a can be computed using the curve-fitting of actuator
(2) response for input u and the magnet position x. As
the steady-state height of the magnet represents an equi-
librium, i.e. Fu = mg, therefore from (2) we get,

a =
u

mg(b + z1)N (12)
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 (8)
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ż2(t)

 =
[

A11 A12
A21 A22

] 
z1(t)
z2(t)

 +
[

0
B2

]
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Where,
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and B2 =
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resistance and no friction between glass rod and magnet,
the system can be represented as,
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ż2(t)

 =
[

0 1
A21 0
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z1(t)
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 +
[

0
B2

]
u(t)

y(t) = z1(t) (11)

Note that, the response of the system (11) is oscillatory
about the operating point because the poles are pure imag-
inary at ± j

√
|A21|. However, practically, there exist a finite

amount of resistance that can be modeled as viscous fric-
tion, though very small. This results in underdamped tran-
sient response.

3 System identification

For the linear model (11), the mass of magnet and grav-
itational force are known. However, parameters a, b and
N are required to compute A21 and B2. For the experi-
mental setup, the values recommended by manufacturer
are b = 6.2 and 3 < N < 4.5. With these values, the con-
stant a can be computed using the curve-fitting of actuator
(2) response for input u and the magnet position x. As
the steady-state height of the magnet represents an equi-
librium, i.e. Fu = mg, therefore from (2) we get,

a =
u

mg(b + z1)N (12)

Table 1. Parameters of Maglev system

Parameter Quantity Remark

m 0.12 Kg mass of magnet

N 4 selected

b 6.2 provided by manufacturer

g 9.81 m/s2

The value of constant a for the pair (x, u) can be computed
from (12) and data in Table 1. The mean value is found to
be a = 0.99 after curve fitting. Based on these parameters,
the linear model at x0 = 2cm and u0 = 5000 counts can be
identified as,

ẋ(t) =
[

0 1
−313 −6.5

]
x(t) +

[
0

5000

]
u(t)

y(t) = z1(t) (13)

Fig. 3 shows open loop responses of the system, obtained
practically as well as via simulation.
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Figure 3. Open loop response of the Levitation y(t) of magnet.

4 Super-twisting control

Consider a controllable system,

ż1(t) = A11z1(t) + A12z2(t) (14a)
ż2(t) = A21z1(t) + A22z2(t) + B2u(t) + d(z, t) (14b)

where, z1 ∈ Rn−1, z2 ∈ R, z = [z�1 z2]� represent states of
the system, u ∈ R and d ∈ R represent input and distur-
bance, respectively. Assume that, the system is control-
lable and observable. Also, assume that the disturbance
and its rate of change with respect to time are bounded by,
|d(z, t)| ≤ γ and φ(z, t) := |ḋ(z, t)| ≤ γ1, respectively.

4.1 Sliding Function and Sliding Mode Control

Let there exist c1 ∈ R1×(n−1) such that (A11−A12c1) is Hur-
witz. Such a matrix F exists as the (A11, A12) pair inherits
the controllability property.

Let the sliding set be,

S = {z ∈ R | s(t) := c1z1(t) + z2(t) = 0} (15)

Clearly, when the state trajectory is held on the surface
s(t) = 0, we get z2 = −c1z1. Therefore, from (14a) we

can write governing equation for sliding motion of z1 (and
subsequently, z2 = −c1z1) trajectory as

ż1(t) = (A11 − A12c1)z1(t) (16)

As (A11−A12c1) is Hurwitz by design, thus when trajectory
of the system is held on s(t) = 0, ‖z1‖ → 0 as t → ∞ and
‖z2‖ → 0 as ‖z1‖ → 0.

Therefore, it is essential to design the control such that
the trajectory (z1, z2) reaches the sliding surface s(t) in
finite time and remain on that thereafter. For such sys-
tems, the conventional sliding mode control that enforces
the system trajectory on the surface in finite time and re-
strict them on it can be given by,

u(t) = −B−1
2 (c1[A11z1(t) + A12z2(t)]
+A21z1(t) + A22z2(t) + Qsgn(s)

)
, Q > γ

(17)

The conventional sliding mode control (17) ensures
s(t) = 0 in a finite time. However, the term Qsgn(s) makes
the control u discontinuous and may exhibit the chatter-
ing. This problem can be overcome by using second or-
der sliding mode, in which the time derivative of the con-
trol is considered to be the new virtual control that ensures
ṡ(t) = 0 in finite time as well.

From (15), we can write,

ṡ(t) = c1ż1(t) + ż2(t)
= c1[A11z1(t) + A12z2(t)] + A21z1(t)
+ A22z2(t) + B2u(t) + d(z, t)

(18)

Define,

f (t) := c1[A11z1(t) + A12z2(t)] + A21z1(t) + A22z2(t)

Therefore, from (18) we can write,

ṡ(t) = f (t) + B2u(t) + d(z, t) (19)

Clearly, objective is to design the control such that, s(t) =
ṡ(t) = 0 for all t ≥ tr, tr ∈ R+.

4.2 Super-twisting Control

The first order (conventional) SMC as in (17) is discon-
tinuous in nature. Practically such discontinuous control
cannot be applied at infinite frequency, this leads to the
chattering that may excite unmodelled dynamics and as a
result system may under perform or may result into the
actuator failure. In order to obtain the sliding motion as
in (16) along with robustness properties, a super-twisting
control can be used, which circumvents the chattering is-
sue. Typically, the super-twisting structure is given by,

ṡ(t) = −k1| s |
1
2 sgn(s) + ξ(t)

ξ̇(t) = −k2 sgn(s) + φ(t)
(20)

Then s(t) and ṡ(t) converge to zero in finite time if k1
and k2 are chosen as, k2 > γ1 and k1 > 1.8

√
γ1 + k2, see

[23] for proof.
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Clearly, if we design a control,

u(t) = −B−1
2

 f (t) + k1| s |
1
2 sgn(s) + k2

t∫

0

sgn(s)dτ

 (21)

Then (19) can be written as,

ṡ(t) = −k1| s |
1
2 sgn(s) − k2

t∫

0

sgn(s)dτ + d(z, t) (22)

Define, ξ := −k2

t∫
0

sgn(s)dτ + d(z, t) and φ(t) := ḋ(z, t)

Therefore (22) can be written as,

ṡ(t) = −k1| s |
1
2 sgn(s) + ξ(t)

ξ̇(t) = −k2 sgn(s) + φ(t)
(23)

Thus, s(t) = ṡ(t) = 0 for all t > tr for some tr ∈ R+ if we
choose k2 > γ1 and k1 > 1.8

√
γ1 + k2.

5 Sliding mode and super-twisting control
for maglev system

This section demonstrates the simulation and practical re-
sponses of magnetic levitation system with sliding mode
control and super-twisting control. Both the controllers
are designed for the identified system as in (13).

Comparing (9) and (13) , we get,

A11 = 0, A12 = 1, A21 = −313
A22 = −6.5 and B2 = 5000 (24)

To track the reference input r, we transform the system
to new co-ordinates that represent error between system
states and the desired states. Define e1 := z1 − z1d = z1 − r,
e2 := z2 − z2d, and ∆u := u − ud. So the system (9) can be
represented as,

ė1(t) = A11e1(t) + A12e2(t) (25)
ė2(t) = A21e1(t) + A22e2 + B2∆u(t) (26)

5.1 Sliding function

From (15), we can design sliding function as,

s(t) = c1e1(t) + e2(t) = 0 (27)

such that the sliding motion governed by

ż1(t) = (A11 − A12c1)z1(t) (28)

will exhibit the desired characteristic. We choose, c1 = 10,
therefore for the maglev system surface is given by

s(t) = 10e1(t) + e2(t) = 0 (29)

5.2 Sliding mode control

Follow from (17), we can design the sliding mode control
for the system (25)-(26) that initiates the sliding motion in
finite time,

u(t) = −B−1
2 (c1[A11e1(t) + A12e2(t)]
+A21e1(t) + A22e2(t) + Qsgn(s)

) (30)

Where Q is chosen greater than bound of the absolute
value of disturbance and k is chosen to increase the speed
of response during reaching phase. To check the robust-
ness property of the sliding mode control, disturbance
d(t) = 2 sin 20t is introduced. Therefore, we select Q =
5 > 2 and k = 40 to speed up the response in the reaching
phase. Thus, the sliding mode control is designed as,

u(t) = 0.626e1(t) − 0.0007e2(t) − 0.008s(t)
−0.001sgn(s) (31)

that initiates the sliding motion

ż1(t) = −10z1(t) (32)

in finite time. Clearly, ‖e1‖ → 0 as t → ∞ and as e2(t) =
−10e1 therefore ‖e2‖ → 0 as t → ∞. Thus, y = z1 tracks r
asymptotically.

Fig.4 shows the comparison of simulation response
with the response of magnet levitation performed on ex-
perimental setup ECP Maglev 730. Fig.4 shows the con-
trol efforts (31) and evolution of sliding function (29) for
both simulation and practical performance.
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10000
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Figure 4. Levitation x(t) of magnet with sliding mode control
(31).

5.3 Super-twisting control

Form Fig.5 (a), it is quite evident that the applied control
exhibits the chattering, therefore we design super-twisting
control, which is second order continuous control as dis-
cussed in section 4.2. Follow from (21), we can write the
super-twisting control for a system (25)-(25) described in
error variables as,

u(t) = −B−1
2

 f (t) + k1| s |
1
2 sgn(s) + k2

t∫

0

sgn(s)dτ

 (33)

where,

f (t) = c1[A11e1(t) + A12e2(t)] + A21e1(t) + A22e2(t)
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ż1(t) = −10z1(t) (32)

in finite time. Clearly, ‖e1‖ → 0 as t → ∞ and as e2(t) =
−10e1 therefore ‖e2‖ → 0 as t → ∞. Thus, y = z1 tracks r
asymptotically.

Fig.4 shows the comparison of simulation response
with the response of magnet levitation performed on ex-
perimental setup ECP Maglev 730. Fig.4 shows the con-
trol efforts (31) and evolution of sliding function (29) for
both simulation and practical performance.

0 0.5 1 1.5 2 2.5 3

0

5000

10000

Practical Result

Simulation Result

Figure 4. Levitation x(t) of magnet with sliding mode control
(31).

5.3 Super-twisting control
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Figure 5. (a) Control input (31) to the system. (b) Evolution of
sliding surface (29).

Thus, for experimental setup ECP Maglev 730 with dis-
turbance d(t) = 2 sin 20t, we design a control with k1 =
16000 and k2 = 10 as,

u(t) = 0.626e1(t) − 0.0007e2(t) − 3.2| s | 12 sgn(s)

+ 0.002

t∫

0

sgn(s)dτ (34)

that provides the super-twisting control in terms of counts
as,

ṡ(t) = −16000| s | 12 sgn(s) + ξ(t)
ξ̇(t) = −10 sgn(s) + φ(t)

(35)

Note that, max |φ(t)| = max |ḋ| = 2, therefore k2 > 2.2
is satisfied and k1 > 1.8

√
2.2 + 10 is also satisfied. As

s and ṡ both converge to 0 in finite time, sliding motion
(32) is initiated. This implies, ‖e1‖ → 0 as t → ∞ and
as e2(t) = −10e1 therefore ‖e2‖ → 0 as t → ∞. Thus,
y = z1 tracks r asymptotically. Fig.6 shows the compar-
ison of simulation response and the response of magnet
levitation performed on experimental setup ECP Maglev
730 with super-twisting control (34). Fig.7 shows the con-
trol efforts (34) and evolution of sliding function (29) for
both simulation and practical performance. It can be seen
in Fig.7(a) that control effort (34) does not exhibit chatter-
ing.
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Figure 6. Levitation x(t) of magnet with sliding mode control
(34).
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Figure 7. (a) Control input (34) to the system. (b) Evolution of
sliding surface (29).

6 Conclusion

In this paper, we have designed and implemented the slid-
ing mode (SMC) and super-twisting control (STC) for the
Maglev Model 730 experimental setup manufactured by
educational control products, which is an open loop under-
damped system. The experimental results with SMC and
STC are compared with simulation results and found sat-
isfactory in presence of external disturbance.

It can be verified from the simulation as well as prac-
tical results that STC is continuous control and does not
exhibit chattering and the manget levitation response does
not hinder in presence of applied disturbance.
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