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Modelling and Offset-free Predictive Control of the Parallel-Type
Double Inverted Pendulum*

Ager Paul1, Ibrahim Küçükdemiral1 and Gerain Bevan1

Abstract— This paper presents a nonlinear model of the
parallel-type double inverted pendulum system with an elastic
spring that produces opposing torques on the pendulums. The
effects of solid and viscous frictional forces are considered in the
developed model. The stabilising control of the nonlinear system
is investigated by designing an offset-free model predictive
control (OfMPC) scheme based on the linearised model. The use
of OfMPC makes it possible to optimize the system performance
while also ensuring that the physical limits of the system are not
exceeded. Numerical simulation is used to show the effectiveness
and prospective benefits of using the proposed controller over
the conventional method.

I. INTRODUCTION

The inverted pendulum on a cart system refers to a
mechanical system that consists of a pendulum that is at-
tached through a flexible link to a freely moving cart along
a horizontal plane. In control theory and its applications,
the inverted pendulum on a cart problem is well-known
and have been widely studied [1], [2], [3]. The system is
usually used as a benchmark for testing controllers since
it represents a typical multivariable, nonlinear and unstable
system. Moreover, the inverted pendulum system provides
adequate models used to represent a significant number of
technical problems in robotics [4]. As discussed in [5], the
inverted pendulum system has been used as representative
models in the launching of a rocket [6], the motion of a
robot [7], [8] and the movement of an hexapod robot [9].

The parallel-type double inverted pendulum system refers
to two single inverted pendulums placed side by side. In
such a system, the main aim is to simultaneously control the
two pendulums. Different versions of the system exist. The
first version comprises two pendulums both connected via a
flexible link to a single cart. The modelling including those
considering the friction between different parts and control
of this type of pendulum has been widely studied [10], [11],
[12].

The second form of the parallel-type double inverted
pendulum system comprises two pendulums usually of equal
lengths that are hinged through a flexible link on two
different carts. Two variants of this particular form of the
system have been presented in the literature. In the one
described in [13], there is no interaction between the two
pendulums. A more technically challenging version [14]
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has an elastic spring connecting the two pendulums which
lead to interactions between the pendulums. However, the
mathematical model of the parallel-type double inverted
pendulum system presented in [14] neglected the friction
forces between the horizontal axis and the rollers of the cart
and that between the hinge and the pendulums. Moreover,
they [14] only considered a linear model even though the
system is highly nonlinear. In addition, they failed to consider
the physical limits of the system which can potentially affect
the controller’s performance.

Therefore, this paper presents a more detailed mathe-
matical model with the solid and viscous frictional forces
which where not considered in [3]. Although the linearised
version of the model is used to design a controller to achieve
stabilising control, it is tested on the nonlinear model.
Furthermore, this paper proposes the use of model predictive
control (MPC), for the first time, to stabilise this system
as previous studies [13], [14] employed linear quadratic
regulator. In [15], it was explained that traditional controllers
such as PID and LQR where saturation blocks are used to
implement constraints on the system can generally provide
higher oscillations when input saturation occurs. This is
primarily due to the fact that the control command planning
does not consider the constraints. MPC, on the other hand,
provides a natural way of incorporating constraints into the
controller [16], [17] because the constraints are included
in the optimisation problem to be solved online in each
sampling instant.

Furthermore, to address the challenge of offset which may
be caused by the model mismatch between the actual model
and the linearized version used in the controller design,
offset-free MPC (OfMPC) is used in this work. To design
OfMPC, two approaches have been widely used [18], [19]
- the disturbance model and the velocity model methods. In
this paper, the velocity model approach would be used as
it has been shown [19] that it can provide less sensitivity
to measurement noise which is almost unavoidable in real
applications.

The rest of this paper is organised as follows. Section
II presents the description and mathematical modelling of
the system based on Lagrange equations. In Section III, the
design of the OfMPC scheme is presented while Section
IV provides a simulation study where results for both the
full-state feedback controller and the observer-based OfMPC
are presented. Section V presents discussions of the results
from the numerical simulation while Section VI provides the
conclusions.

 



II. MODELLING OF THE DYNAMICAL SYSTEM

The physical system illustrated in Figure 1 shows that
the system comprises two carts, two straight slide rails, two
pendulums and each cart is driven by electric motor units,
M. The voltages applied via the DC motor to provide a
desired motion of the carts are denoted as the controls u1

and u2. The pendulums are hinged on the centre of the carts
O1 and O2 with the ability to rotate through the vertical
plane. It is important to note that both carts can move back
and forth on the rails. The parameters needed to derive
the mathematical model of the system are shown on the
schematic diagram in Figure 1. To model the system, the
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Fig. 1. Schematic diagram showing the parameters of the parallel-type
double inverted pendulum. Adapted from [20].

effect of solid friction between the carts of masses M1 and
M2 and the slide rails are considered with coefficient denoted
by µ1 and µ2; the viscous frictional coefficients v1 and v2 at
the pivot points connecting the pendulums of masses m1 and
m2 to the carts is also considered. The length of pendulums
1 and 2 are respectively denoted as l1 and l2. Furthermore,
the moment of inertia of the pendulum 1 is J1 while that
of the second pendulum is J2. Although Xing et al. [20]
neglected the effect of both viscous and solid frictions in
modelling the system, this paper considers them as they are
usually important in real systems. Moreover, the nonlinear
model of the system is used in the simulation to give a good
approximation of the actual physical system.

The displacement of the carts from the centre points O,
is denoted x1 and x2 for cart 1 and cart 2, respectively.
This displacement is positive if it is towards the right
direction. In Figure 1, the angular displacements θ1 and θ2
are positive in the clockwise direction. The parameter w, is
denoted as the difference between the projection of points
A and B on the horizontal plane. The definition of all the
parameters and their values needed to describe the system
are presented in Table I. To model the parallel type-double
inverted pendulum, Lagrange approach is used as follows:

L = T (q̇, q)− V (q) (1)

d

dt

(
∂L

∂q̇i

)
− ∂L

∂qi
= Qi, i = 1, 2, . . . n. (2)

TABLE I
PARAMETERS DESCRIBING THE PARALLEL-TYPE DOUBLE INVERTED

PENDULUM

Notation Meaning of Parameter Value
l1, l2 Length of pendulum 1 and the pendulum

2 from pivot to the centre of mass
0.25m

m1, m2 Mass of pendulum 1 and pendulum 2. 0.109kg
M1, M2 Mass of cart 1 and cart 2 1.096kg
x1, x2 Displacement of cart 1 and 2 from the -1m to +1m

centre point O
d Distance between the slide rails 0.187m
h length from spring endpoint A and B to

pivot O2 and O2

0.4m

ks Elastic spring constant 24.5Nm−1

g Acceleration due to gravity 9.81ms−2

J1, J2 Moment of inertia of pendulum 1 and 2 9.083mkgm2

lo Original length of the spring 0.181m
µ1, µ2 Solid friction constants 0.002
v1, v2 Viscous friction constants 0.001

where L is the Lagrangian operator, T is the kinetic energy
and V is the potential energy of the system. The variable qi
is the vector of generalised coordinate or degree of freedom
of the double inverted system; Qi represents the vector of
external forces acting on the system, with i representing the
displacements of the two carts and the angular displacement
of the two pendulums.

The energy of the system can be modelled as follows
[21], [5]:
Cart 1:
potential energy (PE): VM1 = 0;
Kinetic energy (KE): TM1

= 1
2M1ẋ

2
1.

Cart 2:
PE: VM2

= 0.; KE: TM2
= 1

2M2ẋ
2
2.

Pendulum 1:
PE: Vm1 = m1gl1cosθ1;
KE: Tm1

= 1
2J1θ̇

2
1 + 1

2m1{
[
d
dt (l1cosθ1)

]2
+[

d
dt (x1 − l1sinθ1)

]2}
Pendulum 2:
PE: Vm2

= m2gl2cosθ2
KE: Tm2 = 1

2J2θ̇
2
2 + 1

2m2{
[
d
dt (l2cosθ2)

]2
+[

d
dt (x2 − l2sinθ2)

]2}
where the moment of inertia of the pendulums are
J1 = 4

3m1l
2
1 and J2 = 4

3m2l
2
2

Elastic spring:
PE: Vspring = 1

2ks(ld − lo)
2

where lo is the unstrained length of the spring and ld is the
length of the draught spring.

Based on the above equations, the total potential and
kinetic energy of the parallel-type double inverted pendulum
system can be given as follows:

T = Tm1 + Tm2 + TM1 + TM2 (3)

V = Vm1 + Vm2 + VM1 + VM2 + Vspring (4)

By substituting (3) and (4) into (1), one obtains:

 



L =
1

2
M1ẋ

2
1 +

1

2
M2ẋ

2
2 +

1

2
J1θ̇

2
1 +

1

2
J2θ̇

2
2+

1

2
m1

(
ẋ2
1 − 2ẋ1l1θ̇1cosθ1 + l21θ̇

2
1

)
+
1

2
m2

(
ẋ2
2 − 2ẋ2l2θ̇2cosθ2 + l22θ̇

2
2

)
−

m1gl1cosθ1 −m2gl2cosθ2 −
1

2
ks(ld − lo)

2

(5)

The equation of motion of the parallel-type double inverted
pendulum system can be obtained from the partial differential
equation (2) as follows:

d

dt

(
∂L

∂ẋ1

)
− ∂L

∂x1
= u1 − fr1 , (6)

d

dt

(
∂L

∂ẋ2

)
− ∂L

∂x2
= u2 − fr2 , (7)

d

dt

(
∂L

∂θ̇1

)
− ∂L

∂θ1
= −fv1 , (8)

d

dt

(
∂L

∂θ̇2

)
− ∂L

∂θ2
= −fv2 , (9)

where u1 and u2 is the voltage (V) applied to cart 1 and
2 via the motor to move the carts; fr1 and fr2 are the
solid frictional forces between the cart 1nd cart 2 and the
horizontal plane; fv1 and fv2 are the corresponding viscous
frictional forces at the pivot points of the pendulums. These
forces can be modelled as follows [5], [11]:

fr1 = µ1ẋ1, fr2 = µ2ẋ2, fv1 = v1θ̇1, fv2 = v2θ̇2. (10)

For convenience in the derivation of the equations of motion
for the system in Figure (1), let j = 1, 2. By expanding
and simplifying Equations (6), (7), (8) and (9), the following
equations can then be obtained:

(Mj +mj)ẍj −mj lj θ̈jcosθj +mj lj θ̇
2
j sinθj

+
1

2
ks

∂

∂xj

[
(ld − lo)

2
]
= Fj − µj ẋj

(11)

7

3
mj l

2
j θ̈j −mj lj ẍjcosθj −mjgljsinθj

+
1

2
ks

∂

∂θj

[
(ld − lo)

2
]
= −vj θ̇j

(12)

where ld =
√
d2 + w2 and w = (x2−hsinθ2)−(x1−hsinθ1)

is the distance between the projections C and D along the
direction of the trails shown in Figure 1. The derivatives:
∂

∂xj

[
(ld − lo)

2
]

and ∂
∂θj

[
(ld − lo)

2
]

can be shown to be
given as follows:

∂

∂x1

[
(ld − lo)

2
]
=− 2

(
1− lo

ld

)
(x2 − x1

− h(sinθ2 + sinθ1))

(13)

∂

∂x2

[
(ld − lo)

2
]
= 2

(
1− lo

ld

)
(x2 − x1 − hsinθ2 + hsinθ1)

(14)

∂

∂θ1

[
(ld − lo)

2
]
=2

(
1− lo

ld

)
(x2 − x1 − hsinθ2

+ hsinθ1)(hcosθ1)

(15)

∂

∂θ2

[
(ld − lo)

2
]
=2

(
1− lo

ld

)
(x2 − x1 − hsinθ2

+ hsinθ1)(−hcosθ2)

(16)

By substituting (13) - (16) into (11) and (12), the non-
linear model describing the motion of the dynamical parallel-
type double inverted pendulum system in Figure 1 can be
expressed more elegantly as follows:

M(q)q̈ + C(q, q̇)q̇ + K(q) = Hu (17)

where

M =

 M1+m1 −m1l1cosθ1 0 0
−m1l1cosθ1

7
3m1l

2
1 0 0

0 0 M2+m2 −m2l2cosθ2
0 0 −m2l2cosθ2

7
3m2l

2
2


C =

[
µ1 m1l1θ̇1sinθ1 0 0
0 v1 0 0

0 0 µ2 m2l2θ̇2sinθ2
0 0 0 v2

]

K =

[
K1

K2−m1gl1sinθ1
K3

K4−m2gl2sinθ2

]
, H =

[
1 0
0 0
0 1
0 0

]
where K1 = −ks

(
1− lo

ld

)
(x2 − x1 − hsinθ2 +

hsinθ1), K2 = −hK1cosθ1, K3 = −K1, K4 =
hK1cosθ2 and u = [u1 u2]

T . By defining x = [q q̇]T =
[x1 θ1 x2 θ2 ẋ1 θ̇1 ẋ2 θ̇2]

T as the state vector, Equation (17)
can be written the non-linear model of the form:

g(x, u) =

[
q̇

M−1(Hu− Cq̇ −K)

]
. (18)

III. OPTIMAL CONTROL DESIGN

In this section, the design of discrete-time linear quadratic
regulator and model-based predictive control which would
be employed for the control of the non-linear model (18)
would be presented. we first present the linearization of the
non-linear model in the following section.

A. Linearisation of Dynamical System

Since this paper aims to study the stabilisation of the
two pendulums in the vicinity of the upward position, the
linearisation is is carried out around the vertical pendulums
positions. Therefore, the balance point for linearisation is
given as θ1 ≈ 0 and θ2 ≈ 0. Also, it is assumed that the
balance point for the two carts on the trails are the central
points where x1 = 0 and x2 = 0. To linearise the system
around this equilibrium points, the following approximations
hold: sinθ1 = θ1, sinθ2 = θ2, cosθ1 = cosθ2 = 1, θ̇21 =
θ̇22 = 0. Based on the defined approximations needed to
linearise the system, the models (18) can be transformed into
the state-space model of the form:

ẋ = Ax+Bu,

y = Cx
(19)

 



where x ∈ Rn, u ∈ Rm, y ∈ Rp, A ∈ Rn×n is the system
matrix, B ∈ Rn×m is the control matrix, C ∈ Rp×n is
the output matrix. More specifically, the state-space model
matrices are give as follows:

A =

[
0 I

−M(0)−1 ∂K
∂x −M(0)−1C(0)

]
, B =

[
0

−M(0)−1H

]
By defining β = −ks

(
1− lo

ld

)
, the conditions of lineari-

sation described previously imply that

K =

 −βhθ2 + βhθ1
βh2θ2 − βh2θ1 +m1gl1

βhθ2 − βhθ1
−βh2θ2 + βh2θ1 +m2gl2

 ,

∂K

∂x
=

0 βh 0 −βh
0 −βh2 0 βh2

0 −βh 0 βh
0 βh2 0 −βh2


By sustituting the parameters of the dynamic system shown
in Table I into (19), the following system matrices are
obtained for the parallel-type double inverted pendulum:

A =


0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1

−0.21 0.48 0.21 −0.085 −0.0013 −0.0013 0 0
19.42 9.7113 −19.42 7.77 −0.0022 −0.0589 0 0
0.21 −0.085 −0.21 0.48 0 0 −0.0013 −0.0013

−19.42 7.77 19.42 9.71 0 0 −0.0022 −0.059



B =


0 0
0 0
0 0
0 0

0.8633 0
1.4800 0

0 0.8633
0 1.4800

 , C =

[
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0

]

B. MPC Design
The design of MPC can be carried out such that the

physical constraint on the parallel-type double inverted pen-
dulum as well as modelling errors can be addressed through
online optimisation. This paper uses the approach described
in [22], [19] where the velocity model of the plant is used to
develop an OfMPC to eliminate modelling errors and other
system uncertainties. Since the algorithm may need to be
implemented using a digital processing unit in practice, it is
necessary to obtain the discretised version of the model (19)
as follows:

x(k) =Adx(k) +Bdu(k),

y(k) =Cdx(k)
(20)

where k is the discrete step at time kTs, where Ts is the
sampling time. With regards to addressing relatively slowly-
varying modelling uncertainties and external disturbance
(such as wind gust whose effect on the carts may not be
negligible), the use of velocity model has been shown to be
an effective approach [23], [24]:

x̃(k) =Ãx̃(k) + B̃∆u(k)

y(k) =C̃x̃(k)
(21)

where ∆u(k) = u(k) − u(k − 1) is the control increment,

x(k) =

[
x(k)− x(k − 1)

y(k − 1)

]
is the state increment and the

augmented matrices are defined explicitly as

Ã =

[
Ad 0
Cd I

]
, B̃ =

[
Bd

0

]
, C̃ =

[
Cd I

]
.

To compute the control input u(k) in every time step, the
following optimisation problem needs to be solved in every
time step:

J(k) =
1

2
∥ e(k +N) ∥2S +

1

2

N−1∑
i=0

∥ e(k + i) ∥2Q

+
1

2

Nu−1∑
j=0

∥ ∆u(k + j) ∥2R

(22)

subject to:

|u(k + j)| ≤ umax, |xj(k + i)| ≤ xmax

The constraints umax denotes the maximum input voltage
that can be applied to the carts through a DC motor; the
constraints on the two carts position denoted xj is due
to the fact that the carts are restricted to move through
±1m distance on the rails For details on derivation of the
constraints inequalities using the velocity form of MPC,
refer to [23]. Furthermore, N is the prediction horizon,
e(k) = ȳ(k)−y(k), where ȳ(k) denote the output reference.
The matrices S and Q are positive semi-definite while R
is a positive definite matrix. The terminal cost e(k +N) is
used to ensure nominal stability of the closed-loop system
provided that the weight S is chosen such that S = Q +
ASA− (ASB)(R+BTSB)−1BTSA [25], [15].

By defining the optimisation variable z = [∆u(k),∆u(k+
1), . . .∆u(N−1)]T , the quadratic optimisation problem (22)
can be used transformed into:

z∗ = argmin
1

2
zTHz +

[
x̃T ȳT

]
Fz (23)

subject to:
Γz ≤ γ

where Γ and γ represent a matrix and vector used to apply
the necessary limit on the carts positions and the input forces.
The Hessian matrix H can be calculate offline while F
should be computed online in every time step. These matrices
are given as:

H = B̄Q̄B̄ + R̄, F =

[
ĀQ̄B̄
−T̄ B̄

]

B̄ =

 B̃ 0 ··· 0
ÃB̃ B̃ ··· 0
...

...
. . .

...
ÃN−1B̃ ÃN−2B̃ ··· ÃN−Nu B̃

 , T̄ =

QC̃ ··· 0 0

...
. . .

...
0 ··· QC̃ 0

0 ··· 0 SC̃



Ā =

 Ã
Ã2

...
ÃN

 , Q̄ =

 C̃TQC̃ ··· 0 0

...
. . .

...
0 ··· C̃TQC̃ 0

0 ··· 0 C̃TSC̃


amd R̄ = diag([R, . . . , R]). Based on the computed op-
timal solution z∗, the receding horizon principle can be
used to obtain the control increment in every time step as

 



∆u∗(k) = [Im 0]z∗ from which the optimal control input u∗

to be applied to the nonlinear model (17) can be calculated
as

u∗(k) = ∆u∗(k) + u(k − 1) (24)

where u(k − 1) is the previous control input.

IV. NUMERICAL SIMULATION

In this section, the MPC designed using the linear model
(20) would be investigated in terms of its suitability for
the control of the continuous time nonlinear model (18).
To implement the OfMPC, the continuous-time system is
sampled at a sampling period of, Ts = 0.05 s, prediction
horizon is chosen as N = 10 and the control horizon Nu =
3. Furthermore, Q = S = blkdiag(1.5, 0.1, 1.5, 0.1) and
R = blkdiag(0.05, 0.05). The optimisation problem (23)
is solved using quadprog in MATLAB in the implemen-
tation of the controller.

A. Full-State Feedback Control

In this case, the OfMPC is employed to control the two
pendulum system under the assumption that all the states of
the system are measurable. Firstly, an initial condition of the
system denoted x̄ = [0.01, 0, 0.015, 0, 0, 0, 0, 0]T is used and
this means that the two carts deviate from their equilibrium
position (0m) with 0.01m and 0.015m for carts 1 and 2,
respectively. The input voltages that can be applied by either
DC motor in cart 1 and 2 is constrained to uj = ±5V while
the cart positions are constrained using xj = ±1m. The out-
put results obtained in controlling the nonlinear system are
shown in Figure 2 while the control voltage signal is shown
in Figure 3. A more challenging initial conditions where the
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Fig. 2. System outputs based on state feedback offset-free predictive control
of the parallel type double inverted pendulum for initial condition x̄.
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Fig. 3. Control signals for state feedback offset-free predictive control of
the parallel type double inverted pendulum for initial condition x̄.
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Fig. 4. System outputs based on state feedback offset-free predictive control
of the parallel type double inverted pendulum for initial condition ¯̄x.
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Fig. 5. Control signals for state feedback offset-free predictive control of
the parallel type double inverted pendulum for initial condition ¯̄x. Dash line
indicates voltage constraints.

carts positions and pendulums angles deviate from the equi-
librium to test the robustness of the controller to modelling
errors (due to linearity assumptions). The initial condition
which is chosen as ¯̄x = [0.04,−0.1, 0.04,−0.15, 0, 0, 0, 0]T

can also be used to comment on the ability of the controller
to handle saturation of the input signal. The plots obtained
for the outputs are shown in Figure 4 and the control signals
are demonstrated in Figure 5.

B. Observer-based Control

To implement an observer-based OfMPC scheme, it is
assumed that only the outputs of the system are measurable
which means that the velocities of the carts and pendulums
angles need to be estimated. To achieve the estimation of the
unmeasured states, Kalman filtering is used. To implement
the observer, process weight matrix is selected as Qn = I8×8

while the output weighting matrix Rn = I4×4. Thus, the
observer gain is obtained as:

L =



0.3097 0.0304 0.0069 −0.0272
0.0633 0.4900 −0.0609 −0.0018
0.0069 −0.0272 0.3097 0.0304
−0.0609 −0.0018 0.0633 0.4900
0.2495 0.0553 0.0143 −0.0219
0.8542 1.7002 −0.8407 0.0719
0.0143 −0.0219 0.2495 0.0553
−0.8407 0.0719 0.8542 1.7002


(25)

Just like in the state feedback scenario, the system is
simulated under two different initial conditions using the
same controller settings. Since it is almost unavoidable for
measurement noise to impact the measured variables, white
Gaussian noise with signal-to-noise ratio of 35dB is added to
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Fig. 8. System outputs for the observer-based offset-free predictive control
of the parallel type double inverted pendulum for initial condition ¯̄x.
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Fig. 6. System outputs for the observer-based offset-free predictive control
of the parallel type double inverted pendulum for initial condition x̄.
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Fig. 7. Control signals for the observer-based OfMPC. Dash line indicates
voltage constraints.

the measured outputs. The results obtain for the initial system
conditions of x̄ is shown in Figure 6 and 7, where the outputs
and control voltages are shown respectively. Furthermore, the
simulation results for the system under the initial condition
¯̄x are presented in Figures 8 and 9.

V. DISCUSSION OF RESULTS

The numerical simulation presented in the previous section
considered two scenarios. The first scenario represents the
ideal case where all the states are assumed to be measurable
in order to be able to implement the OfMPC which is
traditionally a state feedback controller. However, in practice,
it is not desirable to measure all the states of the system both
from the economic and weight implications on the system as
well as the simplicity of the implementation of the controller.
Hence, the second scenario assumed that only the outputs
- the carts displacements and angular position, needs to be
measured which made it necessary to estimate four additional
states based on Kalman filtering. Since measurements are
usually affected by noise, white Gaussian noise was assumed
to affect the measurements used to implement the observer-
based OfMPC. The results show that for initial conditions
of the system with minimal deviations from the equilibrium
points of the system such as x̄, the proposed OfMPC is
able to stabilize the system in less than 5 s while ensuring
that the physical constraints conditions are met. This is clear
from Figures 2 and 6 where the carts positions x1 and x2

lie with ±1m while the control signal stayed with ±5V in
Figures 3 and 7. Besides, the stabilisation of the system
was also achieved in less than 5s even when the more
challenging initial state ¯̄x was employed in the simulations.
Therefore, the proposed OfMPC can drive the system states
to the equilibrium states from deviations not too far from the
linearization points in less than 5 seconds.

VI. CONCLUSIONS

This paper presented a nonlinear model of the parallel-
type double inverted pendulum system based on the Lagrange
equation. To achieve a stabilising control of the developed
nonlinear model, a linear OfMPC was developed and its
effectiveness was verified in the presence of input and state
constraints under two conditions. The first condition assumes
that all the system states are measurable which may not
be desirable in practical applications. The second condition
which is formulated to mimic the practical implementation
assumes that only the outputs are measurable and that the
measurements are affected by white Gaussian noise. Future
research works may consider experimental validation of the
method by comparing it with the LQR controller which
was proposed in previous studies. Moreover, the model can
be useful for testing and validating novel control methods.
Furthermore, future research may also investigate swing-up
control for the system.
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