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Abstract—This paper presents a design and physics-based
dynamic model of an underwater depth control device based on
buoyancy change. Negative buoyancy is achieved by decreasing
the volume while keeping the mass constant, resulting in a higher
density. The nonlinearities are discussed in the context of the
operation conditions and the practically fulfilled assumptions.
With reasonable considerations, the dynamic model is linearized
and state-space equations are developed for such a system. The
stability of such systems, when subject to constrained control
input, is studied. A Model-based Predictive Control (MPC),
which optimizes the control energy and output error with
disturbance rejection and considers constrained control input,
is then developed. The controller was simulated using MATLAB
with a discrete plant model. An experimental setup was also
created to test the controller. The developed MPC was then tested
experimentally on the hardware which shows the validity of the
dynamic model as well.

Index Terms—underwater, variable buoyancy engine, depth-
control, Model-based Predictive Control

I. INTRODUCTION

According to the Ocean Society [1], over 71% of the Earth’s
surface is covered by oceans. However, due to the difficulty
in accessing these resources, they remain relatively under-
utilized. Oceans play a critical role in shaping both short-term
weather conditions and long-term climate changes, and they
are also a crucial medium for transportation. All the inter-
continental communication passes through fiber optics buried
in the depths of oceans. Despite all this importance, to date,
oceans are just explored 5% of their total volume [2]. We need
to explore waters, for which the research community needs
to study unmanned vehicles capable of maneuvering into the
narrow spaces under the ocean depths.

Underwater robots, usually referred to as Remotely Oper-
ated Vehicles (ROVs), have their major application as an ex-
ploration in the depth of oceans and live to monitor resources
and ocean life [3]. The applications of these underwater
vehicles are immensely diverse, and they use different types
of propulsion systems mostly depending upon the payload ca-
pacity required in these applications. Other than the propellers,
which are the most energy-consuming way, every submersible
requires some sort of Variable Buoyancy Device/Mechanism to
change or maintain depth in its operation. Controlled buoyancy
is also an essential and necessary part of underwater robots that
perform pick-and-place operations. With increased weight, the
underwater robot needs to re-adjust the neutral buoyancy state,
to stay at one specific depth. Most of the variable buoyancy
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devices use seawater [4], [5] or gases, either generated by
some chemical reactions, [6]–[8] or releasing and compressing
the air [9], and some electro-thermal expansion to increase to
volume [10].

For bladder-based systems, where the volume is increased
by generating gases using chemical processes, maintaining the
pressure of the bladder is still a research challenge. At higher
depths, the hydrostatic pressure decreases the volume of the
same amount of gas produced. Um et. al [11] introduced a
novel electroactive polymer-based buoyancy control, which is
very energy-efficient, with the drawback of its slow response
[7]. Contrarily, the systems which involve liquid-based bladder
(usually water, which has a density similar to seawater) do not
face this issue of pressure difference. This means the pressure
inside the bladder can be the same as the hydrostatic pressure
of the outside seawater.

Among all other underwater ROVs, biomimetic robotic fish
are the more developing underwater robots in the new era
because of their smaller sizes, energy efficiency, and high
maneuverability [12]–[14]. Given the compact and reasonably
manageable size of robotic fish, their buoyancy control device
should be compact, easy to operate, and fail-safe. A water
bladder-based mechanism with a rigid assembly is still the best
solution for variable buoyancy in robotic fish. This mechanism
has been designed in different ways for the proof-of-concept
and has been tested for its buoyancy and depth control [15]. In
[4], presented a depth control based on the feedback from the
ambient light sensor, and the pressure sensor. The controller is
implemented with a closed-loop pole placement method and
constraints on the control input are not considered. In [5]
presented the water-bladder-based variable buoyancy device,
but the controller is not developed for regulating or tracking
the depth. A large depth control device was developed by
Mahdi et. al [16] which is capable of going in the depth of
up to 1000m. The depth control was developed to stabilize
the depth in the ±1m range which fulfills the scope of their
application. Claus et. al [17] developed ballast-based depth
control for a glider, which was designed to keep the glider
within a certain range of depth, but not to regulate a specific
depth. The results showed a depth control within ±1m range.
A depth controller is developed by Carneiro et. al [18], and
they showed a regulation error of 2cm, and a maximum
overshoot of 30% was recorded with a settling time of 100s.
For the presented application, a comparably faster response
with lower steady-state error is required, which is the main
focus of this research.

Cylinder-Piston mechanism-based bladders work with a
linear actuator and have limited stroke length for operation.
Secondly, the applied voltage which correlates to the speed
of linear movement also needs to be physically bound as
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per the design of the linear actuator. These two are hard
constraints that really affect the closed-loop performance and
stability of the system. If these constraints in the control input
and other states are not considered for, the physical system
may go to an unstable state, and some cases can become
uncontrollable, especially because of the physical bounds on
the control input [19], [20]. For this issue, a more novel and
practical approach for depth control in the variable buoyancy
engine must be designed and implemented which can take care
of the constraints and has disturbance rejection, optimizes the
energy, and minimize the tracking error.

This paper presents the physics-based dynamic model of
the cylinder-piston mechanism operated in underwater circum-
stances, and the buoyancy control device (BCD). A fourth-
order coupled state space model is developed taking into
account the hydrostatic pressure of water and the pressure
in the device because of volume change. A methodology
to find the model for the cylinder-piston mechanism in an
empirical way is also proposed. A Model-based Predictive
Control (MPC) is designed considering the combined physics-
based and empirical model of the system, and hard constraints
on the control input. For the experimental validation, a depth
control device is designed. The paper shows the experimental
validation of the MPC design, its performance, and hence the
dynamic model of the system.

II. DYNAMICS AND STATE SPACE MODEL

A. Governing Equation of Buoyancy Control Device

A dynamic model of the depth control device is developed
based on Newton’s law of motion. The governing equations
were formulated with the free-body diagram. The free-body
diagram can be seen in Figure 1, where the position x of the
body is shown as the depth in water considering the floating
body to be at the equilibrium position of x = 0. With this
reference position, the drag force is upwards, as shown.

It should be noted at this point that the mass of the device m
is constant throughout its operation. With changing position of
the piston, the volume of the device is changing which makes
it positive or negatively buoyant. When pulling the cylinder,
notated as the positive movement of the piston z, the device
decreases its volume by V–Vd, and when pushing the cylinder
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x
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Fig. 1: Free Body Diagram of depth control device.

out, the device gains an extra volume. The relative density of
the device is what relates to the buoyant force.

Fb = −ρw(V–Vs + V–Vd)g. (1)

The fixed or static volume of the device is considered in
the state of neutral buoyancy, which means the device is
floating and near to being sunk. This condition is more of
a theoretically unstable equilibrium point, which is not easily
achievable practically. This condition is defined as

m

V–Vs
= ρw, (2)

where V–Vs is the fixed volume of the device, having the piston
position at zero, and ρw is the density of water. The overall
volume of the device is hence V–V = V–Vs − V–Vd.

Using the free-body diagram shown in Figure 1, Newton’s
law of motion is described as

mẍ = −ρw(V–Vs + V–Vd)g − cdẋ+mg, (3)

where V–Vd is the dynamic portion of the volume which can be
controlled through the position of the piston in the cylinder. g
is the acceleration due to gravity, and cd is the drag coefficient
of the device. Substituting for V–Vs and ρw, the second-order
Ordinary Differential Equation (ODE) can be simplified to

ẍ+
cd
m

ẋ =
g

V–Vs
V–Vd. (4)

The right-hand side of the equation is the external driving force
of the system. g

V–Vs
is constant and the control is The piston

movement in the cylinder is shown in Figure 2, where z is the
position of the piston with the reference shown. V–Vd = πr2pz,
therefore Equation 4 becomes

ẍ+
cd
m

ẋ =
gπr2

V–Vs
z. (5)

This gives a second-order Equation of Motion for the Buoy-
ancy Control Device considering the position of the piston z
as the control input to the system.

B. Dynamics of the Cylinder-Piston

In this section, the dynamics of the cylinder piston are
evaluated as an intermediate measure to integrate the actuator
dynamics into the model. As mentioned before, the piston
movement in the cylinder is achieved by a linear actuator.
There are multiple non-linearities and load disturbances in-
volved in the actuation process of the piston. These include:
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Fig. 2: Piston movement notations.
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Fig. 3: Step response of the close-loop linear actuator.

1) An inwards force exerted on the piston/actuator due to
the water pressure in depth (ρwgx) where x is the depth
taken from the surface of the water.

2) An opposing force on the piston caused by the pressure
inside the device due to the volume change. Consider
the device is air-tight at some pressure Ps, which will
change when the device volume changes, as per isother-
mal condition, PV = constant.

3) Backlash and dead-zone from the Linear Actuator and
its assembly during operation.

4) Hysteresis during the piston operation. One source of
the hysteresis is the shape of the piston rubber causing
it to have more friction when sliding in one direction
than in another. Another form of hysteresis is due to the
nature of the thread force demanding more torque in one
direction than the other.

1) Empirical Model of the Linear Actuator: For the sake
of the operation of the actuator, a PD controller is applied to
the linear actuator to overcome the non-linearities. The closed-
loop response is recorded under certain conditions of interest.
These conditions are where the device is actually initially
installed. The conditions are as follows:

1) The device is air-tight at atmospheric pressure.
2) The position of the piston z is kept at zero as per the

notation used. At the zero position of the piston, the
device is neutrally buoyant.

3) Step response data is collected when the Cylinder-Piston
runs underwater at a constant depth of 50mm.

4) To avoid any possible interference from the surround-
ings, no harness is used for power or data transmission.

Step response of the closed-loop actuator is recorded in the
time domain as shown in Figure 3. Linear actuator dynam-
ics are second order so, the second-order transfer function
is estimated using a frequency response function to a step
input reference of the piston. The second-order approximation
gives a good fit to the response data and thus the empirical
model is used for the closed-loop sub-system consisting of
a PD controller, linear actuator, gearbox, leadscrew, and load

disturbances. The estimated transfer function is
Z(s)

Rz(s)
=

4.3171

(s+ 5.75)(s+ 0.7695)
. (6)

This closed-loop sub-system is also shown in Figure 4, where
rz is the reference input for the piston position.

C. State Space Model

The state space vector for the dynamic model of the
complete system is taken as x =

[
x1 x2 x3 x4

]T
, where

x1 = x, x2 = ẋ, x3 = z, and x4 = ż.
Now the state space representation for the BCD can be

written utilitzing the equation of motion as given in (5) and
given below in (7).

˙[
x1

x2

]
=

[
0 1
0 − cd

m

] [
x1

x2

]
+

[
0

gπr2

V–Vs

]
z (7)

Note that in this equation, z is the piston position, and the
states x1 and x2 are the position and velocity of the BCD, as
defined in (5).

The closed-loop transfer fucntion of the piston actuator is
defined emperically in (6), which can be written in state space
representation as follows

˙[
x3

x4

]
=

[
0 1

−4.43 −6.52

] [
x3

x4

]
+

[
0

4.32

]
rz. (8)

Now combining the both second orders subsystems (1) BCD
and (2) closed-loop linear actuator model, the state space
representation of the cascaded 4th order system becomes

˙
x1

x2

x3

x4

 =


0 1 0 0

0 − cd
m

gπr2

V–Vs
0

0 0 0 1
0 0 −4.43 −6.52



x1

x2

x3

x4

+


0
0
0

4.32

 rz.

(9)

The output is defined as the position of the BCD in depth

y =
[
1 0 0 0

]
x (10)

System Analysis: Considering Equation 9, there is at least
one eigenvalue of the A matrix which is 0 so the system
is unstable. This accounts for why the equilibrium point
(floating in neutral buoyancy) is unstable. The controllability
and observability matrices are full-rank, so the system is fully
controllable and observable.

III. MODEL-BASED PREDICTIVE CONTROL (MPC)

MPC is an optimal control technique that calculates
control inputs dynamically while minimizing a cost func-
tion/performance index on a finite horizon length T at a point
in time t0 [20]. The performance index is chosen to be linear
quadratic of the form

J(t0) =

T+t0∑
t0

((Cx− r)
T
Q(Cx− r) + uTRu)dT , (11)

938



Fig. 4: Schematic of the Plant and the MPC Control.

where, Q is the tracking weight and R is the control input
weight, with the conditions Q ≻ 0, R ≻ 0, and r is the
tracking reference signal. For the regulator problem, r can be
zero or a constant. The time period for which the cost function
is defined as the prediction horizon, in this case, [t0 T + t0. In
the controller design on BCD, the prediction horizon is set to
80 steps. This performance index in 11 is minimized, and on
the optimal value of the performance index, the control input
is calculated, considering the hard constraints on the control
input signal,

|u| < ub, (12)

where ub is the bounded input, which means the maximum
control input value that can be achieved physically. For the
piston in the described system, ub = 20 mm.

Linear Quadratic MPC is designed and implemented using
the MATLAB Model Predictive Toolbox [21], which after
solving the Algebraic Ricatti Equation (ARE) numerically,
calculates the linear control law gain Kc for the span of control
horizon [t0 Tc + t0].

u = −Kcx. (13)

In the designed controller, the control horizon is set to 20.
After each control step is applied to the system, the MPC
model is run again on the shifted prediction horizon of [t0 +
1 T+t0+1]. Using the depth sensor, one state which is also the
output of the system, is directly measured. Based on the output
feedback, using an internal observer, the MPC estimates the
other three states and forms the full-state feedback x which is
required for the cost function.

A. Controller Design and Simulation

For the controller design in MATLAB, the plant is dis-
cretized for a sampling time of 0.1 s and the penalty weights
for the output error and control input are set to Q = 1
and R = 40 respectively. All the parameters used for the
simulation and experiments are listed down in Table I. The
performance of the MPC controller is simulated using the
dynamic model 9 described in the previous section II-C, and
shown in Figure 5. In this example, the penalty weight for

Fig. 5: Simulated Response of the BCD for R = 40 and Q =
1.

the control input is set high so the optimization algorithm
calculates lower control input by trading off the response time
of the output. It is important to note here that the system could
still go faster than this response because the full control input
is not utilized.

IV. EXPERIMENTAL VALIDATION

A depth control device is developed for the experimental
testing of the proposed model and Linear Quadratic Model
Predictive Controller. A cylindrical-shaped enclosure of the
device is designed to achieve IP67 standard liquid immersion
safety, using O-ring vacuum face sealing with 10% compres-
sion ratio. Small buckets are designed in the bottom portion
for the dead weights, to adjust the mass of the device and
the weight-balancing, so that it is neutrally buoyant with no
control input. The buckets are designed in such a way that
the center of mass can also be adjusted by varying the mass
distribution in different buckets. The enclosure is fabricated
using ™Form Labs Form 3 Stereolithography (SLA) [22]
printer using Clear Resin material. The experimental Setup
and the Depth Control Device are shown in Figure. 6
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A cylinder and piston mechanism is also designed and
fabricated, which is water-proof. The piston is actuated using
Actuonix Motion Devices L12 miniature linear actuator with
a translational-potentiometer feedback [23]. The depth control
device is shown in Figure 6.

The power source, application-level microcontroller, and
driving circuitry are all self-contained within the device to
avoid any disturbances because of the harness. The ESP32C3
microcontroller from Espressif Systems™ [24] is used along
with the motor driver IC from Texas Instruments™for the
onboard operation of the linear actuator. A Water Pressure
Sensor LPS33 from STMicroelectronics™is used for the depth
feedback. Wireless communication using UDP protocol via
IEEE802.11n is established between the device and the host
computer running MATLAB 2022b.

The device sends the updated sensor data to the computer,
MPC in MATLAB implements the Kalman Estimator and the
state observer registers it as full-state feedback. Based on
the full-state feedback, the MPC calculates the control input,
which is then communicated back to the onboard controller,
wirelessly. The sampling time in the discretization of the plant
model and MPC design is consistently set as 0.1 s, so a
synchronous communication is set up between the computer
and the device with a fixed time step of 0.1 s. Other parameters
of MPC are used the same as for simulations, listed in Table.
I. The experimental setup is shown in Figure 7.

To record the data following considerations are practically
taken care of:

1) When the enclosure is closed, the piston position is set
to zero.

2) Ensured that the enclosure/device is perfectly air-tight
for the range of operation. To ensure this, the device is
kept underwater at a certain depth of interest (in this case
50 cm) for three times more duration of the experiment
time (in this case three minutes) and checked for any
immersion of water.

3) The device is set to neutrally buoyant, by manually
adjusting the dead weights.

Fig. 6: CAD model and the fabricated depth control device.

Fig. 7: Experimental setup.

4) The weight distribution in the device is such that the
device will always stay in the vertical orientation.

The experiment is performed for a step input of 35 mm and
the depth response is shown in Figure 8 as a comparison to
the simulated output on the modeled plant in MATLAB. The
response shows that the proposed controller has good steady-
state performance which is one important parameter for small
underwater robots like biomimetic robotic fish. Maintaining
a certain depth is required for most underwater missions like
tracking pipelines and for monitoring and performing pick-
and-place operations. The transient response, however, has
some sort of vibrations due to non-linearities in the physical
system which may not have been catered for in the dynamic

TABLE I: Parameters for Simulation and Experiment

Parameter Symbol Value Units
Sampling Time ts 0.1 s

Prediction Horizon T 80 steps
Control Horizon Tc 20 steps

Constraints for Actuator ub 20 mm
Damping Coefficient c 0.192 Nms1

Mass md 0.683 kg

Fig. 8: Comparison of the simulated plant output and experi-
mental results.
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model used in the MPC. The results show that MPC can
provide acceptable rejection to the unmodeled disturbances.

V. CONCLUSION

A new and more practical dynamic modeling approach
for a Cylinder-piston type bladder based/volume-changing
depth control device is proposed, which is the backbone of
any biomimetic underwater robotic fish or remotely operated
vehicles (ROVs). The dynamic model of the mechanism is
presented based on the physics of the system. A simplified yet
accurate empirical way is proposed for the complex dynamics
of the piston movement. A linear state-space representation is
formed which is a very handy tool for analyzing the system’s
behavior in terms of stability, controllability, and observability.
An MPC-based controller is designed and implemented on
the device and tested for regulation and tracking. Steady-state
tracking performance is found to be within 2 percent error
bounds, which provides enough stability that this system can
be used in underwater surveillance robots. The control range
is experienced to be very limited and depends on the size of
the cylinder. A 10-milliliter cylinder has a considerably faster
response as shown in the experimental results. Pick and place
or interactive tasks are some main applications in underwater
robotics. This range of volume change is surely not enough for
these applications. In the future, this method can be combined
with an ionic polymer-metal composite (IPMC) based solution
which has a theoretically unlimited range of buoyancy change.
The biggest challenge in IPMC-based solution is the slow
response which can be catered for with the presented approach.
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