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Abstract

Modelling and simulation of physical systems is more than ever an important topic
in scientific computing. There is not only a wide range of application possibilities
in various branches of physics, but computer simulation can also be used for dif-
ferent kinds of tasks, like optimization and acceleration of development processes
or finding design errors. New approaches based on physical networks are making
it easier for modelers to implement physical models as it allows them to focus on
the physical structure rather than the underlying mathematical equations.

This paper describes a way how one can create reusable components represent-
ing hydraulic elements for modelling and simulation of hydraulic systems with
MATLAB/Simscape™ using the physical network approach. Therefore, it is also
defined a hydraulic domain in Simscape, describing how energy is transmitted
throughout the physical system.

Since the balance equations used for the hydraulic components are non-linear,
whereas the balance equations of mechanical or electrical systems are typically
linear, it is presented a fundamental distinction between these classical physical
domains and the hydraulic domain. To verify the created Simscape library, the
rear part of this paper shows an example of a typical hydraulic system test envi-
ronment, which has been modeled and simulated in Simscape.
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1 Introduction

Simscape extends MATLAB/Simulink™ with tools for
physical modelling in various domains, such as me-
chanical, electrical or thermal environments. Unlike
modelling with Simulink blocks, which represent math-
ematical operations and operate on signals, Simscape
employs a physical network approach, where blocks
directly corresponding to physical elements, such as
motors, pumps or hydraulic cylinders, are connected
by lines corresponding to the physical connections that
transmit energy. Therefore, this approach describes the
physical structure of a system rather than the underlying
mathematical equations [1, 2, 3].

While Simscape provides libraries with fundamental
building blocks [4], the user can create new libraries,
models of physical components and new physical do-
mains using the Simscape language, an object-oriented
modelling language based on MATLAB [5].

2 Hydraulic Domain

Although there exists a predefined domain for hydraulic
components in Simscape, it was more suitable for this
work to define a separate hydraulic domain in order
to be more independent regarding choice of domain
variables and parameters. In the hydraulic domain,
two variables are declared which represent the energy
flow between the physical components. In the Sim-
scape language, these variables are called across and
through variables [2]:

e through variables are measured with a gauge
connected in series to an element

e across variables are measured with a gauge con-
nected parallel to an element

In our hydraulic domain, the through variable is rep-
resented by the volume flow with the SI unit cubic me-
ters per second, and the across variable is defined as
the pressure in the SI unit Pascal [6].

These variables are sufficient to describe the energy
flow, however, it turned out to be advantageous to de-
fine the cross section of the ports as a further variable so
that each port has a specified cross section and directly
linking components with different cross sections is pro-
hibited. Otherwise, such a situation could have violated
the law of conservation of energy because the absolute
pressure is equal at each connected node (across vari-
able), whereas the kinetic energy is different for dif-
ferent cross sections due to different flow velocities.
However, to connect elements with different cross sec-
tions, one can use the diffusor element, which is
described in section 3.2 and which causes a simultane-
ous change of pressure and flow velocity as the cross
section continuously changes.

Furthermore, the domain defines the following constant
parameters, which can be used in the equations defining
the component behaviour:

e acceleration of gravity: g = 9.81 m/s?,

o fluid density: p = 850 kg/m?>.

These definitions have to be implemented in the so-
called domain file using the Simscape language [5].
This domain file has the Simscape-typical extension
. ssc and has to be placed somewhere in the working
directory.

To specify that a certain node of a component model
belongs to this hydraulic domain, one has to point to
the directory containing the domain file by using the
following code segment in the declaration section of the
component file (cf. [2]):

nodes
port = hydraulic.hydraulic;
end

This means that the domain file hydraulic.ssc is
located in the subdirectory hydraulic of the working
directory.

3 Physical Components

Each component is implemented in a different so-called
component file. Like the domain file, it also has the
extension .ssc and has to be located in the working
directory.

This file also contains an equation section with all
necessary equations for describing the component be-
haviour. According to the acausal modelling approach,
these equations are represented as acausal implicit dif-
ferential algebraic equations (DAEs).

The components implemented in the Simscape hy-
draulic library are shown with their Simscape blocks
in Fig. 1.
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Fig. 1 Basic hydraulic elements, sensors and sources in
the Simscape hydraulic library

These Simscape blocks include basic hydraulic ele-
ments, like valves, tanks or a pipe, as well as hydraulic



flow and pressure sources and also hydraulic sensors for
measuring pressures and volume flows. These compo-
nents and the necessary equations are described in the
following sections.

3.1 Flow Element

One of the most important components implemented in
the hydraulic library is the f1ow element. It repre-
sents a pipe with constant cross section A and is used
to connect other hydraulic components. It defines a de-
pendency between the volume flow ¢ through the pipe
and the pressure drop p along the pipe.

To derive the essential equation, we consider a hy-
draulic system with a pipe connected to a tank, see Fig.
2.
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Fig. 2 Basic hydraulic system: Fluid flowing out of a
tank with velocity v through a pipe with constant cross
section A. 1 and 2: Points where Bernoulli’s principle
is applied.

We apply Bernoulli’s principle in the form (cf. [7])
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with the gravity acceleration g, the fluid density p, the
pressure p;, the fluid flow speed v; and the elevation
above a reference plane h; of the observed point, i €
{1,2}. With the assumptions v; = 0 and hy = ha, we

obtain
2
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and by using the relation
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with the cross section A, the final equation results in

ap=pi-p=2 (1) )

Since Simscape is employing acausal modelling, the
Simscape solver can also use Eq. (4) in the form

2A
q:A,/Tp, ©)

to calculate the pressure drop Ap or the volume flow
q, depending on which variable is predefined from the
remaining components in the network. Given the fact
that these equations are non-linear, the Simscape solver

produced errors during our simulation runs when we
tried to use either Eq. (4) or Eq. (5) for the flow
element. These errors could only be eliminated by
explicitly implementing both equations and letting the
user decide during the modelling process which equa-
tion is to be used, forcing a causal implementation of
the equations describing the flow element. This
was realized by defining a boolean parameter c, which
has to be set by the user and whose two different values
correspond to the two equations, i.e.:

if ¢ ==

q == Axsqrt (2xp/rho);
else

p == rho/2x(q/A) "2;

end

The value of cross section A can be set via a block pa-
rameter and because the cross section is also a variable
in the hydraulic domain, the parameter furthermore de-
fines the cross sections of the components connected
directly toa flow element, so that linking elements
with different values of cross section is prohibited.

3.2 Diffusor

To connect components with different cross sections
at the ports, an element has to be used, which allows
change in cross section. Such an element is represented
by the diffusor. The values of cross sections at
the left and right connection port are determined by the
neighbouring elements (e.g. a flow element).

We can obtain the equations describing the diffusor
element by considering Fig. 3.
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Fig. 3 General situation at a diffusor: Volume flow
q is constant, the cross section changes from A; to Ao,
pressure and velocity also change from p; to p2 and vq
to vg, respectively. 1 and 2: Points where Bernoulli’s
principle is applied.

Fluid of volume flow ¢ is streaming in with the velocity
v and pressure p;. As the cross section continuously
changes from A; to As, the values of pressure and flow
velocity also change from p; to p2 and v; to ve, respec-
tively. Since this element is not able to store fluid, the
volume flow has to remain the same.

We apply once again Bernoulli’s principle (see Eq. (1))
and assume h; = hs. Since the volume flow ¢ through
the diffusor has to be constant, we can express the
velocities v; and ve according to

q and vy = a4 (6)
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by using the cross sections A; and Az, and obtain the
final equation

p
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This equation shows that the pressure is increasing
(Ap > 0) if the cross section is growing too (A > A1),

due to the declension of the velocity v and the conser-
vation of energy according to Bernoulli’s principle.

3.3 Reservoir

Another important component in the hydraulic library is
the reservoir. It can store fluid and has connection
ports for in- and outlet. For calculation of the pressure
at the ports, two different cases have to be considered.
If the fluid level in the tank is lower than the height
at which the in-/outlet is placed, then the pressure is
zero and the fluid can stream in without back pressure.
If, on the other hand, the fluid level is higher, the back
pressure corresponds to

p=pg(h—hi) ®)
with the fluid density p, the earth acceleration g, the
fluid level h and the in-/outlet height h;.

The fluid level itself is resulting from the change in fluid
amount and the cross section of the reservoir:

.1
h = Z (qin - QOul) . (9)

The initial condition h;,; for the fluid level can be set
via a block parameter.

The Simscape hydraulic library contains two different
reservoir blocks (see Fig. 1), reservoir2 with
two in-/outlet ports and reservoir4 with additional
ports for an inlet at the top and an outlet at the bottom.
Both elements provide the values of their fluid level at
an additional signal output port.

3.4 Valve

Three types of valve elements have been created for the
Simscape hydraulic library. The first element, simply
called valve, represents a simple hand-operated valve,
which is similar to the f1ow element, buthas a vari-
able cross section, which is adjusted via a block param-
eter. If this parameter is zero, the valve is completely
closed, and the volume flow vanishes, i.e. v=0.

The controlled wvalve behaves like the normal
valve, with the difference that the cross section is regu-
lated via a signal input port instead of a block parame-
ter.

The third type of valve is a check wvalve which al-
lows flow only in one direction. In direction of flow, this
component is also described with the same equations
as the flow element. A negative value of pressure
drop across the element would lead to a volume flow in
the opposite direction, which, in this case, is prevented
by usage of the equation v=0.

3.5 Set Area

Like in section 2 described, we use the cross section
as a further across variable in the hydraulic domain.
One possibility to define this cross section is by us-
ing a flow element. However, with different ele-
ments, one can also use the set area element, whose
only purpose is to define the value of cross section at
both ports. The additional equation p=0 eliminates any
other influence of this element on the pressure.

It is important to note that it is not allowed to di-
rectly connect a set area element with a flow
element, since both components provide equations
for defining the cross section and the Simscape solver
would raise an error because the cross section would be
over-determined.

3.6 Drain

Every physical domain needs a reference element in or-
der to indicate a reference point in the physical network,
with respect to which all absolute values of across
variables are determined. For our hydraulic domain,
this was realized with the drain element, which de-
fines the absolute reference of the pressure variable as
ideal outflow without back pressure (p=0).

3.7 Hydraulic Sources

In addition to classical elements of a physical do-
main, which define dependencies between the domain’s
through and across variables, modelling of physi-
cal systems also needs sources of energy, where specific
values of these variables are set. For the Simscape hy-
draulic library, we implemented two types of hydraulic
sources, an ideal flow source and an ideal pressure
source. The ideal flow source provides a desired
volume flow independently from the pressure drop. The
ideal pressure source on the other hand provides
a desired pressure drop across its ports independently
from the volume flow through the element.

To stipulate the desired values of pressure or volume
flow, one can also use the controlled sources avail-
able in the Simscape hydraulic library. Unlike the ba-
sic sources, where the values of pressure and volume
flow are adjusted via a block parameter, the controlled
sources use additional signal input ports, from where
they receive information about the desired values.

3.8 Sensors

To measure the domain variables pressure and vol-
ume flow, hydraulic sensors were created. The flow
sensor is an ideal gauge measuring the volume flow
through its ports and therefore has to be connected in
series to an element (see also section 2). Since this ele-
ment is considered ideal, it does not produce a pressure
drop across the ports, which would affect the measure-
ment result. The actual value is provided at a signal
output port for further processing.

The pressure sensor on the other hand is con-
nected in parallel to an element and measures the pres-
sure difference between its ports without needing any



volume flow (ideal element). It also provides the actual
pressure value at a signal output port.

Furthermore, the Simscape hydraulic library contains a
measuring flow element which behaves like a
normal flow element, but also measures pressure
and volume flow.

4 Verification and Results

To verify the implemented components, an example of
a hydraulic system, which is shown in Fig. 4 (cf. [8]),
was modeled and simulated with Simscape using the
components of the created hydraulic library. It is also
tested, if the created Simscape blocks are compatible
with existing Simscape and Simulink elements.
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Fig. 4 Example for use of the Simscape hydraulic li-
brary

The figure shows four identical connected tanks which
can store fluid. A pump brings fluid in the first tank
on the left. From there, the fluid moves through pipes
between the tanks and drains away after the last tank.
The assignment is to simulate a control loop where the
fluid level of the last tank is to be controlled by actuat-
ing the pump in front of the first tank. Therefore, the
fluid level in each tank is measured, the value of the last
tank is compared to the desired value and supplied to a
controller, which actuates the pump.

In the Simscape model shown in Fig. 5, the pump
is represented by a controlled flow source,
and for the tanks and pipes we used the elements
reservoir2 and flow element, respectively.

In order to compare the outcomes of our simulation
with known results presented in [8], we used the same
parameters for cross sections of the pipes and tanks:

pipe 1: 13.44 mm?, pipe 2: 18.54 mm?,
pipe 4: 18.75 mm?,

tanks: 27.8 cm?.

pipe 3: 17.5mm?,
pipe 5: 13.44 mm?,

For the controller, we used a typical PID structure, de-
scribed by

t
u(t):K(e+1/ 6dT+Tvé>
TN 0

with the control deviation e (i.e. desired value sub-
tracted by the actual value) and the control parameters

10)

Tn, Ty and K. These parameters were also chosen like
in [8] as follows:

K =5, Ty = 12.7s, Ty = 127s.

The resulting implementation of the PID controller in
Simscape can be seen in Fig. 6. The controller con-
sists of three parallel branches representing the three
parts of the PID controller. Unlike the integrator block,
there does not exist a derivative block for Simscape sig-
nals, which is why we had to use the existing Simulink
block in connection with two converter blocks, which
convert the physical signals from Simscape to Simulink
and vice versa. A saturation element specifies a range
for the ouput (i.e. the actuating variable for the pump)
between 0 and 10.
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Fig. 6 Structure of the PID controller as subsystem in
Fig. 5

As a simulation result of the given task, the progression
of all fluid levels in the tanks during the simulation time
can be seen in Fig. 7. Thereby, a desired fluid level in
the fourth tank of 0.05 m during the first 500 seconds,
then 0.08 m until 1000 seconds and at last an alteration
to 0.03 m was stipulated.

0 200 400 600 800 1000 1200 1400
time [s]

Fig. 7 Progression of the fluid levels and desired value
during simulation. The fluid levels h; to hy correspond
to the values labeled in Fig. 4.

We observe conformity with the results given in [8]. To
verify continuity of the volume flow in our simulation,
we also observed the total amount of fluid volume pro-
vided by the pump and compared it to the fluid volume,
which has drained away, plus the fluid amounts in the
tanks. Since there are no other elements in the model
that can store fluid, these two values have to be equal in
order to exclude mistakes in calculation of the volume
flow.
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Fig. 5 Simscape model of the example shown in Fig. 4 with blocks from Simulink and the created Simscape
hydraulic library. The PID controller subsystem is shown in Fig. 6.

5 Conclusion

Simscape turned out to be a suitable tool for cre-
ating hydraulic components and simulating hydraulic
systems. We also found that the new components
could be used in connection with existing Simscape
and Simulink blocks without any problems. How-
ever, there were a few unexpected complications with
the Simscape solver during the implementation, which
had to be solved in order to create an applicable li-
brary. These problems appeared for one thing due to
the non-linearity of the equations describing the £ 1low
element and similar components. Another impor-
tant matter was defining the cross section as further
across variable in the hydraulic domain in order to
avoid calculation errors when connecting blocks with
different cross sections.

The concept of acausal modelling with physical net-
works works very well for mechanical and electrical
systems and has proven its worth in these domains by
being employed in various modelling languages, such
as Modelica [9] or 20-sim [10]. However, these do-
mains use linear balance equations, whereas the bal-
ance equations shown in this paper are non-linear. This
demonstrates not only a fundamental distinction be-
tween these domains, it can also cause difficulties when
solving the equations for the model.

The physical network approach simplifies the process
of modelling physical systems with Simscape, since the
modeler can focus on the physical structure rather than
the mathematical equations. However, this approach
makes higher demands on the simulation software and
especially the algorithms for network construction and
automatic conversion of acausal defined DAEs in cal-
culable state space form.

While it requires a lot of effort to create such a Sim-
scape library, the components can be used afterwards
very easily and without any restrictions.
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