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A hydro-pneumatic pulse forming network is an energy storage and condi-

tioning system. It converts the highly variable power provided by renewable sources

into a cyclical form demanded by practical loads. In an affiliated project, a labora-

tory testbed has been developed for demonstrating the HPPFN. This thesis studies

the implementation of a cyber-physical system architecture that monitors and con-

trols the HPPFN to enhance its reliability and flexibility. The thesis explains the

testbed design including assessment of the components and their characteristics. It

also explains the physical system modeling and simulation design process, the func-

tionalities of the model as well as the difficulties encountered during the modeling

process. CPS implementation and its decision-making logics are then explained in

detail and its performance is evaluated based on the successfulness of its design pur-

pose realization. The evolution of CPS model design is included to provide a clear

overview of the CPS performance improvements. Possible future works to improve

the CPS implementation are also discussed in the thesis. With the implementation
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of CPS, the HPPFN can adjust its charging and discharging strategy according to

varying input conditions and load requirements to ensure optimal and efficient oper-

ation. This research demonstrates one way for how CPS connects a physical system

to users by allowing them to monitor and control a system using online simulation

models. It provides a basis for a control solution to the HPPFN where other control

theories are hard to apply.
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Chapter 1

Introduction

Traditionally, a pulse forming network (PFN) is an electric circuit comprised

of arranged energy storage components such as capacitors and inductors, which accu-

mulates energy over a period of time and then discharges those elements sequentially

to form a square or trapezoidal current pulse with a relatively constant magnitude.

The generated pulsed power is intended for various types of loads such as pulsed

lasers, particle accelerators, microwave sources and high voltage utility test equip-

ment. A hydro-pneumatic PFN (HPPFN) achieves similar purpose of energy storage

and conditioning using compressed air energy storage technology instead of electric

components [1]. This technology is especially suitable for standalone, remote, and

off-grid applications that require conversion of the highly variable power provided by

renewable sources into a cyclical form demanded by practical loads such as refrig-

eration and communications equipment. An HPPFN can be built using physically

robust hardware that is simple to operate and maintain, offering a viable and sus-

tainable alternative to conventional chemical battery storage systems.

Deployment for remote application, however, presents unique challenges in

maintaining optimal performance due to expected evolution of component character-

istics from normal wear, changes in environmental conditions and load requirements
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changes. In an affiliated project [1], a laboratory testbed has been designed and

developed for demonstrating the HPPFN and for testing ways to optimize its per-

formance in different environmental source/load conditions. The open loop system

design implemented in the testbed must operate given changing input power lev-

els and output load requirements. To prepare the HPPFN for remote deployment,

means for monitoring and controlling the system could provide even more reliable

operation.

Figure 1.1: Information flow from CPS to HPPFN

This thesis argues that implementation of a cyber-physical system (CPS) ar-

chitecture with remote monitoring and control over the HPPFN will enhance overall

reliability and flexibility. The National Science Foundation defines cyber-physical

systems as “engineered systems that are built from, and depend upon, the seamless
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integration of computational algorithms and physical components.” This project

adopts the concept of a CPS architecture to define interactions between the HPPFN

system and users, especially to allow input from model-based simulations. The pro-

posed system monitors the input power level from the environment as well as load

requirements, evaluates the system’s capability using an online simulation of the

HPPFN model, and recommends changes to the system accordingly to ensure effi-

cient and optimized operation over wide ranging conditions. This type of configu-

ration can also make it possible to detect potential failures, such as leakages, in the

system so system failure can be avoided. Cyber-enabled technology can help make

the HPPFN easier to maintain and re-configurable for various types of locations and

changing load requirements.

This thesis is divided into three parts. In Chapter 2, design and layout of

a HPPFN testbed is introduced. Detailed study on some of the key components of

the HPPFN is discussed, including limitations of the HPPFN testbed. Chapter 3

describes the modeling and simulation of the HPPFN testbed and its functionali-

ties. The development process from a simple baseline model to a full-sized HPPFN

model along with all the difficulties and problems encountered are discussed. Chap-

ter 4 introduces a cyber-physical system implementation. The evolution of CPS

model design and the decision-making logic of each model are explained, and the

performance of the CPS models is evaluated. Chapter 5 summarizes the thesis and

discusses potential future work. This thesis demonstrates one example of how cyber-

enabled technology may open up new possibilities to improve the performance of a

physical system.
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Chapter 2

Experiment Testbed Design

2.1 HPPFN Testbed

A laboratory testbed has been developed for demonstrating the HPPFN and

for testing the control approach to improve its performance in different environmen-

tal source/load conditions[1]. The testbed consists of a diaphragm pump, multiple

flowmeters, ball valves, check valves, diaphragm valves, pressure transmitters, blad-

der type hydraulic accumulators and pipes of different sizes, shapes and materials.

As demonstrated in Fig.2.1 and Fig.2.2, the hydraulic pump pumps water from a

reservoir into the HPPFN system. The flowmeter (FM1) and the pressure sensor

(PS1) measure the overall input flow rate and source pressure before the flow is di-

vided into separate lines. The charging flow into each accumulator is controlled in

the test setup by individual ball valves manually. However, in an actual system the

ball valves would be automated. Check valves are placed before the accumulators

to prevent fluid from flowing backwards to the source. During the charging process,

each accumulator must be charged to a desired pressure level, and the air pressure

in the bladder is monitored by a pressure meter and/or sensor attached to the ac-

cumulator tank. During the discharging process, diaphragm valves in each line are

electronically controlled to sequentially fire the accumulators with specific timing,

so that the overall flow from the accumulators forms an idealy square or trapezoidal
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flow pulse with a relatively constant magnitude. Pressure sensors placed after the

accumulators monitor the discharging pressure in each line. Check valves are added

in each discharging line to prevent fluid backflow. A set of low-cost flow meters are

placed in each line at the end of the discharging pipes to measure the actual dis-

charging flowrates. In the test setup, the flow from each line accumulates at the end

of the HPPFN testbed and flows back to the reservoir.

Figure 2.1: HPPFN testbed, charging part

Key components and modeling aspects in the HPPFN testbed, such as the

bladder-type hydraulic accumulator, Pelton wheel flowmeter and fluid loss effects of

different devices, are reviewed in the next section.
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Figure 2.2: HPPFN testbed, discharging part

2.2 Component study

2.2.1 Bladder-Type Accumulators

Hydraulic accumulators are energy storage devices in which hydraulic fluid is

stored under pressure, usually provided by an external source. The most commonly

used accumulators are hydro-pneumatic accumulators where compressed gas is used

as the external pressure source. There are two major types of hydro-pneumatic

accumulators, piston and bladder. A piston accumulator has a cylindrical body that

consists of a hydraulic side and a gas side separated by a piston. Piston accumulators

are commonly used when a system requires high flow rates, high compression ratios,
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or operates in extreme temperatures. However, piston accumulators do not work

well with low lubricity fluids like water, and they also require a high level of fluid

cleanliness. A bladder accumulator has gas stored in a bladder made of elastic

material like rubber, fitted in a pressure vessel. The fluid charges into the vessel to

compress the bladder (and gas) in order to store energy. Bladder accumulators are

used when high power output is desired. They are also easy to maintain, having a

high tolerance for contamination, and ease in replacing new bladders. Bladder-type

accumulators are used in the experimental HPPFN studied in this thesis.

The two major losses in an accumulator are frictional and thermal. Pour-

movahed, Baum, Fronczak and Beachley[8] conducted experiments to study the ef-

fects of elastomeric foam insertion on hydraulic accumulator efficiency. An 8.185-liter

piston type hydraulic accumulator rated at 20.7 MPa was tested for multiple charge-

hold-discharge cycles to study the accumulator efficiency changes caused by multiple

factors, such as charge/discharge rate, precharge pressure, length of holding time,

and filling foam mass. Experimental results were also valid for bladder accumulators.

Parameters recorded include accumulator gas pressure, accumulator oil pressure, oil

pressure at the accumulator inlet, accumulator gas temperature, and the piston po-

sition. Since the accumulators used in the HPPFN do not have foam fillings, only

the results from the no foam experiments are discussed here. Pourmovahed et al.

experiments showed the following conclusions:

� With the same fast charging time, the longer the holding time, the longer the

discharge time, and the more the thermal loss. The thermal loss increased

rapidly as the holding time went above zero and became insensitive to the
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length of holding period when the holding time was longer than five times the

thermal time constant.

� For a given maximum pressure, higher precharge pressure would increase the

accumulator efficiency.

� With zero holding time and fast charging time, increasing the discharge time

decreased the accumulator efficiency. However, with a holding time of 100 sec-

onds and the same fast charging time, increasing the discharge time increased

the accumulator efficiency.

� With either zero holding time or 50 seconds holding time, and slow charge

time, increasing the discharge time increased the accumulator efficiency.

� With zero holding time and fast discharge time, decreasing the charge time

would improve the accumulator efficiency. However, when the holding time

was increased to 100 seconds, decreasing the charge time would reduce the

accumulator efficiency.

The experiments showed that thermal loss was the main energy loss in a hydraulic

accumulator, which may cause to up to 40% loss of the input energy, while frictional

loss only caused 1% to 5.5% of the input energy loss. In contrast to the experiment

set in Pourmovahed et al.[8], the accumulator used in the HPPFN is a bladder type

accumulator instead of a piston-type, and has a much smaller size, significantly

slower charge/discharge flow rate, and lower maximum pressure. Thermal loss in a

piston-type accumulator is caused by heat transfer to/from gas to piston wall, while
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in a bladder-type accumulator, it is caused by heat exchanges between gas and fluid

through the bladder. The frictional loss consists of flow entrance effects, viscous shear

and piston seal friction or gas permeation through bladder and bladder hysteresis.

A higher precharge pressure may increase the accumulator’s efficiency, how-

ever it may also decrease the overall fluid work the accumulator can perform. That

is, with a higher precharge pressure, less water will be able to squeeze into the accu-

mulator, thus leading to less output work.

Based on the results from Pourmovahed et al[8], the efficiency of an accumula-

tor varies widely with the charge/discharge rates. Experimental results showed that

the main reason for accumulator efficiency changes were the corresponding thermal

loss changes due to the varying charge/discharge rate. For the bladder accumulator

used in the HPPFN testbed, less frictional loss should be expected compared to the

piston-type accumulator due to the lack of seals.

For the HPPFN testbed in the lab, experiments show the accumulator air

pressure has a noticeable drop after the pump is turned off. It is possible that the

pressure drop is caused by accumulator thermal loss. However, more thorough studies

are needed to determine the exact thermal loss characteristics of the bladder type

accumulator used in the testbed. Since a perfectly detailed model of the HPPFN is

unnecessary for the purpose of this thesis, thermal losses are left out in this thesis.

However, it may be of interest for other studies on the decision of the accurate timing

of the sequential firing of the accumulators. Thermal loss as well as frictional loss

can be important for scaling up the HPPFN testbed to a much larger system more

suitable for real life deployment.
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2.2.2 Pelton Wheel Flow meter

A flow meter is a device used to measure the volume, mass, or velocity of liquid

or gas flow through a pipe. The applications of flow measurements are very diverse

and for each application scenario there are different rules and constraints. Flow

meters can be categorized based on the way they measure flow rates. Mechanical

flow meters measure the flow rates by continuously forming and collapsing volumetric

displacements and then counting them per unit time. This type of flow meter includes

rotary piston meters, turbine meters and gear meters. Pressure-based meters utilize

Bernoulli’s principle to estimate the flow rate. Typical types of pressure-based meters

include venturi meter, orifice plate meter, and cone meters. Other types of flow

meters include thermal mass flow meters, ultrasonic flow meters and Doppler effect

flow meters.

The flow meters used in the HPPFN testbed are low-cost Pelton wheel flow

meters, which belong to the mechanical flow meter category. Pelton wheel flow meters

are also called radial turbine flow meters. They are designed typically for relatively

low flow rate measurements[6], which is ideal for the purpose of the HPPFN testbed.

The flow meter has an orifice that projects fluid onto the blades of a small Pelton

wheel. The angular velocity of the Pelton wheel is measured and used to calculate

the fluid flow rate. Pelton wheel flow meters offer good repeatability on measuring

low flowrate fluids and are generally cheap. However, they can have high pressure

loss depending on the specific design.
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2.2.3 Fluid Minor Loss Coefficients

Pressure loss in pipe systems are divided into major losses and minor losses.

Major losses are due to friction while minor losses are caused by valves, pipe fittings

and bends. As the pipe system gets shorter, the proportion of pressure losses caused

by valves, pipe bends and fittings gets larger, but the losses are still called “minor”.

The minor losses in the HPPFN testbed mainly happen at the following components:

0.5-inch ball valves, 0.5-inch swing gate check valves, 1 inch diaphragm valves, flow

meters, pressure sensors and 90 degree bends in the pipes. Since the purpose of

this thesis is not to get an accurate physical model of the HPPFN testbed, the loss

coefficients of the components are either taken from common valve characteristics

spec sheets or approximated from simple calculations. For example, the loss coeffi-

cient value for the check valves is taken from the manufacture specification sheet of

the check valves with the same material and size. The sealing part of the pressure

sensor that contacts the fluid is made of brass. Therefore, the loss coefficient of the

pressure sensor is approximated as the same as a short, brass pipe. The connection

pipes are made of PEX. The material is smooth so that its effect on fluid pressure

drop is negligible. The pressure drop at the 90 degree pipe bends is calculated using

equation from Manring[7]. The physical model developed for this thesis is meant to

demonstrate the HPPFN characteristics qualitatively, so the specific values returned

by the model are meant to convey general trends that can be used for this study.
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2.3 Limitations of the HPPFN testbed

The ideal HPPFN concept differs from the experimental testbed. The goal

is to make a remote, standalone, self-sustainable energy storage and conditioning

device that acquires energy from a highly variable environmental energy source,

and to convert it into a cyclical form for practical uses. The energy source should

come from a sustainable source, such as wind or solar power. The energy source

for the HPPFN testbed is simulated in the lab using an electrically-powered pump.

The HPPFN is designed to provide power for low power consumption devices or

devices that require cyclical operations such as lighting, communication equipment,

refrigeration, and so on. The stored and conditioned energy leaves the HPPFN in

the form of flow pulses and can be converted into electric power using hydraulic

motors or generators. The experimental HPPFN testbed currently provides flow

pulses measured by a flow meter and pressure sensor, and fluid is recirculated back

to the reservoir. In addition, the testbed has ball valves that need to be opened and

closed manually to control the charging process, which will eventually be replaced by

electronically controlled diaphragm valves. Nevertheless, despite certain limitations

of the HPPFN testbed, it allows study on sequential fire timing as well as CPS

implementations on HPPFN and therefore is extremely useful.

This chapter studied the HPPFN basics and its components characteristics.

The fluid loss coefficients in the system have been decided, and the thermal losses

of the accumulators are neglected. The study on the HPPFN testbed design, its

charging/discharging process and its components provides enough understandings of

the system in order to build a simulation model in the next chapter.
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Chapter 3

Modeling and Simulation of HPPFN testbed

To implement cyber-physical monitoring and control onto the HPPFN, one of

the most important steps is to model the system, as detailed and accurate as possible.

It may not be evident at first how much detail is necessary, and this thesis describes

a preliminary approach. The system state equations are formulated using a bond

graph approach. Bond graphs provide a graphical representation of physical dynamic

systems, and are very effective for modeling complex physical systems across different

energy domains[5]. The modeling process of the HPPFN can be divided into two

parts. First, the charging and discharging processes for one system line is modeled

separately and later combined to form a full baseline charge/discharge cycle model.

Then, models for four system lines are integrated to form the full four line HPPFN

system model.

The system schematic is shown in Fig. 3.1. The laboratory simulated charging

phase of the HPPFN starts from the electric pump pumping water from a water

tank into the system. The flow goes through a Pelton wheel flow sensor and an

electronic pressure transmitter before it reaches the intake manifold, where the flow

is divided into 4 separate lines. Within each line, the flow will then go through

a manually controlled ball valve and a passive check valve and eventually charge a

13



bladder accumulator. After all accumulators are fully charged to the desired pressure,

the ball valves will be closed and the check valves will prevent the fluid from flowing

backwards. Each system line will then be sequentially fired by opening the diaphragm

valves at controlled times to fully discharge the stored energy and form a desired

pulse.

Figure 3.1: HPPFN system schematic, (Campos, 2017)

3.1 Baseline Model

3.1.1 Baseline Charging Model

For the baseline model, pressure losses at the flow meter, ball valve and check

valve are lumped into one R-element so that all of them can be characterized by a

14



single nonlinear orifice equation in a general form,

∆Porifice = SG · (
Q

Cv
)2 (3.1)

where SG = specific gravity of the fluid, Q = flow rate, Cv = flow coefficient for the

orifice. The pressure sensor is modeled as a short brass pipe as mentioned in Chapter

2. It is assumed that the pressure drop is insignificant, so a constant value of 0.01psi

is used in the model. If the pressure loss at the sensor is not to be neglected, it can

be calcluated as,

∆Psensor = λ · L
D

· ρ
2
· V 2 (3.2)

where λ = pipe friction coefficient, L = length of the pipe, D = pipe diameter,

ρ = fluid density, and V = flow velocity.

The pump provides an output flow, but has a maximum back pressure of 120

psi at a flow rate of 0.64 GPM. When the flow rate drops below 0.64 GPM, the pump

will automatically turn off. The pump characteristic curve follows a P -Q relation

provided by the pump manufacturer, which can be approximated linearly by,

Qp = Kp · Pp +Qp max (3.3)

The hydraulic accumulator used in the HPPFN is a bladder type accumula-

tor, where energy is stored in the compressed air and released through air volume

expansion. An assumption is made to model the air in the accumulator as ideal gas,

which follows the ideal gas law as,

Pair · V 1.4
air = Constant (3.4)
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Figure 3.2: Baseline charging process bond graph

The pressure loss coefficient at the accumulator entrance is not known, but a value

can be chosen to match the experimental results. This loss is modeled separately

from other losses in the system to make it easier for future adjustments.

A model for the charging process is represented by the bond graph in Fig. 3.2.

The pump is modeled as an ideal flow source and the common pressure at the 0-

junction can be used to generate a system equation.

Pp = Pl + Pal + Pa (3.5)

Pl = KL ·Q2 (3.6)

Pal = Kal ·Q2 (3.7)

where Pp = pump pressure, Pl = lumped pressure drop of the system, Pal = pressure

drop at the accumulator entrance, Pa = accumulator air pressure and KL and Kal

being the fluid loss coefficients associated with lumped fluid resistance and accumu-

lator entrance/exit loss. Eq.(3.5) is then expanded in terms of flow rates by using
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Eq.(3.1), Eq.(3.3), Eq.(3.4) and Eq.(3.7).

Q−Qp max

Kp

= SG · (
Q

Cvball valve

+
Q

Cvcheck valve

)2 + ∆Psensor +Kal ·Q2 +
Const

(Va0 −
∫
Qdt)1.4

(3.8)

One way to use this form is to take the derivative of Q on both sides of Eq.(3.8),

which gives an equation for Q̇ whose value can then be calculated algebraically. The

system flow rate as a function of time is calculated discretely in a fixed step approach

by utilizing the values of Q̇. Fig. 3.3 shows the flow rate changes during the charging

process.

Figure 3.3: Charging flow rate with pump as ideal flow source

However, Q is not a system state as indicated by the bond graph and modeling

the system with it is not ideal. With further inspection of the bond graph and the

system schematic, it is obvious that the volume of the air in the accumulator should
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be the system state, and there exists an algebraic loop because the flow rate provided

by the pump depends on the back pressure from the system, which depends on the

flow rate itself. A modified bond graph of the baseline charging process is shown

in Fig. 3.4. There is an algebraic loop between the pump resistance and the lumped

fluid resistance of the system. Therefore, an algebraic equation needs to be solved.
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Q
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Accumulator

Algebraic Loop 1

Figure 3.4: Baseline charging process bond graph

We now assume that the system has no leakage and let the rate of change of the

air volume in the accumulator equal to the system flow rate. The flow rate can be

solved algebraically using,

Q−Qp max

Kp

= SG(
Q

Cvball valve

+
Q

Cvcheck valve

)2 + ∆Psensor +KalQ
2 +

Const

V 1.4
a

(3.9)

The air volume as a function of time can then be solved algebraically by numerical

simulation, from V̇a = Qa = Q(charging). Figures 3.5a∼3.5c show the flow rate,

accumulator air volume and pressure during the baseline charging phase.
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(a) System flowrate for baseline charging
process

(b) Accumulator air volume during baseline
charging process

(c) Accumulator air pressure during base-
line charging process

Figure 3.5: Baseline charging process characteristics
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These results assume that the accumulator size is 800 millilitres and the blad-

der is precharged to a pressure of 10 psi. During the baseline charging process, the

air volume in the accumulator decreases from 800 ml to 134.47 ml in 10 seconds, the

air pressure increases from 10 psi to 121.2 psi. The thermal losses in this system

model are neglected. This baseline model provides reasonable results for the purpose

of this thesis.

3.1.2 Baseline Discharging Model

Fig.3.6 shows a bond graph for the baseline discharging process. During the

discharging process, accumulators are sequentially fired so that pulses from each line

merge to form a desired pulse. The main losses during this process exist at the

accumulator exits, the diaphragm valves, the check valves, the flow meters and the

exiting manifold. Like the charging phase, all losses except the accumulator exit loss

are lumped into one R-element. For the baseline model, there are two independent

energy storage elements: the accumulator compliance and the fluid inertance, with

system states being accumulator air volume and system pressure momentum.

Assuming no leakage in the system, the discharging state equations can be
derived as below.

Γ̇ = Pa + Pal − Pl − Pse (3.10)

V̇a = −Q = −Γ

I
(3.11)

where : Pa =
Const

V 1.4
a

(3.12)

Pal = Kal ∗Q2 (3.13)

Pl = Psensor + Pdiaphragm + Pcheckvalve + Pflowmeter + Pexit (3.14)

Pse = 0(Arbitrary) (3.15)
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Figure 3.6: Baseline discharging process bond graph for a single line

Eqs. (3.10) and (3.11) are the system state equations that can be solved by an ODE

solver. Figures 3.7a∼3.7c show typical system flowrate, accumulator air volume and

pressure change during a baseline discharge process.
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(a) System flowrate for baseline discharging
process

(b) Accumulator air volume during baseline
discharging process

(c) Accumulator air pressure during base-
line discharging process

Figure 3.7: Baseline discharging process characteristics
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3.2 Four Lines HPPFN Model

3.2.1 Four Lines Charging Model

The HPPFN testbed has four identical working lines. All lines are assumed to

be charged at the same time at the same rate. Although some lines may have extra

pressure loss at the pipe bends and extra pipes compared to the baseline, the loss

is assumed to be small and has insignificant effect on the charging characteristics.

Fig. 3.8 shows the bond graph of the charging process for the four lines system

by simply connecting different lines to one 0-junction that represents the charging

manifold.
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Figure 3.8: Full HPPFN charging process bond graph, original
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The bond graph of the HPPFN system shows that there are arbitrarily as-

signed causalities at the zero junction, where the input flow is divided into separate

lines, as to which one should be assigned a flow-in bond. The three lines that are

assigned effort-in bonds (Lines 1, 2 and 3 as shown in Fig. 3.8) are identical, and

there exist algebraic loops between their lumped fluid resistances and accumulator

entrance/exit resistances due to the existence of topological loops within the zero-

order causal paths[2]. These arbitrarily assigned causalities imply that there are

multiple algebraic loops in the system that are unsolvable. In order to reduce the

algebraic loops to generate system equations that allow an ODE solver to solve, the

following approaches were taken.

3.2.1.1 Approach 1: Add fluid inertia into each line

One way to eliminate the algebraic loops in each line is to introduce fluid

inertia. Fluid inertias are added to the 1-junctions where the lumped fluid resistances

in each line are attached. The pressure momentum of each line, along with the

accumulator air volumes are now independent system states.

As shown in Fig. 3.9, fluid inertias successfully eliminate the algebraic loops

in lines 1, 2 and 3. However, in the line that receives a flow-in bond, the fluid inertia

has to be assigned a derivative causality.

For independent lines 1, 2 and 3, the differential equation of the accumulator

air volume is the same as Eq.(3.11), and the differential equation for the pressure

momentum can be derived from the 0 junction that represents the input manifold,

by equating the pump output pressure to the back pressure from each system line.
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Figure 3.9: Full HPPFN Charging Process Bondgraph, Added Inertia in Each Line

Take line 1 for example,

V̇a1 = Q1 =
Γ1

I1
(3.16)

Pw = PL1 + Γ̇1 + Pal1 + Pa1

Substitute in Eq.(3.1) for all the fluid resistances, and Eq.(3.3) and (3.4) for pump

pressure and accumulator air pressure into the above equation, the differential equa-

tion for pressure momentum is,

Γ̇1 =
Qp

Kp

− Qp max

Kp

−KL0 ·Q2
p −KL1 ·Q2

1 −Kal ·Q2
1 − Pa1 (3.17)
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For the dependent line (Line 4), the fluid inertia has a derivative causality

assigned, which means it is not a system state. In order to derive the differential

equation for accumulator air volume in line 4, it is necessary to express Q4 in terms of

system states. It can be seen from Eq.(3.17) the differential equations of the pressure

momenta of lines 1, 2 and 3 rely on the value of Qp, which equals to Q1+Q2+Q3+Q4.

There are not enough equations to solve for Qp and Q4 separately. A system with

both algebraic loop and derivative causality can be difficult to solve. Therefore, other

methods are recommended.

3.2.1.2 Approach 2: Add arbitrary source and fluid inertia

The causality conflict on the 0-junction that represents the input manifold

indicates that there is no proper effort causality imposed on it. It is caused by the

algebraic loop at the pump. Gawthrop and Smith[3] introduced an algorithm that

involves attaching an arbitrary source to a causally incomplete 0 or 1-junction to

solve this problem. Either an arbitrary effort source for the pump 0-junction, or an

arbitrary flow source for the flow meter 1-junction, should be added. The bond graph

in Fig. 3.10 shows an example of adding an effort source to the pump 0-junction.

Even though the arbitrary source introduces a new input to the system, the

newly connected source would have no effect on the system if the flow into the source

is set to zero. However, this method has an inherent conflict against the HPPFN

testbed design. Either adding an effort source to the 0-junction or a flow source to

the 1-junction would turn the pump into an effort source to the system instead of a

flow source. Since the flow rate provided by the pump is affected by the system back
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Figure 3.10: Full HPPFN charging process bond graph, added inertia in each line
and arbitrary source, following approach in Gawthrop & Smith (1992)

pressure, it should take effort as input and provide flow as output. In other words,

the causal assignment of the pump output is already arbitrarily fixed to be flow-out

bond and should not be changed. The arbitrary source method is inapplicable to the

HPPFN testbed model.

3.2.1.3 Approach 3: Add parasitic manifold compliance and fluid inertia

Karnopp and Margolis[4] demonstrated using a stiff compliance approach

where a high stiffness compliance is added to the model to eliminate the causal

problem caused by derivative causal elements. During the original modeling process,
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the compliance of the input manifold was neglected because the pipes are assumed

very stiff. The neglect of compliance essentially dropped one state out of the sys-

tem equations. As shown in Fig. 3.11, adding the manifold compliance back to the

bond graph eliminates the derivative causality at fluid inertia of line 4. Now all

four system lines are identical in terms of bond graph representation, with only mi-

nor differences in fluid resistance values. The system states include accumulator air

volumes, pressure momenta, as well as manifold volume change.
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Figure 3.11: Full HPPFN charging process bond graph, added inertia in each line
and parasitic manifold compliance

The input manifold is now modeled as a cylindrical container which has an
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original volume of,

V0 =
π

4
· d20 · L (3.18)

where d0 is the inner diameter of the manifold pipe and L is the length of the

manifold. Assuming that the container only expands in the radial direction, the

expanded manifold has a volume of

Vm =
π

4
(d0 + 2δ)2L

=
π

4
(d20 + 4d0δ + 4δ2)L (δ/d0 � 1)

≈ π

4
d20L+ πd0δL (3.19)

= V0 + Vδ

From the function of cylinder volume expansion due to pressure, δ can be calculated

as

δ =
d0
2

P

E
(
D2

0 + d20
D2

0 − d20
+ ν) (3.20)

where P is the manifold internal pressure, E is the Young’s Modulus of pipe material

(PEX), D0 is the outer diameter of the manifold, and ν is the Poisson’s ratio of PEX.

Subsitute Eq.(3.20) into Eq.(3.19), and manifold pressure can be expressed in terms

of manifold volume change,

Vm =
π

4
d20L+

πd20
2

P

E
(
D2

0 + d20
D2

0 − d20
+ ν)L

Pm = (Vm − π

4
d20L)

2E

πd20
· 1

(
D2

0+d
2
0

D2
0−d20

+ ν)L

= ∆Vm · 2E

πd20
· 1

(
D2

0+d
2
0

D2
0−d20

+ ν)L
(3.21)
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Differential equations of accumulator air volumes in this model are the same

as Eq.(3.16). To get the differential equation of the manifold volume change, it is

necessary to calculate Qp first. By equating the manifold internal pressure to the

pressure at the entrance of the manifold, the following equation,

Qp

Kp

− Qpmax

Kp

−KL0Q
2
p − ∆Psensor = ∆Vm · 2E

πd20
· 1

(
D2

0+d
2
0

D2
0−d20

+ ν)L
(3.22)

can then be used to solve for Qp. With Qp known, ∆V̇m can be written as,

∆V̇m = Qp −
4∑
i=1

Qi = Qp −
4∑
i=1

V̇ai (3.23)

The differential equations for pressure momentums of each line can be written in

terms of manifold internal pressure,

Γ̇i = Pm −KLiQ
2
i −KalQ

2
i − Pai (3.24)

with i = 1, 2, 3, 4. With differential equations for all accumulator air volumes, man-

ifold volume change and pressure momentums, the HPPFN system states

[Va1, Va2, Va3, Va4,∆Vm,Γ1,Γ2,Γ3,Γ4]
T

can be solved using ODE solver.

The introduction of manifold compliance eliminates the causality conflict at

the input manifold, removes the derivative causality in the system and makes the

system solvable by conventional ODE solvers. However, the high Young’s modulus

of the PEX material of the manifold also means that the system is physically stiff,

introducing computation of a numerically stiff problem.
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Figure 3.12: Manifold volume change during charging process

As shown in Fig.3.12, manifold volume change ∆Vm oscillates rapidly during

the charging process as well as after the charge finishes. This is because of the

relatively high stiffness of the manifold that causes the volume change of the manifold

pipe in a unit time to be very small. The ODE solver struggles to capture the

small changes in the state, thus leading to the stiff oscillation of the value of ∆Vm.

Although the manifold oscillation shows a defect of the charging model, the values of

the manifold volume expansion are considerably small compared to the accumulator

air volumes and therefore have very insignificant effects on the computation of vital

system states.

Fig.3.13 and Fig.3.14 show the accumulator air volume and pressure changes

for one accumulator during the charging process. Comparing to Fig.3.5b and Fig.3.5c,

using the same pump, the full 4 lines system takes longer than the single line base
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Figure 3.13: Accumulator air volume during charging process

Figure 3.14: Accumulator air pressure during charging process
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system to be fully charged. The final accumulator air volume for the 4 lines system

after the charge is larger than the base system, which means that the final accu-

mulator charged pressure of the 4 lines system is lower than that of the baseline

system.

3.2.2 Four Lines Discharging Model

It is assumed for this basic HPPFN model that the accumulators are sequen-

tially fired one by one so that there is no overlap between each discharge flow from

different accumulators. Therefore, the four lines discharging model is simply four

baseline discharging models combined. The differential equations of each line are the

same as Eqs.(3.10) and (3.11), only with different values for the fluid resistances due

to extra pipes and 90 degree bends.

3.3 Purpose of the HPPFN model

The HPPFN charging and discharging model can be used to generate a charg-

ing/discharging performance table. For the purpose of the control approach used

in this project, it is unnecessary to use the exact simulated flowrate curve of the

accumulator discharging process, as long as the simulation can estimate key prop-

erties of the discharging flow. Therefore, the simulated accumulator discharging

flow curve is approximated using a square wave curve as shown in Fig.3.15 for

easier parameterization. The magnitude of the square wave is approximated as

Qapprox = 1
3
· (Q1 − Q2) + Q2 , where Q1 is the maximum actual flowrate, and

Q2 is the minimum actual flowrate. The length of the square wave equals to the
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effective discharging time.

Figure 3.15: Approximation of accumulator discharge flow

It is assumed that the working range of the accumulators is known. For the

HPPFN studied here, these values are from 40 psi to 485 psi. This range corresponds

to the accumulator bladder volume from 300 ml to 50 ml. A performance table is

generated by running the HPPFN charging model using different numbers of accu-

mulators repeatedly, with target bladder compressed volumes as the working range

with an increment of 1 ml. From these simulations, the time (tc) it takes for the

pump under a given input power level, to charge a different number of accumulators

to different bladder air volumes are computed and recorded. Since the air volumes

in the accumulators can be converted to their corresponding air pressures, tc is also
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the charging time with respect to different accumulator pressures. Next, the HPPFN

discharging model is simulated repeatedly with initial bladder volumes as the work-

ing range with an increment of 1 ml. The discharging flowrates and discharging

time under different accumulator pressure are computed and recorded. Therefore,

the performance table contains different bladder compressed volumes Va which can

be converted to pressures Pa, and their corresponding charging time tc, discharging

time td and discharging flowrate Qd. An example of the performance table is shown

in Table.3.1. It can be interpreted as the following: It takes tc1 = 4.97 seconds to

charge one accumulator to compress its bladder size to Va = 50cm3. It takes tc2, tc3,

tc4 seconds to charge two, three or four accumulators at the same time, all to the

bladder size of Va = 50cm3. For an accumulator that is charged to Va = 50cm3, it can

discharge a flow of magnitude Qd = 1.77GPM for a duration of td = 12.45seconds.

Table 3.1: Example Performance Table

tc1 tc2 tc3 tc4 Va Qd td
4.97 9.96 14.86 19.76 50 1.77 12.45
4.79 9.63 14.44 19.12 54 1.69 12.43

...
...

...
...

...
...

...
3.36 6.66 9.87 13.62 149 1.03 11.84

...
...

...
...

...
...

...

All accumulators used in the HPPFN are assumed to be identical. If more

than one accumulators is being used, all of them would be charged at the same

time with the same charging rate, and then discharged one after another. For the

same input power and charging time, the more accumulators used, the lower the
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pressure they can be charged to. For each accumulator, the discharging flowrate and

discharging time are unique for a given charged pressure. The longer the charging

time, the higher the charged pressure. The higher the charged pressure, the higher

the discharging flowrate, and the longer the discharging time.

The performance table is used in the cyber-physical system as an online ref-

erence to determine HPPFN system’s capability at the current power input level,

and to assist the algorithm in deciding the best charging strategy that provides the

most output coverage by the accumulators and limits the use of backup power. This

concept is described in the next chapter. Since the magnitude of the input power

dictates the charging rate of the accumulators, the performance table will be different

if the environmental condition changes. Therefore, it is essential to regenerate the

performance table whenever the environmental conditions change drastically.
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Chapter 4

Cyber-Physical System Implementation

The HPPFN system is designed with the goal to make it suitable for stan-

dalone, remote, and off-grid applications. Deployment for remote applications leads

to unique challenges in maintaining adequate system performance against randomly

changing environmental conditions and load requirements. An open loop system

may lead to the HPPFN running in a sub-optimal manner. This thesis explores how

a cyber-physical system (CPS) architecture might be implemented on the HPPFN

to enable remote monitoring and control. The HPPFN with CPS should be able to

evaluate the system’s capability based on the input(environment) and output(load)

conditions, and adjust its response accordingly for the best optimized and most effi-

cient operation (Fig.1.1). The CPS architecture could also make it possible for the

HPPFN to detect potential failures in order to prevent catastrophic operational situ-

ations. It opens up the potential for communications between users and the system,

making the HPPFN more adaptive to different environments and easier to maintain

and to alter its operation.

A cyber-physical architecture was formulated to react to specific situations

that the HPPFN may encounter in real life applications. A broad range of situations

were considered, however there are likely others that could arise. Therefore, the CPS
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model introduced in this project may not work properly under certain situations not

tested. The model could be updated and improved during testing to include proper

responses to newly discovered situations.

4.1 Potential CPS Functionalities

Implementation of a CPS architecture can enable a lot of potential functional-

ities to the HPPFN. For the purpose of this thesis, the following CPS functionalities

will be discussed and included in the model architecture, while other possible func-

tionalities will be discussed separately in the conclusion.

Input/output monitoring

Knowing the environmental input conditions and the output load require-

ments is essential to evaluate the HPPFNs capability and to keep it running effec-

tively. The CPS should keep track of the input power level in real time. The average

input power level over given time period would be used to generate the system perfor-

mance table to be used for as long as the input power level stays within an acceptable

range. If the CPS detects rapid environmental condition changes that may affect the

systems performance, new system performance table needs to be generated. The

output load requirements should be checked periodically to allow the CPS decision-

making process to adjust required accumulator charged pressure. Both information

can also be used to check system capability either constantly or periodically by the

choice of the user.

Backup Power charging for sustainable operation

For a system that is deployed to a remote area to work and sustain itself, it
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is necessary to have a backup power source in case of emergencies like long lasting

low power input from the environment, system breakdown, or high load requirement

for a short time. If the backup power is a battery bank that needs to be recharged

regularly, the implemented CPS can divert input power to charge the batteries when

the HPPFN is idle or when the accumulators are discharging. This function can

potentially extend the sustainability of the HPPFN, increase energy utilization rate,

and always keep the backup power ready. An open loop HPPFN system is unable to

intelligently decide the time and duration to recharge the backup power in randomly

changing environments

Failure detection

No matter how robust the HPPFN is designed and built, the system may

still fail due to various reasons. A failure detection mechanism is indispensable for

a system that requires minimum maintenance. The implemented CPS can provide

leakage detection during both charging and discharging processes. It will alert users if

potential leakage is detected and it may lead to more detailed discoveries of where the

system malfunctions occurred, such as cracked pipes and joints, broken accumulator

bladders, or pump/motor slip.

Smart input and output power control

The main interest in implementing a cyber-physical system is to keep the

HPPFN system working effectively under changing conditions. The CPS system

monitors the environmental input conditions and the load requirements, and gen-

erates a strategy to charge the accumulators in order to provide the most output

coverage by the HPPFN while at the same time limiting the use of backup power.

39



The CPS architecture makes it possible for the HPPFN to adjust its operations

based on available input power and desired output power. This type of adaptability

is not possible with the open loop system. The approach taken to formulate the CPS

strategy in this thesis is to use insight from the physical system model to formulate

and assess test cases. These cases are described in the next section.

4.2 Test Cases

During HPPFN operations, the system will have to deal with multiple condi-

tions that require the control to respond differently. The control of the HPPFN is

achieved by adjusting the accumulator charged pressure to generate desired pulses.

It is important to identify those conditions in order to generate test cases to de-

sign and improve the control approach. First, the following input and requirement

variables are assumed known and fed to the CPS for its decision-making process:

Input Power, estimated from average wind speed of an area over a certain period

of time, as will be explained in the next section.

Load Magnitude Requirement, from which the output flowrate magnitude re-

quirement can be calculated. Through the power-flowrate relation of the out-

put hydraulic motor, it is assumed that the output power requirements can be

converted into its equivalent output flowrate requirements.

Output Pulse Length Requirement, which defines the length of each required

output pulse.
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Gap Length, which defines the gap time between each pulse. The gap time affects

the time available for the pump to charge the accumulators to the required

pressure level before each output pulse is generated.

Figure 4.1: Example load requirements and output pulse demonstration

The output requirement may consist of multiple pulses, each with different

flowrate magnitude, pulse length, and gap time. Fig.4.1 shows an example of what

HPPFN load requirements and output pulse may look like. As mentioned in Chapter

3, output pulse curves are approximated as square wave curves. Important terms

that are often used in this thesis are marked on the plot. It is assumed that the

accumulators are fully discharged before they are charged again. Therefore, the
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output pulse cannot be forced to stop at the exact required pulse length. The actual

output pulse length may fall short of the requirement, or extend into the gap time

of the next pulse, thus affecting the actual available gap length for the latter pulse.

The HPPFN will encounter the following conditions:

1. The desired output pulse can be generated by the HPPFN system.

This is the condition when the desired pulse magnitude and pulse length are

both within the accumulator’s achievable range, and the gap time before the

pulse is long enough for the pump to charge the accumulators to the necessary

pressure. Since the accumulator discharging time at a given charged pressure

is fixed, when the accumulators are providing the required discharging flowrate

magnitude, it is difficult to also match the exact pulse length required. In

most cases, the discharging time is longer than what is actually needed. The

extra discharging flow may either be diverted to charge the backup battery, or

diverted back to the fluid reservoir.

2. The gap time before the pulse is too short. This is the situation when

the gap time is not long enough for the pump to charge the accumulators to the

required pressure in order to provide the full desired pulse length at or above

the desired magnitude.

3. The desired output pulse length is longer than the maximum achiev-

able discharging time of the system. In this situation, the desired pulse

length exceeds the maximum total discharging time achievable by the system.
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4. The desired output pulse magnitude is higher than the maximum ac-

cumulator discharging flowrate. The required output flowrate magnitude

is higher than what the system can reach. In this situation, the backup power

must step in to cover the pulse.

The actual output requirements will be a mixture of the above conditions. The

performance evaluation on different versions of CPS can be divided into two parts,

general tests and special tests. In general tests, the same testing cases are used for

all versions of the CPS. However, since the CPS evolved during the design process,

there are special testing cases specifically aimed to test the new features in the new

CPS versions. Those cases will be explained separately with the specific version in

the next section. The following three testing cases are considered “general” and used

on all versions. These cases are chosen using the performance table generated by the

HPPFN model. For pulses in the test cases, not only are pulse magnitude, length

and gap times between pulses important, any interactions between neighboring pulses

are also critical. As mentioned before, the length of an output pulse may affect the

available gap time for a following pulse, thus leaving a short gap or extra gap for

the latter. Taking such factors into consideration, the magnitude, length and gap for

each required pulse are decided and are expected to trigger the possible responses

from a CPS strategy according to the performance table. The general testing cases

described below are formed to simulate the conditions and to test responses of a CPS

strategy. The units for the flowrate and time are gallons per minute and seconds,

respectively. Note that these test cases have highly dynamic requirements compared

to an open loop HPPFN.
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Case 1 (Baseline):

Qreq = [1.5 1.6 1.5 1.2 1.4], Treq = [44 40 45 43 47], Tgap =[30 30 30 30 30].

This is the case where all required pulses can be generated by the HPPFN

and no backup power is needed, the same as described in Condition 1. This case is

meant to test the CPS’s ability to meet the design load requirements. An open loop

HPPFN is tuned or designed to work consistently for very specific load requirements.

This case can be recognized as the baseline case.

Case 2 (Mixed flow magnitude, length and gap time):

Qreq = [1.7 1.6 1.7 1.1 1.0], Treq = [48 13 48 20 49], Tgap = [30 5 2 30 30].

Multiple conditions are included in this case. The first pulse can be completely

generated by the HPPFN without the help of backup power. The second and third

pulses have very short gap times before them so that the pump will not have enough

time to charge the accumulator to the necessary pressure to generate the full pulse.

The fourth pulse has a smaller magnitude and very short length. The fifth pulse also

has low flowrate magnitude requirement but a long pulse length requirement. The

second and third pulses both have Condition 2, and the mismatches of magnitude

and length of fourth and fifth pulses interact with each other and are meant to create

a unique challenge for the CPS. More details are explained in the next section where

CPS responses are discussed.

Case 3 (Extremely long and large magnitude pulses):

Qreq = [1.2 1.6 1.2 2 1.5], Treq = [45 55 44 49 42], Tgap = [22 15 20 14 20].

The second pulse in Case 3 has a pulse length requirement longer than the

maximum discharging time achievable by the current system. The fourth pulse has
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a flowrate magnitude requirement that is higher than the maximum discharging

flowrate reachable by the current system. The remaining three pulses can all be

generated by the HPPFN without backup power.

4.3 CPS for monitoring and control

4.3.1 Power Input Source

The laboratory HPPFN testbed uses a pump driven by an electric motor

powered by constant voltage as its power source to simulate the input power. The

pumps effective working range is limited by the motor by a thermal protection mech-

anism. Under high loads the pump needs to be frequently charged to high pressure

level. This would put the motor into heavy working conditions that can overheat

and eventually require periodic thermal shutdown of the pump to cool the motor. It

is assumed that in the real life application of the HPPFN, a sustainable source such

as wind power would be the input power source. A wind turbine is connected to the

hydraulic pump through a transmission to drive the pump directly. The input power

is directly related to wind speed with

Pin =
1

2
ρU3πd

2

4
(4.1)

where Pin is the power, ρ is the density of air, U is the wind speed, and d is the turbine

diameter. If ηt is the efficiency of the wind turbine, then the power transferred to

the pump can be estimated as:

Pturbine = ηt ·
1

2
ρU3πd

2

4
(4.2)
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To calculate pump flowrate from the power input,

Pturbine = Tt · ωt (4.3)

= Tp · ωp (4.4)

= [
ppQp

ηpωp
] · [

Qp

PD
] (4.5)

= [
pp(PD · ωp)

ηpωp
] · [

Qp

PD
] (4.6)

=
pp ·Qp

ηp
(4.7)

where Tt and ωt are torques and rotational speeds for wind turbine, and Tp and ωp are

torques and rotational speeds of the pump shaft. pp is the pump discharging pressure,

Qp is the pump discharging flowrate, ηpis pump efficiency, and PD is pump positive

displacement value. Substitute Eq.(4.2) into Eq.(4.7), and rewrite pump pressure in

terms of system back pressure, so a the system equation for pump flowrate can be

written as,

Kfm

ηp
Q3
p +

pm
ηp
Qp − ηt ·

1

2
ρU3πd

2

4
= 0 (4.8)

where Kfm is the flow meter loss coefficient and pm is the pressure inside the charging

manifold. Eq.(4.8) replaces the previous pump pressure-flowrate relation and can be

used in the model to estimate pump flowrate.

4.3.2 Evolution of CPS Design

The CPS for the HPPFN went through the evolution of a few versions, each

time with improved performance and new functions. The pulse magnitude require-

ments have higher priority than pulse length requirements. The CPS always ensures

that the discharging flowrate from the HPPFN is equal to or higher than the required
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pulse magnitude for it to be considered a valid output pulse. The key performance

metric for the CPS model is defined by the percentage of the required output pulses

that can be covered by the HPPFN. One of the goals of implementing a CPS is to

reduce the usage of backup power as much as possible. A higher coverage percent-

age means that the HPPFN is providing more output rather than relying on the

backup power. The input power level and the accumulators working range are two

important factors that limit the performance of a HPPFN, as one sets a boundary

on the charging time needed and the other limits the discharging flowrate and pulse

length the system can provide. The CPS tries to make the most out of the limited

capabilities of the system.

For all the tests discussed in this thesis, the HPPFN output flow curves are

approximated as square wave curves to represent their ideal response behavior. It

provides straightforward comparisons between HPPFN outputs and load require-

ments, both visually and numerically. If necessary, the ideal output curve can be

converted back to the original simulated curve by finding the accumulator charged

pressure corresponds to the approximated discharge flowrate, then run the discharge

model to generate the curve.

4.3.2.1 Version 1: Basic Decision Making Structure

The Version 1 of the CPS sets the basic decision making process. The process

will be explained step by step. It is assumed that the HPPFN works in cycles of

operation. Each cycle of operation has a constant input power level and contains

multiple pulses. The decision making process is executed before each pulse to decide
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whether the system can provide the required output and, if so, the output’s quality.

The charging strategies for all pulses in a cycle combine to become the charging

plan for each cycle. The charging plan for each cycle of operation must be decided

before the HPPFN can operate that cycle. If one cycle of operation is long, it can

be divided into multiple short cycles of operation. The CPS generates charging plan

for the next cycle while the HPPFN is working on the current cycle.

Step 1: If the required output flowrate Qreq is lower than or equal to the

maximum discharging flowrate Qmax available from the accumulator, then use the

reference accumulator performance table to find its corresponding discharging time

td and the pressure value Pa the accumulator needs to be charged to. Otherwise,

the accumulators used in the system are assumed to not have the capacity to provide

the required power output. The backup power is used to generate this pulse.

Step 2: Check whether the accumulator total discharging time can cover

the pulse length requirement Treq. It is assumed that each accumulator would start

discharging after the previous one is fully discharged. Therefore, the total discharging

time for a bank with N accumulators will be N · td, where td is the discharging time

for each accumulator (assumed identical). If the discharging time is longer than

the required duration Treq, the system can meet the output flowrate as well as its

pulse length requirements. Run the charging model online to find its corresponding

charging time tc.

Step 3: Compare the value of tc with the gap time Tgap before the current

pulse to see if the pump has time to charge the accumulators. If tc is smaller than

Tgap, then the system is capable of charging the accumulators before the pulse starts.
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Run the discharging model and compare the simulated discharging flowrate and

discharging pulse length with the requirements.

Step 4: If in Step 3, the ideal charging time tc is longer than the gap time Tgap,

the pump under the current power input level is unable to charge the accumulators

in time for them to reach the required pressure level. There are two options to deal

with the issue. Option 1 is to lower the accumulator charged pressure Pa to reduce

the charging time to make the time gap. However, this option will result in shorter

discharging duration and low output flowrate. Let tc = Tgap. If tc is smaller than

the minimum charging time needed by the pump, then the gap for the current pulse

is too short for the pump under the current power input level to charge. Backup

power will be required to directly generate the current pulse while the system can

start charging the accumulators for the next pulse. If tc is longer than the minimum

charging time, run the charging and discharging model to find out the available

discharging flowrate and duration. The system is now outputting low power and

possibly short pulse length, which are both non-ideal. Depending on the strictness

of the output requirement, backup power may be required to compensate the shortage

from the HPPFN. Option 2 is to solely use the backup battery to directly generate

the current pulse output, and use the wind turbine energy to charge the backup

battery. This option is easier to implement, but requires further information on the

battery charging efficiency to make sure that the battery will not be over drained.

Step 5: If in Step 2, the total discharging time is shorter than the pulse

length requirement, the accumulator charged pressure should be increased to provide

longer output pulse length. Let td = 1
N
·Treq. If the new td is longer than the longest
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discharging time providable by the accumulator, then the system cannot meet the

discharging time requirement. The pump can charge the accumulators for as long as

possible (tc = Tgap), then the CPS must use backup power to cover the rest. If, in

this case, Tgap is not long enough for the pump to charge the accumulators to output

above Qreq level, then use the backup power solely for the current pulse, and use

wind energy to charge the battery and prepare for the next pulse. If the new td is

within the achievable range of the accumulator, find the corresponding accumulator

charged pressure and run the charging model. Repeat Step 3 to check the tc length.

If tc is shorter than Tgap, the system can provide power output higher than the

requirement for the required pulse length. Otherwise, the charging time and pulse

length requirements cannot be met at the same time. Backup power is required.

In the simulation of CPS Version 1, option 1 in Step 4 is implemented. CPS

Version 1 identifies different conditions the HPPFN may encounter as mentioned

in Section 4.2. Version 1 always uses all four accumulators, regardless of the pulse

length requirement. It provides basic responses to these conditions that will later be

shown to be undesirable. The test results of CPS Version 1 on the three general test

cases are shown below in Fig.4.2, 4.3 and 4.4.

Test Case 1:

Test case 1 is the baseline case where all pulses are expected to be generated

by the HPPFN without any help from the backup power. As shown in Fig.4.2,

HPPFN output pulses (red lines) can fully cover the required pulses (blue lines) at

the current power input level. The test result shows that CPS Version 1 is able to

work properly for design load requirements the HPPFN is tuned for.
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Figure 4.2: CPS model version 1: Output Profile, Test 1

Test Case 2:

Test results for case 2, as shown in Fig.4.3, shows how CPS Version 1 would

struggle. The gap time before pulse 2 is extremely short. CPS Version 1 detects the

short gap time and decides to skip the pulse because the pump is unable to even

charge the accumulators to their minimum working pressure. The gap time before

pulse 3 is also very short, but the model is able to provide a pulse output due to the

fact that the skipped time from pulse 2 is added to the gap time of pulse 3. However,

even with the added time, it is still not enough to charge the accumulators to the

desired pressure in order to output the required pulse magnitude. Therefore, the

CPS decides to charge the accumulators as much as possible and provides a pulse
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Figure 4.3: CPS model version 1: Output Profile, Test 2

that can cover the required pulse length, but with lower magnitude. As mentioned in

the previous section, an output pulse with low magnitude is not ideal and considered

invalid. The length of pulse 4 is very short. With sufficient gap time, the pump

charges the accumulators to the required pressure and outputs a pulse that meets

the magnitude requirement. However, the pulse length from all 4 accumulators

combined is too long that the discharging time of pulse 4 takes up most of the gap

time available for pulse 5. This directly leads to a short gap time condition for pulse

5 that is originally nonexistent. As a result of this interaction between neighbouring
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pulses, the pump doesn’t have enough time to charge for pulse 5 so the model decides

to skip it completely.

Figure 4.4: CPS model version 1: Output Profile, Test 3

Test Case 3:

Fig.4.4 shows the test result for case 3. The length of pulse 2 is longer than

the maximum discharging time achievable by the HPPFN. The CPS tells the pump

to charge the accumulators as much as possible using the available gap time, and the

result is a pulse that has lower than required magnitude and shorter than desired

pulse length. For pulse 4, the magnitude requirement is higher than the maximum
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discharging flowrate of the accumulators. Since there is no pulse overlap function for

this CPS, there is no way for the system to reach that magnitude. The CPS decides

to skip the pulse entirely and prepare for the next pulse.

Test cases 2 and 3 show some bad strategies of CPS Version 1 when it is

dealing with short gap time conditions and short pulse length requirements. Its

inflexibility on the number of accumulators used is limiting the effectiveness of the

HPPFN in these conditions. For example, when a short gap condition occurs, if

the gap time is not long enough for the pump to charge all 4 accumulators to the

required pressure, it may be long enough to charge a fewer number of accumulators

to the required pressure to at least provide a short but valid output pulse, instead

of skipping the pulse completely or generating a short and low magnitude pulses. If

the required pulse length is short, using all accumulators may be unnecessary. Not

only does it waste energy that can otherwise be used to charge backup power, it may

lead to a longer discharging flow that takes up too much gap time for the next pulse

to be charged.

4.3.2.2 Version 2: Flexible accumulator usage, Leakage Detection and
Input energy management

The second version of a CPS addressed the main issue of Version 1, which is

the inability to choose the number of accumulators used. It also has been expanded

in terms of functionalities. The update mainly improves Step 4 and Step 5 in Ver-

sion 1. The system can now decide the number of accumulators needed depending

on different input and load conditions. The CPS also determines the sequence and
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the durations for the pump to charge the accumulators and the backup power, re-

spectively. A leakage detection feature has also been added to the system to monitor

the health of the HPPFN. CPS Version 2 will be explained step-by-step. The word

“achievable” used in the explanation means that the requirement, either pulse length

or magnitude, is within the system’s working range. Whether the system can actu-

ally meet the requirement or not depends on the gap time available for the pump to

react.

The decision making process for Version 2 is a nested if-else structure with

multiple statements, as summarized below.

if: 1. Qreq ≤ max(Qd). The required pulse magnitude is achievable. then

Find the discharging time of the accumulator tdis and accumulator charged

pressure Pa corresponding to the required flowrate magnitude Qreq. These

values are interpolated from the performance reference table using the flowrate

magnitude. The CPS determines the exact number of accumulators needed to

cover the full pulse length. The number of accumulators needed is simply the

result of the full pulse length divided by the discharging time of one accumulator

round up to the closest integer.

if: 1.1. n = ceil(Treq/tdis) ≤ 4. The pulse length is achievable by up to 4

accumulators charged to the required pressure level. then

Run the HPPFN charging model using n accumulators to find the charging

time tcharge it takes for the HPPFN to charge n accumulators to pressure

Pa.
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if: 1.1.1. tcharge ≤ Tgap. The gap time before the pulse is longer than the

charging time for the required accumulators. then

All checks passed. The required pulse can be fully generated by the

HPPFN. Run the discharging model to find the discharging flowrate

and total discharging time. In this case, the simulated flowrate and

time results from the discharging model should be the same as the

results interpolated in Statement 1.

else: 1.1.2. tcharge > Tgap. The gap time before the pulse is shorter than

the charging time for the required accumulators.

Short gap condition. The CPS would reduce the number of accumu-

lators to reduce the charging time until tcharge is shorter then Tgap.

end if

else: 1.2. n = ceil(Treq/tdis) > 4. The required pulse length is longer than

the discharging time of 4 accumulators charged to the required pressure

level.

The CPS would force the HPPFN to use all accumulators, and set the total

discharging time to be the required pulse length. Therefore, tdis,new =

1
4
Treq.

if: 1.2.1. tdis,new ≤ max(td). The pulse length is achievable by using all

4 accumulators at their maximum charged pressure. then

Find the corresponding charged pressure Pa,new. Run the charging

model to find the new charging time tcharge,new.

if: 1.2.1.1. tcharge,new ≤ Tgap. The gap time before the pulse is longer
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than the charging time for the new required accumulator pres-

sure.then

Run the discharging model with Pa,new to compute discharging

flowrate and total discharging time. THe HPPFN generates an

output pulse with higher than required magnitude and the exact

required pulse length.

else: 1.2.1.2. tcharge,new > Tgap. The gap time before the pulse is shorter

than the charging time for the new required accumulator pressure.

The CPS would set the available gap time Tgap to be the charging

time tcharge. Then it would search through the performance table

using tcharge to find the accumulator pressure and the number of

accumulators needed that generates the most coverage.

end if

else: 1.2.2. tdis,new > max(td). The pulse length is longer than the dis-

charging time of 4 accumulators charged to their maximum allowable

pressure.

Set the available gap time Tgap to be the charging time tcharge. Repeat

the search process in statement 1.2.1.2 to generate the most coverage.

end if

end if

else: 2. Qreq > max(Qd). The required pulse magnitude is higher than the maximum

accumulator discharging flowrate the system can reach.
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The required pulse magnitude cannot be reached. Therefore, the pulse cannot

be generated by the HPPFN. The backup power source is used to power the

load.

end if

The CPS can manage the accumulators charging strategy to provide the most

coverage by the HPPFN, however, it cannot generate a pulse whose magnitude is

beyond the working range. Therefore, the first thing to check is the pulse magnitude

requirement. If the required pulse magnitude is within the working range of the

HPPFN, the system proceeds to check the pulse length requirement. If the pulse

length is equal to or shorter than the combined discharging time of all accumulators

at the required pressure level, then the pulse can potentially be generated fully by

the HPPFN. Statement 1.1.1 is the baseline case where the required pulse can be

fully generated by the HPPFN. In statement 1.1.2, the required pulse magnitude and

length are both achievable by the system, but in order to charge the accumulators to

the required level, the charging time needed is longer than the gap time before the

pulse, which is the total time available for the pump to charge the accumulators for

this pulse. In CPS Version 1,an attempt would be made to charge all 4 accumulators

using the gap time available. This would lead to not only short pulse length, but

also low output flowrate magnitude. In CPS Version 2, the system would attempt to

use less accumulators to reduce the charging time until it is below the gap time, but

still keep the charged accumulator pressure at the required level. This would lead to

short output pulse length, but at least make sure that the flowrate output magnitude
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meets the requirement. This means that the system output, though shorter than the

requirement, is still valid and can be used to power the load with reliable power level.

The missing pulse length would be covered by the backup power.

In statement 1.2, when the accumulators are charged to the pressure level

that meets the output magnitude requirement, the corresponding discharging time

is shorter than the pulse length, even when all 4 accumulators are used. The CPS

would attempt to force the total discharging time to equal the required pulse length

by setting the discharging time for each accumulator to be one fourth of the pulse

length. If the new discharging time is achievable, then the CPS would determine if

the gap time is enough to charge the accumulators to the new level. If the gap time

is long enough, statement 1.2.1.1 generates an output pulse that has the exact pulse

length, but higher magnitude. In statement 1.2.1.2, when the gap time is too short

for the new requirement, the model would set the charging time equal to the gap

time, and test the system performance when using different number of accumulators.

The CPS may find up to 4 possible discharging flowrate and time pairs. The one

with the longest discharging time and at the same time meet the flowrate magnitude

requirement would be used. The output pulse in this situation would be at or above

the required magnitude but falls short on the pulse length. The backup power will

cover the missing part. In statement 1.2.2 where the pulse length requirement is

longer than what the system can provide even at its maximum charge, the same

process as in statement 1.2.1.2 would be applied.

If the system fails the first check on magnitude, the output pulse magnitude

requirement is higher than what the accumulator can reach even at its maximum
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charge. Since the current system has no pulse overlapping ability, it will not be able

to meet the requirement in any way. The backup power is then used here to provide

the output in statement 2.

Leakage detection is a new function added to the CPS. A pressure sensor is

attached to the accumulator bladders. For each pulse required, once the accumulator

pressure reaches the required level, the measured charging time will be compared

against the charging time simulated by the HPPFN model introduced in Chapter

3. If the measured charging time differs largely from the suggested value, then

there is a possibility for leakage to occur between the pump and the accumulators.

The average discharging flowrate measured would be compared with the simulated

discharging flowrate to detect leakage between the accumulators and the load. The

leakage detection function has not been tested in simulation yet. An accurate HPPFN

model that can generate realistic simulation results is necessary to test the leakage

detection function since it compares measured data against simulated data.

In addition to the above changes, the CPS Version 2 can now manage the

input power by setting the sequence to charge the accumulators and backup power.

In the cases where the gap time before a pulse is long enough for the pump to

charge the accumulators to the desired pressure, the model diverts the input energy

to charge the accumulators first. Once the charge is done, it diverts the energy into

charging the backup batteries during the remaining gap time, as well as the HPPFN

discharging time until the accumulators are fully discharged. It then starts to charge

the accumulators for the next pulse, and the pattern repeats. The time distribution

is illustrated in the following figures using green and magenta lines.
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Test Case 1:

Test results for Case 1 will not be shown again in this and the remaining

version. It is the baseline test that every version passed with the same performance.

For the updated versions, the tests will focus on cases 2 and 3.

Figure 4.5: CPS model version 2: Output Profile, Test 2

Test Case 2:

Test results for case 2, as shown in Fig.4.5, show how version 2 improved over

version 1 (Fig.4.3). Pulse 2 is still skipped due to the fact that the gap time before
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it is too short that the resulting charged pressure falls out of the working range of

the accumulators. Pulse 3 is what statement 1.1.2 described. CPS detects the short

gap situation it faces. The available time is simply not enough to charge enough

accumulators to the required pressure. Therefore, the model reduces the number

of accumulators used in order to fit the charging time into the short gap without

sacrificing pulse magnitude. Pulse 4 also shows huge improvement over the test

results of version 1. With the ability to choose the number of accumulators used, the

HPPFN no longer needs to use all accumulators to power a short pulse. The time it

saved from charging less accumulators can be used into charging backup batteries,

which promotes better sustainability for the system. It also helps to prevent what

happened to pulse 5 in test 2 on version 1. The gap time of pulse 5 is no longer

taken up so much by the excessive discharging time of pulse 4, which allows the

pump to fully prepare the accumulators for pulse 5 output. As a result, pulse 5 is

now generated entirely by the HPPFN.

Test Case 3:

The only difference between Version 1 and Version 2 for test 3 occurs at pulse

2. Pulse 2 has a length requirement longer than what the system can achieve, which

is the same as described in statement 1.2.2. The operational strategy of Version 1 and

2 are the same, to use the gap time available to charge the accumulators for as much

as possible. However, because of the ability to choose the amount of accumulators

used, Version 2 only charges two accumulators but manages to charge them above the

required pressure. The result is a short pulse that meets the magnitude requirement.

Comparing to the result of Version 1, which was a short and lower magnitude pulse,
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Figure 4.6: CPS model version 2: Output Profile, Test 3

the result of Version 2 is of higher quality.

Version 2 of the CPS improved on the biggest problem version 1 had, which

was the inability to choose the number of accumulators used for different pulses.

As a result, the CPS performed much better in test cases 2 and 3 that delivered

more pulses powered by HPPFN instead of using backup power. In addition, leakage

detection and input energy management have been added to make the system overall

more prepared for the real life application.
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4.3.2.3 Version 3: New flow discharging timing rule

CPS Version 2 always ensures that the starting time of the accumulators

discharging flow matches the required pulse starting time. This is the key criteria

used in the Version 1 and 2 to determine whether the current pulse can be powered

by the accumulators (at least partially) or not. If the gap time before a pulse is too

short for the pump to charge any accumulators to a usable pressure, the pulse will

be solely powered by the backup source. This applies to statements 1.1.2, 1.2.1.2

and 1.2.2 in Version 2. The original design intention for this rule was to ensure that

the output pulses were delivered on time. However, such a strict rule on the pulse

delivery time restricts the time available for the pump to charge the accumulators

to exactly the length of the gap time before the pulse. It is found during testing

that for many output requirements, backup power is used due to the inability of the

HPPFN to charge up fast enough within the available gap time. Since the backup

power was used anyway, it was of interest to see if removing this rule would improve

the overall performance of the system. In statement 1.1.2, instead of reducing the

number of accumulators used or completely skip the pulse, CPS Version 3 allows the

system to miss the starting point of the pulse to further charge the accumulators

to provide output flows for the rest of the pulse. The CPS will search through the

performance table, and find the ideal accumulator charged pressure with maximum

coverage of the pulse when at the same time providing the discharging flowrate at

or above the required level.

Test Case 2:

The improvements of Version 3 on test result for case 2 can be seen for pulses
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Figure 4.7: CPS model version 3: Output Profile, Test 2

2 and 3. In the result from version 2, pulse 2 was completely skipped due to the

short gap situation. By extending the gap time, the CPS allows the pump to charge

the accumulators further. A small sacrifice at the start of the pulse results in the

majority of pulse 2 covered by the HPPFN. And since the starting time rule has been

removed, pulse 3 is still covered by the HPPFN with similar percentage comparing

to the results from version 2.

Test Case 3:

The very obvious improvement on test result for case 3 is that pulse 2 receives
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Figure 4.8: CPS model version 3: Output Profile, Test 3

much more coverage by the HPPFN comparing to Version 2 results. The small

amount of time extension at the start of the pulse allows the accumulators to be

charged more so that they can generate a much longer pulse.

To further compare the performance of CPS Version 3 and Version 2, more

tests specifically chosen to test the model’s response to short gap situations were

conducted. Results from one of those tests is shown below in Fig.4.9 and Fig.4.10.

Special test 1 has Qreq = [1.7 1.7 1.7 1.7], Treq = [48 36 48 46], Tgap = [30 5 4 7].

This test has consecutive pulses all close to each other, creating a multiple short gap
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time situation in order to test the CPS model’s response to it.

Figure 4.9: CPS model version 2: Output Profile, Special Test 1

This special test is only one of the many tests performed on CPS Version 2 and

3 designed specifically to test the performance differences on short gap conditions.

All tested cases show that Version 3 provides more coverage by HPPFN discharges

than Version 2. The coverage percentage of Version 2 for special test 1 is 60.92%

comparing to 82.9% from Version 3. It is an obvious improvement performance-wise

for Version 3 to provide decent coverage on all four pulses, comparing to Version 2

which failed to cover pulse 2 entirely, and only covered a small portion of pulse 4.
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Figure 4.10: CPS model version 3: Output Profile, Special Test 1

CPS Version 3 introduced a more flexible method to deal with short gap

conditions. It performed better in all general tests as well as in the tests designed

for short gap conditions. Attempts to prove the performance differences between

Version 2 and 3 by calculation were unsuccessful due to the lack of functions that

describes the system charging/discharging characteristics. By examining the CPS

decision making logics especially in the special tests, Version 3 provides more flexible

accumulator coverage strategies than Version 2 by searching through the whole sys-

tem performance table rather than landing harsh cut on the number of accumulators
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used or skipping the pulse completely.

It is very hard to test all possible output condition combinations. It is possible

that in CPS Version 2, skipping some pulses may accidentally provide longer gap time

to the pulses after them that were originally in short gap conditions, thus allowing

the pump enough time to fully charge the accumulators. Based on the test results,

Version 3 deals with a short gap situation better than Version 2 on single pulses or

multiple consecutive pulses with short gap conditions.

4.3.3 CPS performance summary

The coverage percentages of every versions in each test were calculated and

are compared in Table.4.1 to show the improvement on CPS performance during the

design evolution.

Table 4.1: CPS model coverage percentage summary

version 1 version 2 version 3
General Test 1 100% 100% 100%
General Test 2 45.17% 86.68% 91.69%
General Test 3 60.55% 66.34% 76.14%
Special Test NA 60.92% 82.90%

In each version update, the coverage percentage increases, meaning that more

required pulses were generated by the HPPFN and less backup power was used. As

explained in Section 4.2, the test cases were chosen to be as comprehensive as possible

to cover all possible conditions the HPPFN may face. However, there is no clear way,

using the heuristic design and test approach adopted, to ensure that all possible real-
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life conditions are included in the tests. It can be said that the CPS for this project

evolved and improved through different versions within the tested cases.

4.4 Evaluation of CPS

Generally, an open loop system needs to be designed, tuned and tested to

work consistently for specific input/output conditions. However, the inherent stan-

dalone deployment for the HPPFN in remote areas requires a more robust system

design. The CPS approach introduced in this chapter added flexibility and a few

functionalities to the originally open loop HPPFN system, making it possible to

adjust to varying environmental conditions while maintaining good performance.

The goal of implementing a CPS architecture was to enable remote monitor-

ing and control on the HPPFN. The current CPS requires load requirements to be

known, and environmental conditions for a time period to be estimated before plan-

ning the charging/discharging strategy. With the current CPS, the HPPFN is able

to quickly evaluate the system’s capability by running an online model and determin-

ing if the output requirements are achievable. It allows the system to periodically

check its capability for upcoming requirements to ensure continuous healthy opera-

tion. The decision making process ensures the best output possible by adjusting the

charging and discharging strategy. A leakage detection function alerts the user of

potential failures. And the flexible use of input power enables sustainable operation

by switching between charging backup power and the accumulators intelligently. It is

premature to say that the HPPFN with the CPS implementation introduced in this

research is ready to be deployed in real life. However, the CPS is a big step forward

70



compared to an open loop HPPFN. Most importantly, it brings communications be-

tween the remote system and users, allowing change in system behavior remotely at

any time by tuning the simulation model and adjusting decision-making rules. This

thesis has not investigated the specific hardware implementation of this CPS, but it

is assumed that the simulations can be run in real-time and look-up tables can be

used for fast decision making.

Classical and modern control theories are difficult to implement on a system

such as the HPPFN due to multiple factors. The input to the system comes from the

environment and is uncontrollable and possibly stochastic. The system is nonlinear

and the HPPFN operation is not continuous, requiring on/off control. The only vari-

ables that can be controlled are the accumulator charged pressure and the number

of accumulators needed. However, the system does not use feedback from the output

to continuously alter the controllable variables because the target charging pressure

must be already decided before HPPFN can generate any output. The CPS proposed

controls the HPPFN by using the system’s capability from a pre-computed perfor-

mance table, then using a logic-based control approach to plan the charging strategy.

The control approach of the CPS developed here depends upon the integration of

physical system simulation and computational logic algorithms.
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Chapter 5

Conclusion and Future Works

This research aimed to study the potential benefits a cyber-physical system

implementation can bring to an existing physical system. The CPS implementation

adds remote monitoring and control over a standalone, remotely deployed hydro-

pneumatic pulse forming network. The research successfully implemented a CPS

architecture to the model of a HPPFN testbed, and was able to test and verify

the performance improvements to the HPPFN using simulation studies. With the

implementation of CPS, the HPPFN was able to adjust its charging and discharg-

ing strategy according to varying input conditions and load requirements to ensure

optimal and efficient operation.

This research demonstrates one way for how CPS connects a physical system

to users by allowing them to monitor and control a system using online simulation

models. A CPS implementation can add flexibility and reliability to a system’s

performance. For example, it provided a basis for a control solution to the HPPFN

where other control theories were hard to apply.

Future studies may explore better charging /discharging strategies of the CPS

model to further increase the efficiency of the HPPFN. More functionalities may also

be added into the CPS. One of the most anticipated functions is to link together
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multiple HPPFN banks, each with a different number of accumulators, enabling

them to cover for each other when an output shortage on any bank occurs. Each

bank of HPPFN may work independently with different power input level and load

requirements. However, when the CPS model detects that one bank will not be able

to provide the full required pulse, it will record the magnitude, length and time of

the uncovered pulse, and search through all other banks to see if any are able to

cover the shortage.

Figure 5.1: CPS model version 4: Output Profile, Test 2

For example, in Fig.5.1, the red shaded area is the uncovered pulses from

HPPFN bank A. If the CPS model is able to find another bank B that has the time

and is capable to cover the pulse, the red shaded part of the pulses of bank A will
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become part of the load requirements of bank B. This new function may reduce

problems caused by short gap time situations. It may also allow multiple HPPFN

banks to work together to provide a very long pulse if necessary. In addition, each

HPPFN bank can be seen as a big accumulator, making it possible to generate much

higher output pulse magnitude.

With enough testing in simulation, the model may be applied to the experi-

mental testbed equipped with proper power input source and realistic load require-

ments to evaluate its performance with physical testing.
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