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Abstract- In comparison to hydraulic and electrical actuators, the significant drawback of pneumatic actuators is low energy
conversion ability which is due to the open-circuit structure in nature. This paper represents a hybrid pneumatic-electrical system
for the purpose of recycling exhaust compressed air energy from existing pneumatic actuator outlets to generate electricity. A proper
control strategy is developed to manage the actuator system operation and to ensure the energy recovery work well. The pneumatic-
electrical system mathematical model and the simulation results are presented. The laboratory experimental tests are described. The
system energy efficiency is also analyzed. The simulated and experimental studies demonstrate that the whole system operated by the
designed controller can successfully recover exhaust compressed air energy under appropriate working conditions.
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I. INTRODUCTION

Compressed air, as a relatively clean and low-cost energy source, has been widely used in many application areas,
especially in industry to generate driving forces for motions. From the statistics of the U.S. Department of Energy’s Office of
Energy Efficiency and Renewable Energy, in U.S., air compressors typically consume around 20% of electricity in
manufacturing factories [1]. In China, pneumatic systems consume 10%-20% of the all electricity for factory operations, even
reaching 35% in some factories [2, 3]. In Japan, compressed air systems expend 10% ~ 20% of the total electricity usage in
industrial plants, which can reach 40 billion kilowatt hours per year [4].

Pneumatic actuators use compressed air as the driving power to generate linear or angular motions. Resulting from
pneumatic actuators’ natural characteristics, for instance, relatively simple mechanical structure, stability in harsh operating
conditions and low cost for manufacturing and maintenance, they are widely adopted in manufacturing, transportation and also
people’s daily life [5]. Nevertheless, it is reported that, in most cases, the energy efficiencies of pneumatic systems have
around 23%-30% and sometimes even below 20%, which are considerably lower than that of hydraulic and electrical
counterparts [4, 6, 7]. The main reason for such low efficiency is the open-circuit structure of actuating systems [8, 9]. The
exhaust from pneumatic actuator outlets containing available compressed air energy directly discharges to the atmosphere.

For efficiency improvement, one idea can be thought of is to modify the air flow circuit at the discharging port for exhaust
air energy recovery. This will require a mechanism connecting to the down-stream with relatively high energy efficiency. The
scroll-type air motor technology attracts the authors’ attention for this proposal mainly because of its own high energy
conversion ability [9, 10], which inherited from the corresponding machinery, the scroll compressor [11]. Meanwhile, as the
modification of the down-stream air circuit will affect the up-stream actuator’s working conditions, an appropriate control
strategy is indispensable to the whole system.
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Fig. 1 Block diagram of the proposed pneumatic-electrical system

The proposed system structure is schematically shown in Fig. 1. The whole system can be considered to have several parts,
as explained below:

1) Existing pneumatic actuator system: it serves as a simulation for actual industrial situations to produce the exhaust
from pneumatic actuator(s), which is also named up-stream subsystem. This part consists of the air supply, the existing
pneumatic actuator(s) and the main load(s).

2) Exhaust air energy recovery system: in this part, the exhaust air energy recycled by the scroll-type air motor converts
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to the electrical energy via the generator operation. The part is named down-stream subsystem in the paper as well. It includes
an air tank, a scroll air motor, and an AC generator with its electric load. Employing an intermediate air tank is for weakening
the negative effect from the down-stream to the up-stream and also for the control strategy implement.

3) Controller: a proper controller is developed for supporting the whole system operation. The controller manages the air
flow and the air pressure at the up-stream and the down-stream.

Il. DESCRIPTION OF MATHEMATICAL MODEL OF THE PNEUMATIC-ELECTRICAL SYSTEM

A. Mathematical Model of a Vane-type Air Motor

A vane-type air motor system is employed to mimic the existing pneumatic actuator system (up-stream subsystem) in this
paper. In practice, the up-stream subsystem can be composed of one or more pneumatic actuators, which can be operating at
the same time.

Fig. 2 shows the sketch of a vane-type air motor with four vanes. There is a rotational drive shaft with four slots, each of
which is fitted with a sliding vane. And there are two ports connecting to the air motor chambers, which can be alternatively
used as the inlet and the outlet. The air motor can be operated by employing two three-port valves or single five-port valve. Its
working principle is: when the rotor is rotating, the vanes slide outward due to the centrifugal force and divide the air motor
control volume into two chambers — driving and driven chambers; the driving force obtained from the compressed air pressure
drives the rotor rotation with either clockwise or anticlockwise.

Input port 1 Input port 2

Fig. 2 Construction of a vane-type air motor with four vanes

A simplified structure of the vane-type air motor with eight vanes is shown in Fig. 3. From the authors’ study, the dynamic
responses are smoother when the number of vanes increases [12]. The control volumes of the vane-type air motor are described
by (assuming Vane Chamber A and VVane Chamber B are the driving and the driven chambers respectively, see Fig. 3):
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where V is the volume in the air motor chambers, the subscripts v_a,v_b stand for Vane Chamber A and Chamber B
respectively, e, refers to the air motor eccentricity, r,stands for the actuator rotor radius, B, represents the radius of actuator
body, L, stands for the vane active length, roundoff represents integer part of [(7 —2c«,)/(27/N,)], N, is the number of

vanes, i is an arbitrary integer. The mathematical model for the vane-type air motor with arbitrary N vanes can be derived (for
details, please refer to [12]):
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where «, stands for the vane air motor speed, ¢, represents the vane air motor rotor position, P, ,, R, , stand for the vane

air motor chamber pressures, u; and u, are the spool valve opening displacements, D stands for the control valve port width,
J, stands for the vane air motor inertia, K¢, and K, represent the vane air motor dynamic and static frictional coefficients

respectively, P, P, stand for supply and exhaust pressures, C4 and C, are the discharge coefficient and the flow constant, | is
an arbitrary integer, y is the specific heat ratio of air, R stands for universal gas constant. The values of constants appear in the

model (y, Cy, C4, R)and the functions of f(-) and S(-) are givenin [12].

g Chamber B
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Fig. 3 Structure of a vane-type air motor with eight vanes

B. Mathematical Model of a Scroll-type Air Motor

A scroll-type air motor, also named a scroll expander, is a relatively new technology to pneumatic actuators. According to
its high energy efficiency characteristics, it has been chosen as the core of the exhaust air energy recovery system. Its working
principle can be considered as a refrigeration scroll compressor working backwards. A scroll air motor in motion is illustrated
in Fig. 4. There are two scrolls: the black stands for the moving scroll and the grey represents the fixed scroll. The moving
scroll shifts along with the circular orbit in anticlockwise. These two scrolls keep touching at some points during the air motor
operation, and the even number of sealed crescent chambers is generated. This smart structure leads to the scroll many
strengths as well as higher ability of energy conversion than traditional pneumatic actuators, such as cylinders, vane-type air
motors, etc. [10, 11, 13].

A scroll-type air motor working process includes three phases: charging phase, expansion phase and discharging phase,
which correspond to the central chamber, the side chamber and the exhaust chamber [13]. During the air motor operation, the
compressed air energy in chambers pushes and drives the moving scroll shift to rotate the crank, and the air energy converts to
the mechanical kinetic energy of the air motor shaft (see Fig. 4).

-mnwng scroll
[ fixed scrol

- —— —orhit

Fig. 4 Schematic diagram of a scroll-type air motor

To obtain a mathematical model of a scroll air motor, the geometry features have been firstly studied. The scroll geometric
model can be derived from the fundamental curve of a spiral. From the study, the equations for the moving scroll can be
described by,
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where p, stands for the initial curvature radius for the scroll curve, x, represents the slope of the curvature radius, r, refers
to the orbit radius of the moving scroll, o, stands for the scroll orbit angle, ¢, is the tangential angle corresponding to the
moving scroll.

The fixed scroll is formed by the curve which envelops the family of the moving scroll curves while the moving scroll
wobbles inside the air motor and moves along with its orbit [9]. Thus the equations for the fixed scroll can be obtained,

Xs (8, + j7m) =%, + (P +1,(d + j))sin(g, + jz)+ K, cos(, + jr)— i+ sin(g, + jr) ®)
Ve (8 + i7)=Yo — (0o + 5, (¢ + j7))cos(, + j)+ K, sin(g, + jz)+ po — 1, cOS(g, + j7) ©)

where ¢, is the tangential angle corresponding to the fixed scroll, j is an arbitrary integer. The moving scroll contacts the
fixed scroll at the points, ¢, =¢, + jr .

Applying Green’s Theorem, the equations for describing the volume variations of the scroll central chamber is derived [9],
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where V, . stands for the scroll central chamber volume, z is the depth of the moving and fixed scrolls.
The control volume of the i (i=1, 2, 3...) pair of side chambers is:
V, ((ag.i)=z2ar,” +2a1,(py + k(s + 7 +2(i-1)z))]  (11)
where V¢ refers to the scroll side chamber volume.
The control volume of the scroll exhaust chamber can be described by,
Vi elog)=Vao =Vs o(as) =D Vs (o) (12)
where V , refers to the scroll exhaust chamber volume, Vg, represents the total control volume of the scroll air motor.

Applying the thermodynamic theory and considering the air leakage effect, a complete thermodynamic model for the
scroll-type air motor can be described (for details, refer to [9, 13]).

For the scroll air motor central chamber,
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For the scroll air motor exhaust chamber,
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. m .. m .
Psfe = L ( . RTsfe + RTsfe = Psievsie) (18)
Vs_e M air M air
For the rotor acceleration of the scroll air motor,
b= i[—Kfsa)s +21,P(2p, + 2K, + (40, + 1)k 7)] (19)

J

n=0,1,2,.. vs

where the subscripts in,out refer to air input and out respectively; the subscripts s_c, s_s, s_e represent the central, side
and exhaust chambers respectively; P refers to the air pressure; T represents temperature; V stands for volume; mis mass

flow rate; M, refers to the molar mass of air;[X;,] is the molar volumetric concentration of air; h is the enthalpy of air; h
is the specific enthalpy of air on a molar basis; C, 5 (T) is the air specific heat per mole at the temperature T ; o represents

the scroll rotor angular speed; J; stands for the scroll air motor inertia, K refers to the kinematic friction coefficient,
Mieakc_s Stands for the air leakage mass flow rate from the central chamber to the side chamber, My, . stands for the air
leakage mass flow rate from the side chambers to the exhaust chamber.

In the designed system, a permanent magnet synchronous generator (PMSG) has been employed as the load of the scroll air
motor for the simulation study and the experimental test system because of its own simple structure [14]. The employed
mathematical model of PMSG was reported in [15-17, 25].

Integrating all above equations, the whole system model can be derived. Due to the limitation of pages, it is impossible to
give the details for the mathematical model of each subsystem. They can be found in the reference list [9, 12, 13, 17].

I11. CONTROL STRATEGY DEVELOPMENT

Based on the subsystem models presented in Section 1, the pneumatic-electrical system model (refer to Fig. 1) is built in
Matlab/Simulink environment for simulation study. The simulation study of the non-controlled pneumatic-electrical system
had been implemented. The simulation was organized as follows: the exhaust energy recovery system was activated after the
up-stream vane air motor system had been in motion at the steady state. From the simulation results, it is found that the exhaust
pressure from the up-stream subsystem raises and the vane-type air motor rotor speed drops, which means the working
condition of the up-stream subsystem is varied. Thus, it is essential to develop an appropriate control strategy to the overall
pneumatic-electrical system.

According to the above study, a closed-loop control must be introduced to the designed system. It needs to manage the
overall system to maintain the up-stream operation status and to ensure the down-stream scroll recycling work simultaneously.
A combination of a PID and an On/Off control is employed to the system as shown in Fig. 5. Two controllers are used: one
On/Off controller associated with an on/off valve is to keep the pressure inside the air tank at a certain level for reducing the
down-stream negative effect; one PID controller imposed onto a proportional valve is to regulate the whole system air flow and
to keep the speeds of the up-stream actuator’ motion.

Exhaust air energy recovery system

Ai I L I
Ir supply Existing pneumatic Intermediate |—— M
— V| actuator system air tank —
Control Pressure Control
signal signal
On/Off ——> System connection

PID Controller

Controller —» Measurement&
Control signal

Fig. 5 Schematic of the control system

Fig. 6 shows the simulation results of dynamic responses of the controlled overall pneumatic-electrical system for recycling
the up-stream vane air motor exhaust energy, which include the vane air motor rotor angular speed, the air motor rotor angular
position and the pressure inside the air tank variation histories. The simulation was conducted by activating the down-stream
energy recovery system at 1.5 seconds of the simulation time. The vane-type air motor rotation angles and the rotating speeds
in two situations were presented respectively, i.e., with and without engaging the recycling mechanism. From Fig. 6, it is

shown that the pressures of the intermediate air tank are limited to have the range of P, =2.6x10°Pa, i.e., when the tank

pressure is higher than 2.6x10°Pa, the on/off valve for the tank is fully open to release the air; and P, =2.3x10°Pa, the

valve is completely closed while the tank pressure is lower than 2.3x10°Pa . From the simulation study, with the controllers
for the two valves in action, the up-stream movement can be approximately maintained and the energy recycling system also
works well. The whole system energy recovery ability will be analysed in the last section of the paper.
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Fig. 6 Dynamic response of the overall pneumatic-electrical system with the designed controller operation

IV.EXPERIMENTAL TESTS

A. Experimental Tests for Model Validation

The scroll-type air motor model had been validated in the authors’ previous work (for details, refer to [13]). Thus, the
experimental test rig for the vane-type air motor model validation is set up accordingly. It consists of a vane-type air motor
with eight vanes, a DC generator and its electrical resistance load (refer to Table 1). Compared to the test rig for the scroll air
motor model validation described in [13], the vane-type air motor instead of the scroll-type air motor drives the DC generator
with its resistance load for the validation work. The mathematical model equations for the DC generator and the load are given
in [13].

Fig. 7 illustrates the comparison of experimental and simulation results for the vane-type motor rotor speed and the
generator current respectively. It can be seen that the simulated results agree with the measured results well. Thus the
mathematical model for the vane-type air motor can represent the dynamic features of vane-type air motors.
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Fig. 7 Comparison of simulated and experimental results for vane-type air motor model validation
B. Experimental Tests for the Pneumatic-electrical System

The pneumatic-electrical system test rig had been set up at the authors’ research laboratory in the University of
Birmingham. It is used for implementing the process from an up-stream vane-type air motor system to the exhaust air recycling
mechanism, which is shown in Fig. 8. A dSPACE controller card (Model: RTI1104) is chosen for the data acquisition from
sensors and the pneumatic valves’ control. The system components for machines are listed in Table 1.

TABLE 1 MACHINES FOR THE PNEUMATIC-ELECTRICAL EXPERIMENTAL TEST SYSTEM

Components Serial number Manufacturer
Vane-type air motor 8AM-FRV Gast

DC generator M4-2005N-0000Y -111 Callan Technology
Intermediate air tank Made by Profile 8 80 x 80 Item

Scroll-type air motor Modified from TRSA05 Sanden

PMSG Generator

3BRS 71-M4-3000

Motor Technology

1-Vane type air motor 2-Scroll type air motor 3-AC generator
4-Intermediate air tank  5-dSPACE Controller connection interface
6-Lamp panel 7-Data acquisition/Controller monitoring interface

Fig. 8 The pneumatic-electrical experimental test system

The majority parameters of the generators are available in the associated handbooks [18, 19]. The unknown parameters can
be identified using intelligent optimization algorithms with the experimental data [20]. One proportional pneumatic valve is
used to control the air input to the whole system. One On/Off pneumatic valve is used to control the intermediate air tank
pressure.

To analyze the down-stream negative effect and the non-controlled system, the term of the vane-type air motor speed rate
(4 ) is defined in the experimental test studies for observing the vane-type air motor movement variation and the side-effect
imposed onto the up-stream actuator operation:

— ¢v (Pdown = Pen)
[y (Pdown = atm)

where @ (Pyoun = Pam) Stands for the vane-type air motor speed when its down-stream pressure is at the atmosphere pressure

2y (20)

and ¢ (Pyoun = Pon) refers to the speed while the down-stream pressure is at the level of P,, . These two speeds are obtained at
the same compressed air supply conditions. And the pressure (P,,) has been controlled by the air tank connected to the vane-
type air motor outlet. Thus, the higher speed rate ( 4, ) means the less side-effect imposed.

Fig. 9 shows the vane-type air motor speed rate variation at different air supply pressures with a fixed down-stream
pressure (P,,)at 2.5x10°Pa and the variations of the proportional flow control valve port opening. It can be seen that, from the
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experiments, at the low supply pressure, the larger valve opening will lead to the bigger speed rate changes. Also it can be seen

that, in some situations, the speed rate can be higher than 80% when the supply pressure is higher than 6.0x10° Pa. It may
indicate that the side-effect caused by connecting the down-stream recovering system can be reduced by working at relatively
high supply air pressures under appropriate working conditions. Also from our study, the selection of the intermediate air tank
dimension is an important factor to reduce this effect.

Vane type of air motor speed rate variation comparison

90%

80% T

70% T

60% T

Speed rate

50% T -
—&— 12.5% valve opening

—=— 25% valve opening
—%— 50% valve opening
—e— 75% valve opening
30% t t t t f f

1 2 3 4 5 6 7 8

40% T

Air pressure from the air supply (x1 05Pa)
Fig. 9 Experimental results of the vane-type air motor speed rate variation

Fig. 10 shows the experimental results of the controlled pneumatic-electrical system, which include the control signal of the
On/Off valve, the vane-type air motor rotor speed and the PMSG line voltage. The system sampling time sets at 0.01 s. The
pressure from the cylinder as the air supply is set to be 5.6x10°Pa (see Fig. 1). The 3-phase electric load for the PMSG uses a
lamp panel (see Fig. 9). The recycling system is activated at the 13" second when the up-stream vane-type air motor starts its
operation. The pressure of the air tank is limited within the range of P, =2.6x10°Pa and P, =2.3x10°Pa. From the
experimental tests, it is found that scroll-type air motor intake pressure has a slight oscillation due to the On/Off valve
operation. Also from Fig. 10, it is noticed that the speed of the up-stream actuator is less smooth than the speed while no
recovering mechanism is involved. This can be improved by applying a strengthened speed controller which is considered as
one of the tasks in the next stage of the research work. Through repeated experimental tests, the overall test system can work
well in a certain range depending on the reasonable settings of the pressure limits of intermediate air tank.
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Fig. 10 Experimental results of the overall pneumatic-electrical system with designed controller operation
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C. Experimental Tests for Exhaust Energy Recovery Analysis

After studying the dynamic responses of the proposed pneumatic-electrical system, we need to further analyze the system
energy efficiency to prove that the designed system can recover the exhaust air energy.

For analysing the system energy efficiency, it is necessary to study the compressed air energy/power firstly. The
composition of air power consists of the transmission air power and the expansion air power [4]. The scroll-type air motor can
employ these two air powers inside its air motor chambers [10, 13]. This is one of the key reasons why the scroll air motor
owns the high energy conversion ability.

From the above study, it is essential to find out how much air energy/power enters to the pneumatic-electric system, which
is defined as the system input energy/power. One method for calculating the air power at a given state referred to the air power
at STP (0°C at 1 atm) can be expressed by a function of the corresponding air pressure and temperature [3, 22, 24],

. P
W, =mRT, In——+ MRT

T T
atmy( _1_|n

P ) 1)

atm atm atm

where V\'/air stands for the air power, the subscript atm represents the atmosphere, y stands for the air specific heat ratio, R is

the gas constant of air, m refers to the mass flow rate, T and P stand for the temperature and the pressure at the given state
respectively. From the previous research, it has been found that, the change of air power is below 15% when air temperature
shifts 100K from the atmospheric temperature [21, 22]. Thus, if do not consider temperature variations, T =T, , then Eq. (21)

can be simplified [4, 22],

atm !

W,;, = MRT,, In (22)
atm
When the existing pneumatic actuator system is in motion only, the system energy efficiency can be calculated by:
Wactuator
_ power
Nexisting = W (23)
input
where V\'/actuam,_povver refers to the existing pneumatic actuator useful output power, i.e., the main load power; V\'Iinpul stands for

the input air power to the whole system, which can be calculated by Eqg. (21) and Eq. (22) at the compressed air supply states.

When the overall pneumatic-electrical system is in motion, the definition of the overall system energy efficiency used in
the paper is:
_ Wactuator_ power +Wrecycle_ power (24)

Moverall = W

input

where V\'Irecyc,e_power is the exhaust air energy recovery power obtained by the scroll air motor and the PMSG’s operation,

which refers to the 3-phase electrical load power to the built test rig. To the experimental tests, if the up-stream vane-type air
motor average speeds are kept above 90% of its desired speeds, the vane-type air motor movement is considered to be
maintained in the system energy efficiency analysis. Thus, the relative difference ratio (1) to represent the designed

pneumatic-electrical system energy recovery ability can be defined as,

), = Moverat ~ Mesising 4150, (25)

nexisting

To the assembled test rig (see Fig. 8), the experimental tests to the calculation of the exhaust air energy recovery ability had
been conducted. The pressure limitations of the intermediate air tank are set atP,,, =2.5x10°Pa, P, =2.3x10°Pa. The

experimental results of the energy efficiency for the vane air motor system with and without engaging the exhaust recycling
mechanism at different supply pressures have been compared.

In the tests, it is noticed that the overall pneumatic-electrical system can work properly in a certain range of pressures from
the air supply (see Fig. 1), from 3.5x10°Pato 6.4x10°Pa. The working starting point (3.5x10°Pa) is the operation point for
engaging the recycling scroll-type air motor and the down-stream energy recovery system can run reliably from this point. And
the working ending point (6.4x10°Pa.) is the operation point for isolating the exhaust air recycling system. It may be difficult
to effectively control the whole system and recover the energy while the pressure is higher than the working ending point.
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According the experimental tests, the energy recovery ratio has been initially calculated. It is found that, with the same
supply pressures, compared to the energy efficiency of the up-stream vane-type air motor, the exhaust energy recovery ratio
can be obtained from 7.2% to 15.3% in the range of the supply air pressures from 3.5x10°Pato 6.4x10°Pa. Thus, the
designed pneumatic-electrical system can recycle the exhaust air energy indeed. Further improvement of the ability of exhaust
air energy recovery can be achieved by applying an advanced controller to the whole system; reducing the system air leakage
and restructuring the system structure with optimal connections and design, which are considered as the next steps for the
research work.

V. CONCLUSIONS

The paper represents the work on the development of a novel pneumatic-electrical system for exhaust compressed air
energy recycling from the traditional pneumatic actuator systems. An integrated process mathematical model for the whole
pneumatic-electrical system is derived. A proper control strategy for the system is developed. The simulation study provided
fundamental understanding to the system. A laboratory experimental test system is built and then tested with the designed
controller. The side-effect from the down-stream connection has been analysed. From the study, it can be concluded that the
overall system energy efficiency can be improved and the exhaust air energy from pneumatic actuators can be recovered. The
further research work for improving the pneumatic-electrical system ability of exhaust air energy recovery mentioned in
Section 1V is on-going.
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