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Abstract—Organic Rankine Cycle (ORC) based small-scale
energy generation systems can be utilized to address the rapidly
increasing demand for low-cost power. But the overall efficiency
of these systems is limited by the efficiency of the gas expander
which extracts work from the working fluid. This efficiency can
be greatly improved by regulating the flow of working fluid into
the expander chamber using a control valve. In this manuscript,
a rotary valve driven by a direct drive stepper motor (DDRYV) is
proposed and the dynamics of the valve is studied. The overall
performance of the limacon expander equipped with this valve on
the inlet port is also analyzed. The thermodynamic performance
of the system such as isentropic efficiency and filling factor are
calculated. An increase in isentropic efficiency of 14.86% with a
decrease in filling factor of 16.88% is achieved compared to the
ported, without an inlet valve, expander.

Keywords— Limacon gas expander; Rotary machine; Energy con-
version; Direct Drive Rotary Valve (DDRV); Control valve; System
efficiency; Waste heat recovery
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I. INTRODUCTION

The adverse effects of climate change and global warming are mainly
associated with energy generation activities. This could be addressed
by improving the efficiency of the current energy conversion pro-
cesses. Currently, conventional power generation from coal, oil, or
natural gas has an overall efficiency in the range of 30-40% being
limited by the low efficiency of turbines, boilers, and condensers
[1]. The efficiency can be raised to 55% in the combined cycle
arrangement [1]. Even then, about 45% of the energy in the form of
heat is wasted which could have been converted to electricity using
proper means.

One way to minimize the wastage of energy is to maximize the
use of low-grade or waste heat. This can be done by introducing a
Waste Heat Recovery system (WHR) where the low-temperature heat
resources can be converted to power using an Organic Rankine Cycle
(ORC). ORC-WHR systems can operate at temperatures as low as
73.3°C which make them a great tool to improve the efficiencies of
a wide range of thermal cycles [2][3]. ORC-WHR systems are also
cost-effective compared to similar energy conversion technologies[4].
In recent times, many small-scale ORC based systems suitable for
domestic use have been developed. These ORC-based systems are
ideal for home-based power generation due to their lower, therefore,
safer operating temperatures and pressures. Quoilin et al. reported a
1-kWe off-grid solar thermal ORC system installed in rural Lesotho
and found that it is producing clean energy at a lower cost compared
to diesel generators ($0.18 less per kWh)[5]]. These small-scale ORC-
based systems can also be utilized as combined heat and power
(CHP) systems to provide power generation as well as heat using
diverse renewable energy sources i.e., solar, geothermal, and biomass
to name a few. [[6]—[8|]. Despite their huge potential, the lack of
efficient expanders in these systems restricts their use in the wider
domain.
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The overall ORC system efficiency, in general, is within the range
of 9.6% to 18.1%; this depends on various factors such as the
types of working fluid used, the efficiency of the expander, and the
evaporator and condenser temperatures [9]]. The overall performance
of an ORC system is highly sensitive to the isentropic efficiency
of the expander. Sultan et al. proposed a heat recovery and power
generation technique using a limagon expander and showed that the
employment of a cam-operated inlet control valve has the potential to
increase the overall performance of the expander by 24% [10], [[11].
However, these cam-based valves have fixed characteristics and the
independent motion of the cam and cannot be flexibly adjusted to
match the change of the load or operating conditions.

Stepper motors valve lend themselves to the flexibility in arrange-
ment and the controllability which can be programmed to open or
close at any angle of rotation of the expander rotor. Hence, in this
manuscript, a stepper-motor-operated valve is proposed in place of
a cam-operated one. The valve as well as expander performance
will be studied to realise the potential of such a valve in WHR
applications. Stepper motor is chosen for this task because of its
high precision controllability and other beneficial features such as a
low cost and high torque package. A stepper motor is similar to a
synchronous motor whose rotor is able to produce precise discrete
rotational motions from a sequence of electric pulses at its stator.
The direction and angle of the rotation and angular speed can be
controlled by varying the order of input pulses. There are mainly
three types of stepper motors, namely: variable reluctance, permanent
magnet, and hybrid; of note is that the hybrid stepper motors offer
better performance compared to the other two [[12]]. The mathematical
model of the stepper motor and valve will be detailed in section [II]
below.

II. OUTLINE OF THE PROPOSED DDRV

The proposed direct drive rotary valve (DDRV), illustrated in Fig.
[l has a rotating spool with an orifice cut out through the middle
for the fluid passage. In this DDRV the valve spool is rotated by a
stepper motor. This valve is designed such that it is in a normally
open position (NO) when the stepped motor is at its initial position or
idle. This NO operation of the valve ensures that the flow of working
fluid to the connected gas expander will not be interrupted due to
unforeseeable mechanical failure in the valve and thus the expander
remains operational. When the valve angular position § = 0, the
compressed fluid at a pressure P;, goes through the valve opening
and flows into the valve antechamber at a pressure P,. To close the
valve, an electromagnetic torque, 7. generated by the stepper motor
rotates the valve spool in the clockwise direction with an angular
velocity w and stops at an angle 6,4 thereby fully blocking the flow.
Likewise, during the valve transition from close to open positions,
the motor is rotated in the counter-clockwise direction, when 6 = 0
the valve settles down at its initial NO position.

III. MATHEMATICAL MODELLING

In this section, a detailed mathematical model of the stepper motor-
operated valve will be formulated starting with the stepper motor
model followed by a model of the associated valve dynamics.



Figure 1: A proposed direct-drive stepper motor valve (DDRV)

A. Stepper Motor Model

A stepper motor is a high-torque synchronous motor that con-
verts electric pulses into specific and incremental movements. The
sequence of electric pulse input determines the direction of the
rotor shaft’s rotation. The speed and angle of the rotation are also
controlled by these input pulses. For the purpose of this manuscript, a
two-phase hybrid-type stepper motor will be utilized. The mathemat-
ical model of a stepper motor consists of electrical and mechanical
sub-models. The voltage and current relationships in the two phases
a and b can be modelled by a simple RL circuit incorporating the rate
of change of flux linkages or otherwise called induced electromotive
force (emf) as shown in equations (Ta) and (TB) [13]:

Va - Rsia + i(Lala + wma)

7 (1a)
, d, . .
Vo = Rsip + a(Lbe + Ymb) (1b)

where V' and ¢ denote voltage V and current A, respectively; R, (£2)
is the stator resistance; and L(H ) is the inductance. The mutual flux
linkages ©mq and 1, in phase a and b are given by Iqteit et al.
[14] as Yma = Ymcos(ph) and Y., = Ymsin(ph), respectively;
where p is the number of pole pairs in the rotor given in equation ()
below and 6 is the rotor angular displacement measured in degrees.
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p (@)
where m is the number of phases and 65(°) is the step angle of
the motor. The maximum flux linkage 1, can be experimentally
calculated using equation (3) by running the motor at a constant
speed n and measuring the open circuit winding voltage E,, [14] as

1
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The self inductances L, and L; are given by Iqteit et al. [14]
as functions of average permeance, P (H), and the number of teeth
per stator pole, N, as Ly = L, = L, = 4PN?Z. Substituting the
expressions for ¥mq and ¥, in (Ta) and (IB), respectively, give

di df
Vo = Rsiq + Lsﬁ — pYmsin(pd) —

4
dt dt (4)
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For simplification of analysis and ease of control implementation,
the voltage-current equations (Ta) and (IB) in two-axis orthogonal
stationary reference a and b are transformed into d — ¢ rotating
reference axes using the well-known Park transformation as given

below [[15]:
Va| | cos(pf)  sin(p)| [Va ©)
Vol = |—sin(p) cos(pf)| | Vs
cos(pf)  sin(pd)| . .
where, [Tp} = —sin(ph)  cos(p) is the Park transformation

matrix. Similar expressions for current transformation also hold true.
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Figure 2: Equivalent circuit of a hybrid stepper motor for (a)
phase a and (b) phase b

Transforming the voltage-current relationships in stationary axis a—b
in equation and (@) into d— g synchronously rotating axis using
the above transformation gives [ according to Yang & Kuo [T6] as
follow
M - [Rs + LA —pul, } H
Vol wL s Rs + LA i
q P q ©)

e

do . .
where w = — is the angular velocity of the motor. The electromag-
netic torque produced by the motor can be deduced from its power
intake. The input electrical power, P;,, supplied to the motor can be
expressed as:

Pin = Vgiqg + tiq
. . 1. d,. . .
= Ry(i3 + zg) + §LSE(Z3 + zi) + phmwiqg
:Pcu+Pind+Pmech (7)

where P, is the copper loss due to current flow in the motor
conductor, P;,q is the power component corresponding to magnetic
stored energy in the coils, and Pp,ecn is the mechanical power.
Consequently, the electromagnetic torque is given by [§]

Pmech (8)

Te = = p¥miq
w

B. Valve Dynamics

The dynamics of the valve can be modelled by the following equation
of motion:

Te:J%‘Z+Bw+rf+n ©)
where J is the total inertia (kg.m?) of motor and associated valve
spool, B is viscous friction coefficient (Nm.s), 77 is steady state
flow torque (Nm), and 7; is the loading torque (Nm). The flow
torque 7y is due to the flow of fluid through the valve port. When
fluid passes through the valve port, it introduces a flow force on the
rotating valve spool. The axial component of this force produces a
torque on the spool which obstructs the movement of the spool. The
expression of flow torque is given by Okhotnikov et al. [[17] as below

75 = 2C4Cy (Pin — P,)A(f)rsina (10)
where Cy is the discharge coefficient, C, is the discharge velocity

coefficient, A(6) is the dynamic area of the orifice, r is the radius
of the rotating spool from the centre of rotation and « is the angle



between radial flow direction and radius of the rotating spool denoted
as the jet angle. Fig. 3 shows the variation of passage area, A(f),
which can be expressed as a function of 6 as shown below

A(e) = DvalveDom'fice(emaz - 0) (11)
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Figure 3: Dynamic passage area

Substituting [IT]into[I0] gives the expression of flow torque as follows:
Tf = QTCdC'uDvalveDo'rificeAe(Pin - (12)
where A = (0o — 0).
The flow rate through the orifice is given by Watton [18] is shown
below

P,)sina

0

1
= CuA(0)]| = (P — — P, 13
@ =CadO) (P~ 7 P) (13)

IV. SIMULATION OF DIRECT DRIVE ROTARY VALVE
(DDRYV)

The simulation of the proposed DDRYV is carried out in two steps
beginning with the simulation of the dynamic response characteristics
followed by the simulation of its application in a gas expander. As the
proposed valve is primarily designed to be used in a gas expander
system, the simulation is done with respect to the expander rotor
angle rather than time. For this purpose, a limacon-to-circular (L2C)
expander as shown in Fig. ] and proposed by Sultan is selected for
the study [19].

The valve is designed in such a way that it can allow and block
the flow of working fluid to the expander chamber at precise angular
positions of the machine rotor. Fig. [5] depicts the operation of
the proposed DDRV with reference to the expander rotor angular
positions. The two important angular positions are termed cutoff
angle and pass angle, as shown in Fig. 5] The cutoff angle is the
angular position of the expander rotor at which the valve will operate
to cutoff flow into the expander. Contrarily, the pass angle is the
angular position of the rotor at which the valve will operate to resume
flow into the expander. The angular position of the rotor can be
measured directly using an appropriate sensor or can be estimated

Figure 4: L2C expander [|19|]
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Figure 5: Ideal valve operation with reference to rotor angular
position

from the measurement of speed of the rotor and fed to the motor
controller. The controller will then be able to regulate the input phase
voltages to the stepper motor according to the two objective angles
as shown in Fig. 5] so that the rotary valve guided by the motor
would be able to change its direction of rotation accordingly. Proper
valve operation will ensure a controlled amount of compressed fluid
is induced into the expander and in turn, increases system efficiency.

A. Dynamic response of DDRV

Equations (3), (6), (8) and (9) are solved iteratively with the param-
eters given in Table [] using Matlab. The DDRV valve is actuated
by applying a voltage input that produces currents in the windings
as shown in Fig. [6a] and [6b] The components of current in direct
and quadrature (dq) axes is shown in Fig. [/] The g-axis component
iq contributes solely to the production of torque 7. as seen in
this figure. The resulting response curves of angular displacement,
angular velocity, generated torque, valve opening and closing phases
and flow rate through the valve port are calculated as shown in Fig.
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Figure 6: Input phase (a) voltage and (b) current



Table I: Data for the proposed valve

Number of phases 2

Phase voltages (V, and V3) 20V

Step angle 10°

Winding self inductance (L) 1mH

Winding resistance (Rs) 1.2Q
Maximum flux linkage (¢y,) 0.04Vs
Viscous friction coefficient (3) 1x 1073 Nms

Total moment of inertia (J)

5.47 x 106 kgm?

Supply pressure (P;y,) 1000 kPa
Supply temperature (7;,,) 120° C
Valve ante-chamber pressure (Pg) 600 kPa
Expander speed 800 rpm
Diameter of orifice (Dyr; fice) 25 mm
Diameter of valve shaft (D, q1ve) 15 mm
Discharge velocity coefficient (C,)  0.98
Discharge coefficient (Cy) 0.65
Jet angle (o) 69°
Cutoff angle (Ocutoff) 90°
Pass angle (0pass) 180°
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Figure 8: Torque produced by stepper motor

From Fig.[Da] it can be seen that a voltage input does not produce
an instant response in the valve spool and lags the ideal response
curve in the form of some delay. Fig. 0B shows a closing operation

Rotation
30 + i} - - iy
! r—
K 1
251 : 1
® — Actual response
- - Ideal response
20+
53
Tist
on
2
10
5
Of === tee- T
0 50 100 150 200 250 300 350
Expander Angle,deg
(@
100%
30  —
28
26 —
P
j%i 22
20 -
18
16 —
14
1 L
80 100 120 140 160
Expander Angle,deg
(b)
Figure 9: (a) Angular displacement of valve spool and (b) Delay in
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Angular Veloci
200 r g v
100 r
w
3
8
<
s 0
()
=
o
-100 ¢
-200 : : : :
0 100 200 300 400
Expander Angle.deg

Figure 10: Angular velocity of valve spool

with delays in terms of expander angle. The valve spool keeps
rotating for the total duration of the voltage input i.e., Opqss. The
valve response delay is relatively small at 11.47° for 50% closed
position followed by a higher degree of delay as it gets closer to
a fully closed position and roughly equals the closing duty cycle,
(Opass — Ocutorf). The delay can be adjusted by adjusting any or all
of the parameters like the duty cycle, step angle and orifice diameter.
The valve area and flow rate change in conformity to the angular
displacement of the valve spool.

B. DDRV as an inlet control valve

The proposed DDRV is tested on an L2C expander as an inlet
control valve. The mathematical model as proposed by Sultan [19]
for the L2C expander is utilized for the purpose of this study.
The expander is simulated for a full cycle of operation and the
thermodynamic performance indicators such as energy, filling factor,
isentropic efficiency, massflow and indicated power are calculated.
Thermodynamic properties of the expander without any control
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valve are also calculated and compared with the properties of the
expander with the proposed valve in the inlet orifice. The pressure-
volume (PV) diagram for the entire expansion cycle of the expander
with and without an inlet valve is shown in Fig. [[3] The gas is
allowed to expand up to the chamber volume, 2.05 x 10~%m? as
shown in Fig. [[3] The thermodynamic performance of the expander
with and without an inlet valve is shown in Fig. @ The energy
produced (83.91 Nm/rad) and indicated power (1.12kW) output
are higher without the valve compared to with a valve as the flow
of compressed gas is not restricted. As such the massflow rate
(0.19kg/min) is higher in this case. This in turns accounts for
low isentropic efficiency (54.97%) and higher filling factor(0.77).
On the contrary, expander with the DDRV has better performance
in terms of isentropic efficiency (63.14%) and filling factor (0.64).
The slight reduction in energy production and power output, in this
case, is compensated by the isentropic efficiency and filling factor
improvement.
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Figure 14: Expander outputs (a) energy and isentropic efficiency;
(b) massflow, indicated power and filling factor

V. RESULTS AND DISCUSSIONS

Simulation of DDRV as an inlet control valve of a gas expander
provides key insights into the dynamic performance of the valve
and ways to improve performance in control and operation. As seen
in the previous section, the gas expander used in this study has
a rotational speed of 800 rpm and the proposed valve should be
able to open and close two times in each cycle of operation. This
poses a tremendous challenge in satisfactory control and operation of
DDRV. As seen from Fig. [6a] [6b] and [Da] the valve is subjected to a
delay between the instances input voltage is applied to the resulting
buildup of current and mechanical displacement of motor rotor. This
delay needs to be taken into account while designing a control
system in future. Still, the proposed valve has a really high speed of
response as seen in Fig. [I0] and the torque produced as seen in Fig.
|§| is also sufficient to actuate the valve against high pressure fluid
flow. The proposed valve improves the overall performance of the
L2C expander. An isentropic efficiency value of 63.14% is achieved
which is an increase of 14.86% compared to an expander without a
valve. Similarly, a filling factor value of just over 0.64 is achieved.
Although, this has decreased about 16.88% compared to the ported
operation of the expander, it is reasonable in terms of efficiency
consideration. An indicated power of 1.07kW and massflow rate
of 0.16 kg/min is also achieved using DDRV. Optimisation of the
proposed DDRV parameters along with expander characteristics can



improve efficiency and filling factor further. This should yield better
dynamic performance in future.

VI. CONCLUSION

Improving the efficiency of small-scale power-generating units such
as the one discussed here can go a long way to mitigate the energy
crisis and curve greenhouse gas emissions. The proposed valve has
the potential to be a useful tool to improve the process efficiency of
such systems. As shown above, just the introduction of the proposed
DDRYV can improve the isentropic efficiency of gas expansion process
by at least 14.86% . This will subsequently improve the overall
efficiency of such power generating units. Besides, the mathematical
models and simulated responses provide necessary measures for
future optimization and insights into the implementation of L2C
expander based systems.
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