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Abstract

As concentrated dish (CSP) using Stirling engines (SEs)
become more dominant as a renewable and usage power
source. Importance of model and simulating these systems is
growing to study its performance under different operating
states. In this study, for contributing (CSP) energy harvesting
studies, we implemented a Stirling engine simulation block
connected with an electrical generator which controlled by a
PID controller under MATLAB/SIMULINK. It models and
study the thermomechanical performance of SE and electric
generator. The model’s domain extends from the solar energy
(constant temperature in our model) to thermal, mechanical,
and output electrical energy, helping to study system relations
through subsystems. It is a non-linear model, that utilized to
study transient and dynamic phenomena, and a complete
system operation process can be simulated, from start-up to
full power state. The detailed model and simulation results are
discussed in this paper. It can be said that there are no helpful
components for SE modeling studies, and the present
literature studies are developed for special systems not for
general purposes.
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Introduction:

Our model study (Stirling engine) generates output energy
according to PDS dimensions and focused solar energy on the
SE hot end. The main characteristics of the Stirling engine are:
the electrical energy generated capacity, the weight of the SE,
its type, and the price. For the PDS systems constructions, two
parameters are important, the SE output power, and the
dimensions of the SE, because these two parameters will
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affect in design of the PDS system directly, Figure 1. shows
the Concentrated Solar Dish with Stirling engine.

The working gas in SEs (e.g. helium, hydrogen, nitrogen or
air) works on a closed regenerative thermodynamic cycle,
with compression and expansion cycle at different
temperature levels.[1]

High temperatures realized by CSP systems make SE a major
option of converting solar power to electric, because of its
high effectiveness and no emission working process. The SE
system has confirmed success working, realizing the world's
record of solar-to grid power conversion effectiveness. In
addition, one point should be noted that current studies on the
(CSP) system model are limited and dispersed.[2]

Receiver

Fig. 1. Concentrated Solar Dish system with Stirling engine [3]
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Fig. 2. The studied model block diagram [4]

In this research, concentrated solar Stirling engine is modeled
and studied. The solar power is transformed into electric
power using the suggested model in two terms: thermal to
mechanical stage, and mechanical to electric. The system
constructed of three main devices: Stirling engine, electrical
generator, and 3-phase controlled rectifier as shown in Figure
2. The concentrated solar energy represented as fixed
temperature acting in the model, and Matlab/Simulink are
used to model the mechanical and electrical parts of the
system [5].

Modeling study:

2.1. Thermomechanical system:

Stirling engine is the major device used to generate a
mechanical power (Figure 3.) by the affecting heat.
Temperature acting in the hot edge of the SE that is
represented the concentrated solar heat, is assumed as a
constant temperature (Tn). The model process of the Stirling
engine is represented by a set of equations that discussed later.
The wasted heat from the cylinder is (Sp), as well as, the low
temperature represented as a fixed temperature, (T¢), while it's
wasted heat is represented as (Sc).
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Fig. 3. Schematic diagram of Stirling engine

To represent the cylinder leakage, first port follows the lack

of mass out of the cylinder is represented as a fixed pressure

source. The second port represents waste variations. The

variations are occurred by flow of mass, wasted heat flow, and

wasted flux to low temperature side. The last one is related

with change of volume. Cylinder pressure affects into the

power piston that is represented as a fixed converter. The

piston affects into the main shaft linkage, represented as a

modulated transformer. Main shaft is represented as inertia,

whilst the losses of friction are represented as a resistance with

damping coefficient (b). The main suggestions for modeling

are [6]:

e Collected friction element (b) to control speed of the
engine.

e No wasted power out of the heat piston.

e Low mass pistons.

e Acting temperature is fixed and uniform.

e All engine leakage is out of power cylinder.

e Heat piston has a sinusoidal 90° movement ahead of power
piston.

Modeling of SE is performed using MATLAB & Simulink
with using a set of differential equations: [6]
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x = R,(1+ sinb) 1)
Ap = Ag. (1 + cosB) 2
A, = Asc(1 4+ cosB) + B,.x 3)
S'v — Ah#(;h_Te) (4)
Acp(Te—T¢)

.= ”T—e (5)

Ne ch (pe - pa) (6)
se .
Sa =3 Na (7)
S, =Sp,—S.+ S, (8)
Ve = Vet+Apy )
_ Ve
Ve = mn (10)
R _
_e v SG_SO
T, =T, (:—O)C exp =~ (1)
5\~ (E*1)  s,s

P, =P, (;—:) Cv exp —ec,, ° (12)
Fe = (Pe - Pa)Ap (13)
Tmech = FoR.Cc0s0 (14)
Trmech — Tetec = b6 + 10 (15)
Where:
6 rotational angle of SE shaft;
6  rotational speed of SE shaft;
6  rotational acceleration of the SE shaft;
Se total wasted air of the cylinder;
Ne  No. of moles of air in the cylinder;
Sh wasted high temperature to air;
Sc  wasted low temperature from air;
Re  linkage shaft radius of SE;
Asc  heat transfer of cylinder surface area;
Ppoc  power piston circumference;
An  high heat transfer area;
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Ac  heat sink transfer area;

Te  air temperature inside the engine;
Al leak area;

Ap  power piston area;

V.  volume of air in cylinder;

M air molar mass;

R airgas constant;

S,  specified waste air at T¢;

To initial temperature in the cylinder;
Pa air pressure;

Po cylinder pressure;

Cv  specific heat at constant volume;
Tmech Mechanical torque;

Teiec electric torque;

b damping coefficient;
I main shaft inertia;
[ cylinder’s heat transfer coefficient.

Thermo-mechanical relations of Stirling engine are given in
Egs. (1 ~ 13), while Eq. (14) represents mechanical torque.
Stirling engine is coupled with electric generator through a
same shaft to consider and study the electro-mechanical
dynamic relation of Stirling engine. Eq. (15) represented the
rotation speed of the main shaft through the acting mechanical
torque (Tmecn) as Well as the generator electromagnetic torque
(Telec)-

2.2. Electrical Generator:

The basic feature of generator is that it doesnt need any
exterior excitation current. It produces AC voltage, and for a
DC voltage, a bridge rectifier is connected to its output
terminals [7, 8]. The generator mainly used to transform
mechanical rotation to electric power. For the sinusoidal
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model, the flux setup by the permanent magnets in the stator
IS assumes sinusoidal.

The following differential equations which represented the
currents in the (g-d frame) of the generator are used to model
the electric generator [9]. It can note that all of parameters are
indicated to the stator, and the model is implemented in
MATLAB & Simulink environment.

4, 1, R, L -

zle = -Va— -l + o Pw,i, (16)
d, _ 1 R. Ig . APwy

oila = L Vg Ll Pw,i4 ) a7
Tetee = 1.5P[Aig + (Lg — Lg)iaiq] (18)
Where:

iglg  currentsin (q) and (d) axes.

vqv, Voltages in (q) and (d) axes.

LqL, inductances in (q) and (d) axes.

R resistor of stator windings.

Wy rotational speed.

P No. of pairs.

Tqec  €lectromagnetic torque.

A flux produced by permanent magnets of rotor in the
stator phase.

2.3. Rectifier:

It transforms 3-phase AC voltage to DC which utilized to feed
the load and/or charge the battery. Rectifier constructed of: 3-
phase full bridge rectifier transforms AC voltages to a DC one,
and a controller which controls the rectifier voltage at a
required value.

A 3-phase bridge rectifier is normally utilized for various
power applications since it is extremely proficient and well
known. During numerous implementations, there is no need

8 Copyright © ISTJ A% giae aaal) (568a
481 5 o glall 41 9al) Alanall



International Science Ay y o gl i ja Lg
a
and Technology Journal Volume 32 axdl e

Ayl g o glall A gl Alnal April 2023 da») iI=T. %

for extra filter because the o/p ripple voltages are low.
Regardless of the necessity of using filter, parameters of the
filter are generally with low values [10].

Converter is utilized to control the O/P DC voltage according
to load changing and input voltage varieties. It additionally
decreases the ripple components in the output DC under
necessary level [8]. Converter consists of a PID controller that
controls DC voltage at 110 V as shown in (figure 4.), where
the components of the convertor are implemented using
Matlab & Simulink.

I
Universal Bridge Veitaged| * R

L
rectifier voltage T

Fig. 4. Converter with PID controller

2.4. Load and Battery

The output DC voltage is used to charge the battery and/or to
feed the load. Battery is employed to save the power and to
feed the load when no solar energy offers. The Stirling engine
with electric generator is generating the electric power, which
used to charge the battery, while the battery discharges to
supply the load. Primary charge of the battery is 70% at the
starting of the simulation, and it rises to 100 percent (full
charge) as the generator is working, and reduces to less than
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70 percent if there is a lack in solar power, at that time the
electric battery used to feed the load.

3. Results

3.1. Simulation results for prepared blocks:

The behavior of the modeled engine is studied in different
operating conditions according to various applied
temperatures (Tn, T¢) and different load resistances using
simulation model as in (figure 5.).

pawergui
mech orue——+—|
————————*angular_speed "
m Mech torgque | ——
T_hot wr L
snguier_spesd
A
weasted hea 5
I DCvolage|—+
- e engine entropy Electumagnes Torque|—
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T_cold I x
I il = W |
Py
mech pover|—(L ) L
i Elec_tomque = L
S .|D I
= I— ‘Comverter and controlier
Permanent Magnet Synchronous

THERMO-MECHANICAL PART Fe genemtor

Fig. 5. Simulation model

Mechanical torque and output power of the electric generator
according to change of high temperature (Tn) are shown in
(figure 6.). From the figure, it can be noted that increasing of
(Th) causes an increase in torque and the output power. There
are some oscillations appear on the shaft rotational velocity
and electric torque which are regard to physical working of
the reciprocating Stirling engine.
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Fig. 6. Applied temperature (Th) Vs mechanical torque and AC
power

The vibration in the Stirling engine shaft will appear on the
o/p voltage of the generator as a result of connecting the
Stirling engine and electric generator on the same pivot. Using
of PID controller eliminate any ripple on the O/P DC voltage,
where the amplitude of the ripple decreases by increase of the
load

The generated voltage and current are shown in figure 7. and

figure 8. respectively.
AC.voltage

woltage (V)

Iﬂ RERR) EREREERRRRIIAR

time{sec) -
Fig.7. Generator output voltage .
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Fig. 8. The output AC current

Rectified Woltags Vs time

Recter 1P Vetge()
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Fig. 9. The rectifier o/p voltage.
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Fig. 10. Output DC voltage.

Rectifier O/P voltage is shown in figure 9. O/P DC voltage is
about 110 V as shows in figure 10. Change of DC load causes
drop not more of 5% on O/P voltage. Furthermore, the O/P
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voltage oscillations are eliminated because of the influence of
the PID controller.

3.2. Different scenarios

If there is a need to use a Stirling engine in a different
operating conditions, there are some parameters may take in
consideration to be modified, one is the leakage area that
affected directly in rotational velocity, from figure 11., we can
note that the motor rotational speed in (rpm) decreases as
leakage increases, also from simulation we deduce that the
sink heat should be low (air temperature) for a high
performance, if (Tc) higher, performance will be low even the
difference (Th - Tc) is constant. Another parameter that we
evaluated is changing the engine total frictions represents by
viscous damping coefficient (b), which also affected in the
rotational velocity, and therefore in mechanical power,
generator AC voltage,

Rotational speed Vs time [_ l
T ¥ 3 L

Rotational speed(rpm)

i i i i
10 12 1.4 16 18 20
time(sec)

i i i i
a2 as as as

Fig 11: Angular velocity for different leakage areas

AC current, and rectifier o/p voltage figure 12. In general,
using of Stirling engine in different applications needs some
modifications in some of the thermal and mechanical
parameters depends on the applied heat and the required
output power.
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Fig 12: Affect of engine total friction (damping factor (b)) with: a)
angular speed, b)rectifier voltage,
c) AC current, d) mech. Power, e) AC voltage
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Conclusion

In this research, the model that constructed of thermal,
mechanical, and electrical parts, respectively, was developed
using MATLAB & SIMULINK. The result of Simulink
emphasize that the represented Simulink model shows a
pragmatic impersonation of the system under applied various
load. Mechanical and electrical parts connection was
represented, and it shows that normal work of the Stirling
engine with vibration influence on the angular velocity and
mechanical torque, as well as on the angular velocity and
electric inertia of the generator. Rectifier transfers AC voltage
to DC, and then PID controller works to eliminate the ripple
waves on the O/P voltage which feeds to load and charge the
battery. The presented system can be applied as DC as well as
AC supply source (without converter), or as an off grid
generation system which can feed a load, taking the advantage
of the effective Stirling engine and the renewable solar energy
as an energy source.

Finally, using of this simulation study and according to the
required output power of the modeled system, we can make a
manufacturing prototype of the mechanical parts of SE with a
proper dimensions and weights, and then construct the PDS
system.
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