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Abstract

Dish-Stirling concentrating solar power systems is an efficient and reliable source of renewable
energy. In this paper, the proposed model showed the idea of Parabolic Dish (PD) systems with control
system model which vary the amount of working gas in the Stirling engine. The control systems were
designed using Matlab /Simulink 2012a. Based on the developed linearized model, an improved
temperature controller with transient droop characteristic and Mean Pressure Control (MPC) has been
proposed. This temperature controller was effective in reducing the temperature and improving
performance of the PD system. The overall performance of the system improved more than 78% in output
power and energy. Besides, the system improved in term of sensitivity compared with the PD system
without compensated. In addition, thermal losses decreased to 97.6% which is directly have significant
improvement for the output efficiency to the system. The analysis shows that the PD system is feasible in
term of technical but not economically feasible in the Malaysia environment.
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1. Introduction

The primary control objective within the power conversion unit of a dish-stirling (DS)
system is to maintain the heater temperature within a safe operating region. The temperature
should be kept as high as possible to maximize the thermal efficiency of the Stirling engine, but
should also not exceed the thermal rating of the heater material. The temperature is controlled
by varying the working gas pressure, achieved by adding or removing working gas to/from the
engine. Changing the pressure of the Stirling engine working gas changes the quantity of mass
flow through the heater, thereby changing the amount of heat removed from the heater as
shown in Figure 1 [1].
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Figure 1. Dish Stirling Engine control system diagram [1]

2. Research Method
This chapter presents the methodology of this research work. The methodology focuses
on the development of Pressure and Temperature Control Systems.
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2.1. Pressure Control System (PSC)

A physical layout of the PCS and interconnection with the Stirling engine are illustrated
in Figure 2. The modeled PCS follows the systems described in [2-6].

The PCS consists of two working gas storage tanks; namely, the high pressure storage
tank and the low pressure storage tank. Two control valves connect the high and low pressure
storage tanks to the Stirling engine, known as the supply valve and dump valve. If an increase
in the engine working gas pressure is, the supply valve opens and gas flows from the high
pressure storage tank to the commanded engine, increasing the total mass M (kg) of working
gas inside the engine. Conversely, a decrease in the engine pressure results from opening the
dump valve, and gas flows from the engine to the low pressure storage tank. The compressor
pumps the working gas back to the high pressure storage tank from the low pressure tank,
ensuring an adequate supply of high pressure working gas at all times [7].

For the simulation and modeling in this thesis, it is assumed that an adequate amount of
gas is always available for control purposes. Solenoid valves are used for the supply and dump
valves [8] and [9], where modulation techniques can be used to regulate the flow of gas through
the valve [10].

Because the Stirling engine is a closed system, the supply and dump valves are closed
in a steady state. Only when a change in operating point occurs does one of these valves open,
such as the case when the irradiance increases, where the supply valve will open to increase
the pressure. The solenoid valves are assumed to be pulse-width modulated (PWM) valves,
where the valves are turned on and off successively, delivering mass in discrete packets [11]
and [12].

The modulation frequencies of solenoid valves range from 20 Hz to 80 Hz, and the
mass flow rate is proportional to the averaged spool position [13], where the “spool” is the
magnetic piece of the solenoid valve that reacts to the voltage applied to the solenoid coils, and
either opens or closes the valve. The solenoid valves are modeled as a first order system, given
by [1] and [2]:

gAsy(s) — Ky (1)
c(s) 1+sTy

Where gAsy is the mass flow in the solenoid valve (kg/s), C is the commanded mass flow rate, s
is the Laplace transform variable, and Kv and Tv are the gain and time constant of the valve,
respectively. The pressure of the storage tanks are assumed to be constant, and, according to
[2], the mass flow through the open valve can be approximated by:

Dy?

p
4

gA = px (2)

Where p is the gas density (kg/m3), Dp is the pipe diameter (m), and x is given by [1] and [2].

X = 2Dp(pst_p) (3)
\I fLp

Where pst is the high pressure storage tank pressure (Pa), fis the friction factor, and L is the
length of the pipe (m). Thus, assuming the minimum working gas pressure for p, the mass flow
rate limit is a function of the pipe dimensions. The pressure of the high pressure gas storage
tank and the pipe dimensions connecting the gas storage tank to the engine play a major part in
the control system performance [1] and [2].

2.2. Temperature Control System

The temperature control system measures temperature of the heater to compare with
the reference temperature, thus, produces outputs of mean pressure to the pressure control
system (PCS). In the same way, the PCS measures the pressure in the Stirling engine, and
makes an adjustment to the valve positions, to match the mean pressure with the measured
pressure [1] and [2]. The pressure commanded by the temperature control system (TCS) follows
a pattern as illustrated in Table 1.

TELKOMNIKA Vol. 14, No. 3, September 2016 : 807 — 814



TELKOMNIKA ISSN: 1693-6930 809

.?§§§
/

4
AT
XL e
il
=1
e
N
1]
L

o

=

| (S, T T
Er High Pressure
- 11 Gas Bottle

[
=y ]
5 S
Y
(0]
&
5
o
g
g

|
|
—_ k= - EI Solenoid I
t ) ):Supply Valve |
e |
= j o |
| o |
To | o) % :
| Solenoid |
Dump Valve g
Compression | ] |
‘. : Large Gas :
‘l. :( Storage Tank )J
__ Drives ashaft ‘/ ________
“Crankshaft-"

Figure 2. Pressure Control System Connection to Stirling Engine [1]

3. Results and Discussion
3.1. Sensitivity Comparison Study

In order to validate the simulation results in this study, the results were compared with
result from The Solar Dish-Stirling System Model [14] based on performance for five main
components, the heater temperature, thermal losses, stirling engine gross power output, net
output power, energy, capacity factor and LCOE. Nevertheless, the concentrator, receiver
parameters as well as the daily solar irradiance, used in this study (25 kW PD system model
with compensator system) and 25 kW PD system model without compensator system were
similar. Therefore, the comparison of the result between this modelling with The Solar Dish-
Stirling system Model is necessary.

3.2. Heater Temperature

High temperature achieved at a focal point is issued as a heat source for a Stirling
engine. The Stirling engine is capable of operating at high efficiency and releases no emission,
making it highly compatible with the solar thermal power technology. Unfortunately, the often
random and uncontrollable natures of solar irradiance possess a challenge in the control of the
PD system. Therefore, the PD system operates most often in controlled temperature region in
order to maximize the efficiency of the Stirling engine.

Besides that, controlling the amount of heat in the heater/receiver is critical for a Stirling
engine. The temperature of the heater should be maintained as high as possible, for high
efficiency, while not exceeding the thermal limits of the heater material. The temperature of the
heater is prevented from exceeding 1000K to prevent damage to the heater material and the
efficiency of the output performance.

Figure 3 shows the comparison between heater temperature with and without the
compensator. Heater temperature without compensator was over the range of threshold and
this would damage the heater material, and would also produce many losses, thus, causing low
output power and energy. According to the results, the heater temperature with compensator
was able to control the heater temperature in the range of threshold which is in between of
1000K by varying the working gas pressure which is effectively changing the heat exchange
rate between the Stirling engine and heater.

3.3. Thermal Losses and Srirling Engine Gross Power Output

Solar irradiation used in this study was downloaded from Meteonorm Software.
Meteonorm software has a solar radiation deviation for 20 years, which is from year 1986 to
year 2009. Meanwhile, by using Meteonorm, the solar irradiation data for any locations can be
downloading easily by using the coordinate of the location. In this study, the choice of location
was George Town which is the place with the higher DNI value compared to other places [14].
The reason is that the higher the solar irradiance, the higher the temperature produced, and the
higher the efficiency of Stirling engine as well.
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Table 1. The Pressure Commanded by the TCS [1-3]
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P*mean
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min
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temperature

When the irradiance is too low and measured
heater temperature occurs at below the set point
TSET of the temperature, the mean pressure stays
at its idle point. In this condition, the heater
temperature varies with irradiance.

The temperature increases more than Tser, when
the irradiance is high enough, the mean pressure
from the TCS increases to regulate an increasing
temperature on the heater. In this condition, the
receiver temperature is to be controlled. The
temperature ATyax shows that the amount of the
heater temperature can be increased above the
temperature set point and are still regulated by the
PCS.

Temperature increases in the receiver during the
high irradiance. The heat absorbed by the engine
increases by supplying working gas from high
pressure storage tank to the engine, simultaneously
increasing the Pset and opening the solenoid
supply valve. However, a decrease in irradiance
then decrease the temperature, thus the working
gas has to remove from the engine through the
solenoid dump valve.

When temperature of the heater exceeds Tser +
ATyax, @ maximum pressure occurs inside the
engine and, therefore. Is unable to be increased
further to regulate the temperature of the heater.
The temperature of the receiver is prevented from
exceeding the range of threshold to prevent
damage to the receiver material. However, to
maintain the heater temperature within a narrow
range the pressure is being varied. The maximum
allowable engine pressure Pmax is practically high
enough that the heater can be maintained at a safe
temperature even during high irradiance.

From a thermodynamic point of view, the Stirling cycle efficiency increases with an
increase in maximum temperature. But the plant efficiency and output decrease at higher heater
gas temperature. It is because of increased heat transfer losses mainly radiation losses at high
temperature. Therefore, the thermal losses are directly proportional to heater temperature and
net output power is inversely proportional to thermal losses.
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Figure 3. The Comparison between Heater Temperature with and Without the Compensator

As the 25 kW PD system model with compensator system, therefore, the total thermal
losses obtained for this model were low compared to the 25 kW PD system model without
compensator system which was 447496W and 881567W respectively whereas the total Stirling
engine gross output power high compared to the 25 kW PD system model without compensator
system which were 18013 W and 11209 respectively. Therefore, the Stirling engine gross output
power increased around 61%, and the thermal losses decreased around 97.8% after installing
the temperature control system. According to the Figure 4 and 5, the thermal losses show a
very significant decrease and increase in Striling engine gross output power after installing the
control system. The temperature was controlled by varying the working gas pressure inside the
engine. To increase the pressure, the high pressure storage tank was able to supply gas into
the engine. Heater surface temperature increased when high irradiance existed, therefore high
pressure storage tank supplied the working gas to the engine to regulate the temperature of the
heater. Hence, increasing the power output of the system.
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Figure 4. The Comparison between Thermal Losses with and Without the Compensator
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3.4. Annual Output Power, Annual Energy and LCOE

Figure 6 and 7 show the annual output power and energy obtained from 25 kW PD
system modelling with compensator and the 25 kW PD system modelling with compensator
respectively.

As the 25 kW PD system model with compensator system, therefore, the total annual
output power and energy obtained for this model were high compared to the 25 kW PD system
model without compensator system which were 15528W, 8732W, and 14923kWh, 8383kWh
respectively. Therefore, the output power and energy increased around 78% after installing the
temperature control system.
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Figure 6. The Comparison between Yearly Net Power Output with and without the Compensator

Apart from the solar irradiance, this study has shown that the design such as the mean
pressure control with proportional controller design was the significant criteria that affect the
output of PD system.

However, the sensitivity analysis of LCOE which has been carried out to study the effect
of uncertainties in the input parameters such as capital cost, O & M cost, capacity factor,
discount rate and PD system life time on the LCOE showed a decrease of 45% of LCOE after
implementing temperature control system. Table 2 shows the sensitivity analysis of LCOE,
capacity factor, and energy performance between PD system with and without compensator.
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Figure 7. The Comparison Between Yearly Energy with and Without the Compensator

In sensitivity analysis, it is also important to predict the trend of LCOE with change in
input parameters. The LCOE increased with an increase in capital cost, O &M cost and discount
rate. The effect of capital cost and discount rate on LCOE was more than the O & M cost. The
LCOE decreased with an increase in capacity factor and the PD system life. At lower PD system
capacity factor, the LCOE was very high due to lower annual power generation and the rate
decreased in LCOE was less costly than the rate of increase in PD life and capacity factor. The
LCOE depended mainly on the capital cost, capacity factor and discount rate.

Table 2. Sensitivity Analysis of LCOE, Capacity Factor, and Energy Performance between PD
System with and without Compensator

Criteria Before implement temperature control system  After implement temperature control system
Total Energy 8383 kWh 14923 kwWh
Capacity Factor 3.83% 6.774%
LCOE RM 36.0393 RM 20.2499

4. Conclusion

Dish-Stirling (DS) solar-thermal generation system is a type of renewable energy
technology. Stirling engine is capable of operating at high efficiency and releases no emissions.
Unfortunately, the often random and uncontrollable nature of solar irradiance makes the control
of the heater temperature and output efficiency of the Parabolic Dish system is the most
challenging. Hence, a proper appropriate control system design and operations of the system
are called for.

The purpose of this research is to design control system to maintain the heater
temperature within a safe operating region for reduced losses to improve the output efficiency of
the system. The temperature should be kept as high as possible to maximize the thermal
efficiency of the Stirling engine, but should not also exceed the thermal rating of the heater
material. The temperature is controlled by varying the working gas pressure, achieved by
adding or removing working gas to/from the engine. In simulation studies, the design of the
control system to the system was modelled by Matlab Simulink [14].

It is essential to know the efficiency of the control system to the PD system, sensitivity
comparison between compensated and without compensated system, performance and
feasibility analysis of CSP especially for PD system in the Malaysia environment. Analyze the
performance and the feasibility in term of cost, benefits as well as the technical and economic
feasibility of PD development in Malaysia.

From this paper, it can be said that the 25 kW PD system in the Malaysia environment
is technically feasible, but not economically feasible. The simulation results have shown the
ways that PD system successfully achieves its performance. Ample resources exist in Malaysia
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for solar applications. In particular, the high levels of solar resource throughout the entire
country make it well suited for PD system or other CSP technologies. However, the constraints
for PD system in the Malaysia environment mainly come from the meteorological factors such
as rain, cloud, humidity that affect the DNI. High level of rain, cloudiness and humidity
associated with tropical settings will make the resources for concentrating solar power generally
less than adequate and affect the power output and the annual energy, except only for certain
times of the year. Besides, these limitations can be overcome through innovations as well as
ongoing research on PD system, especially in the Malaysia tropical environment.
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