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Abstract

Dish-Stirling systems are a form of concentrating solar
power (CSP) emerging as an efficient and reliable source
of renewable energy. Various technical hurdles are
involved in the grid interconnection of dish-Stirling
systems, particularly with issues related to power factor
correction, low voltage ride-through capability, and
reactive power planning. While there are no grid-
interconnection requirements specific to dish-Stirling
technology, the requirements currently established for
wind farms are used as a starting point due to the similar
design and operating characteristics between wind farms
and dish-Stirling solar farms. A dish-Stirling solar farm
requires external reactive power compensation to meet the
power factor requirements presently set for wind farms.
The following paper provides a brief overview of dish-
Stirling technology, along with an analysis of methods for
meeting power factor grid interconnection requirements
and maintaining necessary voltage levels under varying
irradiance conditions due to cloud cover. Simulation
results for voltage and power factor of the solar farm are
provided for both steady state and cloud transient
conditions within a 12-bus network.

Introduction

Dish-Stirling technology is a form of concentrating solar
power (CSP) which utilizes the thermal energy from solar
irradiance to generate electric power. Demonstration
units have reached operational success, achieving the
world’s highest sun-to-grid energy conversion efficiency
[1]. The first large-scale solar farm using dish-Stirling
technology, rated at 1.5 MW, came online in January
2010 in Peoria, AZ, and installations rated for several
hundred megawatts are in the planning stages [2]. As
dish-Stirling solar farms increase in capacity, grid
interconnection issues become increasingly important,
particularly regarding power factor correction and grid
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fault-ride-through capability [3]. Increasing penetration
of dish-Stirling solar farms within the utility grid requires
simulation studies to assess the dish-Stirling system’s
impact on steady state and transient behavior of the grid, a
topic which has received scant attention in the literature to
date.

A brief overview of dish-Stirling operating principles and
control systems is presented, along with analysis and
simulation results for a single machine infinite bus
(SMIB) model and a solar farm integrated into a 12-bus
network. All simulations are run with a complete dish-
Stirling model, including the Stirling engine internal
working gas dynamics. Different options of reactive
power compensation to meet grid interconnection
requirements are discussed, and simulation results
provided.

System Overview

A diagram of a dish-Stirling system is shown in Fig. 1.
The main components of the system are the concentrator,
receiver, and power conversion unit (PCU), which
contains the Stirling engine, generator, and various system
controls. The concentrator is a parabolic dish of mirrors
which tracks the sun on two axes and focuses the direct
normal insolation (DNI) onto the receiver, which acts as a
thermal interface between the concentrated sunlight and
the Stirling engine. At the base of the receiver lies the
absorber, which is the heat exchanger connected to the
Stirling engine. Critical to the receiver operation is the
temperature of the absorber. This temperature should be
maintained as high as possible to maximize the efficiency
of the Stirling engine, but should not exceed the thermal
limits of the receiver and absorber materials. Controlling
the absorber temperature is the primary task of internal
PCU control systems, and can be accomplished by
increasing or decreasing the rate of heat transfer to the
Stirling Engine. The Stirling engine absorbs heat from the
receiver to generate torque to turn the generator shaft.
Squirrel cage induction machines are used in most dish-
Stirling system designs to-date [4]. The disadvantages of
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Fig. 1. Dish-Stirling system with labeled components.

using an induction machine are the lack of voltage and
frequency control, but with the advantage of low cost and
rugged design. Electric cables run from the generator
through underground ducts to the utility point of common
coupling (PCC). The system returns to a stow-away
position in the evening when the sun goes down, and
begins operation again the following morning. The
ratings of various dish-Stirling systems developed to-date
are between 8 and 25 kW per dish at an irradiance of 1000
W/m? [4]. Dish-Stirling solar farms consist of hundreds or
thousands of individual dish-Stirling units operating in
parallel.

Stirling Engine

A diagram of the modeled Stirling engine appears in Fig.
2. The Stirling engine is a closed-cycle external heat
engine. A working gas, usually hydrogen or helium, is
contained within the engine. The engine contains three
heat exchanger volumes, known as the heater, regenerator,
and cooler, and two working space volumes, known as the
expansion and compression spaces. The heater (or
absorber) is directly exposed to the concentrated sunlight.
Since the working space volumes are directly coupled to
the crankshaft, the volumes vary periodically during
operation, causing the working gas to flow between the
working spaces, absorbing heat in the heater and
expanding in the expansion space. The regenerator is
designed to absorb the heat in the working gas as it passes
from the heater to the cooler, where it will otherwise be
ejected to the atmosphere. When the gas passes back
from the cooler to the heater, the regenerator will then
return the stored thermal energy to the working gas, thus
significantly improving the efficiency of the engine. The
torque produced by the Stirling engine is a result of the
working gas pressure acting on the pistons.

The modeled Stirling engine is a four cylinder engine
containing four sets of heat exchangers. The pistons
oscillate with a 90° phase shift, where each “quadrant” of
the engine equally contributes to the torque produced. A
more detailed analysis of the modeling of dish-Stirling
mechanical, thermal, and working gas dynamics is given
in [5].

Control Systems

The absorber temperature is the primary parameter to be
controlled in dish-Stirling systems. The efficiency of the
Stirling engine increases with absorber temperature, but is
limited by the thermal ratings of the absorber and receiver
materials. Therefore, the control systems attempt to
maintain the highest safe operating temperature, which is
achieved by varying the working gas pressure, effectively
changing the heat exchange rate between the Stirling
engine and the absorber. In addition to controlling the
absorber temperature, the engine/generator shaft speed
must be controlled, but only during grid-fault transients.
In steady state, the speed varies with irradiance, but stays
within a narrow range just above synchronous frequency.
The torque generated by the Stirling engine does not
approach the induction generators pull-out torque rating,
thus strict speed control is unnecessary in steady state.
However, a grid-fault induces a sharp speed increase of
the generator shaft, which can potentially damage system
components and prevent the system from recovering from
the fault [6]. Both the receiver temperature and the
transient over-speed can be controlled by varying the
working gas pressure. The pressure control system (PCS)
can supply or remove working gas from the Stirling
engine’s external gas storage tanks. Adding working gas
to the engine increases the pressure, which in turn
increases the heat exchange rate in the absorber/heater,
and vice-versa for decreasing the pressure. In addition,
the torque produced by the engine is a function of the
working gas pressure, where a decrease in the pressure
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Fig. 2. Physical diagram of the modeled Stirling engine, including
the pressure control system with its interconnection with the engine.



causes a decrease in torque. Thus, the over-speed
condition induced by a grid fault can be mitigated by
quickly decreasing the working gas pressure.

Grid Interconnection Requirements (GIR)

While there are presently no solar farm-specific GIR, it is
reasonable to assume that the present requirements for
wind farms [7] will be similar if not identical to
requirements of dish-Stirling solar farms. The operating
characteristics of wind farms and dish-Stirling solar farms
are quite similar, particularly due to the intermittent nature
of the energy source and the use of induction
(asynchronous) generators in many wind turbine designs,
which are also used in dish-Stirling systems. Many of the
potential dish-Stirling GIR are discussed in [3], while this
paper focuses on the following requirements, that a solar
farm should be capable of:
e Operating at a power factor anywhere in the
range from 0.95 lagging to 0.95 leading at the
PCC
® Maintaining a voltage at the PCC between 0.95

and 1.05 pu
Meeting these requirements with dish-Stirling solar farms
requires additional infrastructure, since induction
machines normally operate at a power factor outside of
the range 0.95 lagging to 0.95 leading. In addition,
induction machines absorb reactive power when operated
as both a motor and a generator, which tends to reduce the
voltage at the PCC. The amount of reactive power
absorbed depends on the instantaneous solar irradiance,
since the torque generated by the Stirling engine varies
with input solar thermal energy. In addition, variations in
solar irradiance, or cloud cover, cause variations in the
voltage at the PCC, since the real power delivered and the
reactive power absorbed by the solar farm fluctuates.
Since there is no built-in means of voltage control with an
induction machine, reactive power compensation is
required to both increase the PCC voltage and mitigate the
voltage variations due to cloud cover. Reactive power
compensation is also required to bring the power factor
within an acceptable range. The above requirements can
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Fig. 3. P-Q diagram of induction machine, showing amount of reactive
power compensation required to meet grid interconnection
requirements.
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Fig. 4. Connection of a single dish-Stirling (DS) unit in a single
machine infinite bus model.

be satisfied with various sources of reactive power
compensation, such as switched capacitors or static var
compensators (SVCs).

Single Machine Infinite Bus (SMIB) Model

Before proceeding further, a notational clarification is
established regarding power factor notation. The positive
direction of the generator current, real power, and reactive
power is specified as coming out of the generator
terminals into the network.  With this notational
convention, the machine generates power with a leading
power factor (with no compensation), similar to the
operation of an under-excited synchronous generator. The
induction machine absorbs reactive power when operated
as both a motor and a generator. However, the power
factor changes from lagging to leading when changing
from motoring to generating operation, respectively.

The P-Q phasor diagram of Fig. 3 illustrates the amount of
compensation required to meet power factor GIR for a
single 25 kW dish-Stirling unit. Also shown in Fig. 3 is
the power factor notation used for the four operating
regions of the induction machine. Reactive power
compensation requirements of dish-Stirling solar farms
can be calculated assuming rated voltage is applied to the
generator terminals, where the rated power factor of the
induction machine is assumed. Thus, with a dish-Stirling
unit supplying rated power output of 25 kW and with a
machine rated power factor of 0.86 leading, the reactive

power absorbed, assuming no reactive power
compensation, is given by
0= —|V||I| sin @ =—P tan 6
ey

256 sin(cos“ (0.86)): ~14.83 kVAr

where @ is the angle between the current and voltage
waveforms. The reactive power required to supply rated
real power at a power factor from 0.95 leading to 0.95
lagging is calculated by

0.95 leading — Q

comp

25 . 1
=14.83———sinf{cos  (0.95
0.95 ( ( ))

=6.61 kVAr )

0.95 lagging — QO

comp

148342 sin(cos‘1(0.95))
0.95

=23.05 kVAr



Machine Power and Power Factor as a Function of Solar Irradiance
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Fig. 5. (a)Various induction generator parameters as a function of
irradiance and (b) reactive power compensation required to meet grid
interconnection power factor standard.

Thus the variable reactive power compensation must have
a capacity of at least 6.61 kVAr to meet the GIR.

A single dish-Stirling system is connected as shown in
Fig. 4. Shown in Fig. 5(a) is the real power, reactive
power, and power factor of the induction generator as a
function of solar irradiance level. The range of irradiance
is chosen to be between 200 and 1000 W/m” since this
range is typical for most locations around the world, and
the dish-Stirling system cannot generally operate at
irradiance levels lower than 200 W/m? [8]. As expected,
the real and reactive power magnitudes increase with
irradiance and the power factor improves. The real and
reactive power magnitudes decrease roughly linearly with
irradiance, but the power factor decreases much more
rapidly. Shown in Fig. 5(b) is the reactive power

compensation required as a function of irradiance for
meeting both the 0.95 leading requirement and 0.95
lagging requirement. The shaded region illustrates that
the range of compensation required to operate throughout
the entire 0.95 leading to 0.95 lagging region. Therefore,
since cloud cover will cause the irradiance to vary during
the day, the reactive power compensation should
minimally be capable of operating along the lower line of
Fig. 5(b). For the case of switched capacitors, discrete
quantities of reactive power compensation are available,
thus choosing the proper values of capacitors allows for
operation at discrete points within the shaded region
shown in Fig. 5(b). Continuously variable reactive power
compensation, such as SVCs, can operate at any point
within the shaded region if properly sized.

While the SMIB model provides a clear conception of the
reactive power compensation required to meet GIR, the
assumption of an infinite bus is highly idealistic. In
addition to the reactive power compensation required to
maintain the power factor range, the compensation should
also maintain the voltage within an acceptable region.
Simulation within a more realistic system is therefore
necessary to assess the effects of varying irradiance levels
on both voltage and power factor.

12-Bus Network

The 12-bus network used in this analysis and simulation
of a dish-Stirling solar farm is shown in Fig. 6. The base-
case network consists of 4 generators: three synchronous
machines (G2, G3, & G4) and an infinite bus (G1). The
various loads are modeled with passive components and
the interconnecting lines are modeled using pi-equivalent
models. The synchronous machines’ excitation systems
are included in the modeled network, along with the
turbine governors and automatic voltage regulators
(AVRs). More details of the 12-bus network are given in

[9].

For simulation of the solar farm within the 12-bus
network, the individual solar farm generators are lumped
into a single induction machine model with the same MW
rating of the sum total of all the individual induction
machines. Different scenarios for incorporating a solar
farm into the 12-bus network at bus 11, with the PCC at
bus 3, are analyzed in order to assess the impact of
incorporating the solar farm into the network
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Fig. 6. 12-Bus network used for analysis and simulation of the grid
integration of a dish-Stirling solar farm.

Base Case

In the base case, generator 3 (G3) is a conventional
thermal power plant, with a synchronous machine
generating 200 MW.  Simulations indicate that G3
operates in the overexcited mode at a power factor of 0.75
lagging in steady state while maintaining the voltage at
bus 11 at 1.01 pu. Operation at such a poor power factor
is impractical, and is not typically done in practice. In
addition, G3 is not meeting the grid interconnection
requirement regarding power factor. The reason for the
poor power factor is the load connected at bus 3, which is
rated for 320 MW + j240 MV Ar, which exceeds the rating
of G3. Therefore, significant current must be drawn from
connecting lines to supply this load, which requires the
automatic voltage regulator of G3 to supply the reactive
power to make up for the voltage drop across connecting
lines. In order to bring the power factor of the
synchronous generator closer to unity, a capacitor bank
can be inserted at bus 3 with a MVAr rating determined
by

Q= Ptan 8 =200 tan(cos’l (0.75)): 176 MVAr (4)

Simulation results indicate that with the capacitor bank of
176 MVAr in place, the synchronous machine’s power
factor is approximately unity in steady state, and the
voltage at bus 11 is constant at 1.01 pu.

Solar Farm in 12-Bus Network
No Compensation

Before incorporating the solar farm into the 12-bus
network, the thermal generator (G3) is removed. With no
source connected to bus 11 or reactive power support at
bus 3, the voltage at bus 3 drops to 0.78 pu. Adding a 200
MW rated solar farm, (which consists of 8,000 25 kW
dish-Stirling units operating at an irradiance of 1000
W/mz) to bus 11, reduces the voltage at bus 3 even
further. However, the voltage at the PCC for a possible

solar farm location would not realistically be at 0.78 pu,
but adding a capacitor bank rated at 360 MVAr at bus 3
increases the voltage to 1 pu.

Fixed Compensation

Hence a 200 MW rated solar farm is incorporated at bus
11 with a 360 MVAr capacitor connected to bus 3 as
shown in Fig. 7. No variable source of reactive power
compensation is included. Simulation results for the
voltage at the PCC as a function of irradiance appears in
Fig. 8. At high irradiance levels, the solar farm is
producing near rated power, thus less current is drawn
from other system busses. Since less current is drawn, the
voltage drop across the connecting lines is less, and thus
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Fig. 7. Connection diagram using only fixed compensation for voltage
support in the integration of the solar farm at bus 11.

the 360 MVAr capacitor bank supplies more reactive
power than needed, causing the voltage to rise to
approximately 1.05 pu. However, at low irradiance, the
power factor of the solar farm PFgfollows that shown in
Fig. 5(a), causing the voltage at the PCC (V) to drop since
more current must be drawn from other busses to supply
the load, in addition to the reactive power load of the solar
farm.

The results of Fig. 8 illustrate the necessity of having
variable reactive power compensation since the voltage V;
changes with irradiance. Further, in more realistic
systems, the loads will also vary throughout the day,
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Fig. 9. Connection of solar farm to bus 11 with an SVC used as
variable reactive power compensation.

which likely makes fixed compensation inadequate for
maintaining the PCC voltage V; between 0.95 and 1.05

pu.
Variable Compensation

The solar farm is connected to bus 11 and an SVC is
connected at the PCC as shown in Fig. 9. The SVC is
rated for 335 MVAr, where the rating is chosen
intentionally to be over-sized to ensure the amount of
reactive power required to meet the above GIR is
achievable. In addition, a fixed capacitor bank of 285
MVAr is connected to bus 3. The fixed capacitor bank is
not included as part of the solar farm reactive power
compensation since it is included simply to bring the
voltage at the PCC above 0.95 pu. In practice, the sizing
of fixed compensation and the SVC would be carefully
considered in order to minimize the cost of the combined
installation. However, for the purposes of this paper, the
results are simply intended to demonstrate the behavior of
the solar farm power factor PF; and the PCC voltage V;
assuming the necessary reactive power compensation is
available.

The plot of Fig. 10(a) shows the power factor PFgx of the
solar farm over a range of SVC voltage set-points and
irradiance levels. The results are obtained by setting the
SVC to control the PCC voltage V; to a given level over
the specified range of irradiance, supplying whatever
quantity of reactive power is needed to maintain the
commanded voltage level, which is defined in discrete
steps over the range shown in Fig. 10(a). The results in
Fig. 10(a) show that if the SVC is set to control voltage
V;, the power factor PFg: moves outside the acceptable
0.95 lagging to 0.95 leading range for much of the
irradiance and voltage range. The power factor is
particularly poor in the region of low irradiance and SVC
voltage set point near 1.05 pu. The power factor surface
shown in Fig. 10(a) includes both leading and lagging
power factors, but does not indicate the power factor
orientation (leading or lagging) at a given voltage and
irradiance point on the plot. The plot is designed to

illustrate the effects of varying irradiance and voltage set
points on the power factor magnitude, since the GIR
specify that the power factor magnitude must be greater
than 0.95, regardless of orientation.

The plot of Fig. 10(b) shows the voltage at the PCC with
the SVC shown in Fig. 9 set to control the solar farm
power factor PFgp. In other words, the SVC injects the
amount of reactive power required to reach a power factor
set point. The results of 10(b) are shown for a range of
solar irradiance levels and a range of solar farm power
factor set points between 0.95 leading and 0.95 lagging.
The voltage V; remains within the acceptable region over
most of the irradiance and PFgr levels, accept for high
irradiance levels and PFgp values close to 0.95 lagging.
At high irradiance levels, the solar farm absorbs most of
the reactive power, as shown in Fig. 5(a). Therefore, the
SVC is required to supply the reactive power absorbed by
solar farm plus the additional amount required to bring its
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Fig. 10. (a) Power factor PFsr of the solar farm over a range of
irradiance and voltage, with the SVC set to control voltage and (b)
voltage at the PCC (bus 3) over a range of solar farm power factor and
irradiance.



power factor PFg; to 0.95 lagging. The excess reactive
power causes the voltage to rise above 1.1 pu.

Variable Compensation with G3 AVR

The final scenario for interconnection of a solar farm into
the 12-bus network is shown in Fig. 11. A 120 MW solar
farm is connected to bus 3 of the network in addition to
the base case 200 MW G3 plant at bus 11. The solar farm
power rating is selected so that with an irradiance of 1000
W/mz, the combination of G3 and the solar farm can meet
the real power requirements of the 320 MW local load at
bus 3. In this case, the G3 AVR is used to control the
voltage at the PCC, while the 335 MVAr SVC controls
the power factor of the solar farm. In addition, a 176
MVAr fixed capacitor bank is included at bus 3 to bring
the power factor of G3 to unity in the absence of the solar
farm, such as the case when the system would be
operating during the night, when no irradiance were
available. A problem that can arise in using the
synchronous generator’s AVR to control the voltage of
both its own terminals and that of the solar farm is that the
power factor of the synchronous generator could
potentially move out of an acceptable range in order to
maintain the voltage set point at bus 11. Simulation
results of the power factor of G3 (bus 11) for varying
solar farm power factor and solar irradiance are shown in
Fig. 12. The results indicate that G3’s power factor stays
relatively close to unity over the entire range of solar farm
power factors and input solar irradiance, while
maintaining the voltage at bus 3 at approximately 1 pu
over the entire range.

Simulation results for the SVC reactive power, real and
reactive power of the solar farm, and bus 3 voltage are
shown in Figs. 13(b), 13(c), and 13(d) for the input
irradiance of Fig. 13(a), where it is assumed that the
irradiance is uniform over the entire solar farm area. The
SVC is set to control the power factor PFgr of the solar
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Fig. 11. Interconnection of solar farm to bus 3 in addition to G3, with
G3’s AVR controlling the bus 3 voltage and the SVC controlling the
solar farm power factor.

Power Factor of G3 for Range of Solar Farm Power Factor and Irradiance
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Fig. 12. Power factor of G3 for a range of irradiance and solar farm
power factor.

farm to unity. As expected, the real power delivered by
the solar farm follows the input irradiance. The reactive
power of the solar farm is approximately zero during the
cloud transient since the SVC is controlling the power
factor PFgr to be unity. Thus, all the reactive power
generated by the SVC is supplying the induction
generator’s reactive power needs. The voltage at bus 3
deviates only slightly from 1 pu, indicating that the
synchronous machine’s AVR is capable of controlling the
bus 3 voltage with the solar farm also connected to bus 3.

Conclusion

With no synchronous generator connected to bus 11, bus 3
can be considered a “weak” grid PCC. Therefore, adding
a solar farm to a weak grid may not always be possible,
since the results show that the power factor and voltage
requirements cannot both be met over all irradiance levels
in the case with a 200 MW solar farm incorporated at bus
11. However, because the voltage can be brought to 1 pu
with fixed capacitors at bus 3 with no power source
connected to bus 11 (or bus 3), the solar farm could be
reduced in MW rating, which would decrease its impact
on the voltage at bus 3 over varying irradiance levels and
solar farm power factor. Therefore, in addition to varying
irradiance levels due to cloud cover, the power rating of
the solar farm also plays an important part in determining
whether the solar farm can meet GIR.

When the solar farm is integrated into the 12-bus network
near a synchronous generator, the PCC closely resembles
a “strong” grid. In this scenario, the results with both G3
and the solar farm demonstrate that the solar farm can
operate well within the power factor requirements, while
G3 can maintain a suitable power factor and control the
PCC voltage. Therefore, the MW rating of the solar farm
could potentially be increased, and the system would still
be capable of meeting the GIR.
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Fig. 13. Simulation results of the solar farm (b) SVC reactive power output, (c) real and reactive power, and (d) PCC (bus 3) voltage for a

cloud transient using the input irradiance waveform of (a).

Simulation results for the various scenarios discussed
above for integrating a solar farm into the 12-bus network
illustrate the need for significant reactive power
compensation in order to meet both voltage and power
factor GIR. While the variable reactive power
compensation discussed in this paper has been over-sized
to ensure that the solar farm could meet the grid
interconnection requirements over all irradiance levels, in
practice the variable reactive power compensation rating
would have to be minimized in order to reduce cost. In
addition, the effects of time-varying loads and grid
connection requirements involving low voltage ride-
through will significantly affect the sizing of the reactive
power compensation.
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