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Abstract 

A scroll and a swash-plate compressor are compared with each other, regarding their capability to operate in a 

PV-driven vapor cycle. Compressors for PV driven applications need a wide operation range and a dynamic 

control behavior. The comparison is performed in three steps: Firstly, the performance in steady-state operation, 

secondly, the controllability in dynamic operation and, thirdly, the operation under realistic boundary conditions. 

It is shown that the swash-plate compressor has a wider operation range with low part-load capability down to 

18.9%. Regarding the controllability, the swash-plate compressor shows severe oscillations after a sudden 

decrease of the power signal. Finally, both compressor types are operated in a hardware in the loop simulation 

considering the generated PV power as well as electric and thermal demand of a single-family house in Munich 

to evaluate their applicability in PV driven applications. 
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1. Introduction 

For small-scale solutions in solar cooling, photovoltaic (PV) plants coupled with compression chillers (CC) are 

more economic than ad- or absorption processes coupled with solar-thermal collectors (Lazzarin and Noro, 2018). 

Due to decreasing PV-panel prices, heat pumps (HP) coupled with PV become a more and more promising 

alternative for solar heating compared to fossil-fired boilers combined with solar-thermal collectors (Poppi et al., 

2018, Tjaden et al., 2013). 

If feed-in-tariffs are lower than the electricity prices, a high self-consumption ratio is required to achieve an 

economically reasonable system. This is especially important if the ratio between generated PV power and annual 

electricity demand is high (Luthander et al., 2015; Poppi et al., 2018). A HP or CC is one of the major electricity 

consumers in a building. Thus, the coupling between PV and HPs or CCs can lead to both, a high self-consumption 

and self-supply ratio. 

Generally, state-of-the-art PV driven systems are equipped with a variable frequency drive (VFD) to ensure a 

flexible compressor operation to respond to fluctuating PV power. The main focus in research is currently on 

improving the control strategy of the HP or CC regarding the considered energy system (e.g., Fischer et al., 2017; 

Sichilalu et al., 2017; Tygessen and Karlsson, 2016). To the knowledge of the authors, there is no recent research 

to adapt the compressor, which is the main component of the vapor cycle, to the needs of a PV driven HP or CC. 

The requirements for a PV-driven vapor cycle are: 

• High flexibility to respond to fluctuations in PV power and electricity demand. 

• Wide operation range to make use of PV power generated in times of low solar irradiation (morning and 

evening hours). 

Spinnler et al. (2014) introduced a system using a swash-plate compressor that is mainly used in the automotive 

industry instead of the usually applied scroll compressors in residential applications. The advantage of the swash-

plate compressor is a lower part load capability of about 10 % of the maximum power. Furthermore, Spinnler et 

al. (2014) write that the power of swash-plate compressors can be adjusted by two degrees of freedom, namely 

varying the rotational speed and the cylinder stroke. In contrast to that, in common scroll compressors only the 

rotational speed can be varied to control the compressor power (Spinnler et al., 2014).  

International Solar Energy Society EuroSun 2018 Conference Proceedings

© 2018. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientific Committee
doi:10.18086/eurosun2018.04.06 Available at http://proceedings.ises.org

 



 
The aim of this paper is to compare both compressor types regarding the aforementioned needs of PV driven HPs 

or CCs. In the first step, the efficiency of both compressor types in steady state operation is compared with each 

other. Subsequently, the dynamics of both compressors are evaluated and finally both compressors are operated 

under realistic boundary conditions in a hardware in the loop (HIL) simulation. 

2. Working Principle of the Compared Compressor Types 

Both compressor types investigated in this study are displacement compressors. These compressors increase the 

refrigerant pressure by reducing the compression chamber’s volume (ASHRAE, 2012). Compressors are also 

distinguished regarding their drive enclosure. In case of hermetic compressors, a gastight casing contains the 

motor and the compression unit. Semi-hermetic casings also contain both the motor and compressor but are 

accessible for later service or repair. Generally, semi-hermetic compressor designs are made in a bolted 

construction. In contrast, open compressors are driven by a shaft that is connected to an external motor. Thus, a 

gas-tight sealing is needed between shaft and compressor crankcase (ASHRAE, 2012).  

2.1 Scroll Compressor 

Scroll compressors are based on an orbiting compression mechanism (ASHRAE, 2012). They consist of two 

spiral-shaped scrolls. One scroll is fixed in the compressor casing while the other one rotates on an orbital path 

around the shaft center. Illustrations and a more profound description can be found in literature e.g. in ASHRAE 

(2012), p. 38.24 or Wang et al. (2000), p. 11.45. The gas pockets formed between the contact lines of the orbiting 

and the fixed scroll and their respective baseplates are sealed by lubricating oil. During the rotation, the contact 

lines move along the scroll flanks. Thus, the gas pockets are reduced in size and the refrigerant is compressed 

(Wang et al., 2000).  

Different approaches are used to control the refrigeration capacity beside a trivial on/off control. A method that is 

frequently applied is rapid-cycling, where the distance between the two baseplates of the scroll is increased in 

times of thermal demand (e.g., Poort and Bullard, 2006). This basically results in a decreased volumetric efficiency 

of the compressor and thus is not favorable for an energy efficient capacity control. Another possibility is to adjust 

the rotational speed of the compressor. Here, the voltage and frequency of the alternating current (AC) of the 

motor are modified in a variable frequency drive. Then the capacity of the compressor is nearly proportional to 

the rotational speed (ASHRAE, 2012). 

2.2 Swash-Plate Compressor 

Swash-plate compressors are a subcategory of piston-compressors. They are mainly used in the automotive 

industry with the aim of generating a constant refrigerant volume flow at varying revolution numbers of the 

combustion motor (Stulgies et al., 2009). This is achieved through a variable cylinder stroke.  

The cylinder stroke is adjusted by the inclination angle of the swash-plate. A sketch of an exemplary swash-plate 

geometry can be found e.g. in Tian et al. (2005). This inclination angle cannot be modified directly. It results from 

a force balance in the compressor’s kinematics and depends on the rotational speed, the pressure on the suction 

and on the discharge side as well as on the pressure in the swash-plate chamber. The latter is adjusted by a mass 

flow compensation control valve that separates the swash-plate chamber from the discharge- and suction gas 

chamber (Tian et al., 2005). The valve is controlled with a voltage applied on the valve’s coil 𝑈𝑠𝑤𝑎𝑠ℎ. Thus, the 

voltage 𝑈𝑠𝑤𝑎𝑠ℎ is the control variable of the compressor. 

3. Methodology 

In order to generate the required measurement results, both compressors are integrated in parallel in the same test 

rig. Thus, their performance can be compared under identical boundary conditions. To operate the compressors in 

a HIL-simulation, the test rig is embedded in a simulation environment. Both the test rig and the simulation 

environment are explained in more detail in the following.  

3.1 Test Rig 

Main Structure and Components 

Figure 1 shows the hydraulic system sketch of the test rig. For the steady-state experiments, the installed swash- 
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Fig. 1: Sketch of the test rig’s hydraulics 

plate compressor is a Denso 6SEU14 with 6 cylinders and a maximum displacement volume of 140 cm3. For the 

dynamic experiments, a Denso 7SEU17 with a maximum displacement volume of 170 cm³ and 7 cylinders was 

used. The swash-plate compressor is driven by an external air-cooled asynchronous motor. To calculate the 

mechanical power transferred to the compressor, a sensor for torque and rotational speed (Kistler 4520A) is 

installed between the AC-motor and the compressor. The installed scroll compressor is a hermetic Emerson 

Copeland ZH21KW-TFD with a displacement volume of 45 cm3. Due to the hermetic design it is not possible to 

measure the mechanical power transferred to the scroll compressor. The AC-motors of both compressors are 

driven by a Danfoss VLT 3500 VFD with a maximum power of 3000 W. The main components are listed in 

table 1 in the appendix.  

Condenser and evaporator consist of equal flat plate heat exchangers. The secondary circuit of the heat source is 

filled with a water-glycol mixture to allow operation below the freezing point. Water is used in the secondary 

circuit of the heat sink. For both heat exchangers, the mass flow rate and temperature of the incoming volume 

flow can be controlled. The accuracy of the temperature control is +/-0.5 K for the evaporator and +/- 0.3 K for 

the condenser in steady state operation.  

Measurement Devices, Data Acquisition and Post Processing 

As shown by figure 1, the test rig is equipped with different measurement devices. Table 2 in the appendix lists 

the different sensors and their measurement accuracy. To obtain the measured signals, the test rig is equipped with 

a National Instruments cFP-1808 data acquisition (DAQ) system. For process control and data processing, the 

digitalized signals are processed in a real-time MATLAB Simulink routine. The electric power consumed by the 

motors is measured in the VFD. The sample time of the power value is 1.3 s. The frequency of the generated AC-

current is measured with a sample time of 0.29 s.  

To obtain the performance data of the compressors in the test rig, it is necessary to calculate the specific 

enthalpy ℎ, specific entropy 𝑠 and the density 𝜌 of the refrigerant using the measured state variables: pressure 𝑝 

and temperature 𝑇. For this purpose, the open source MATLAB plugin CoolProp (Bell et al., 2014) is used. Since 

the refrigerant volume flow rate �̇�𝑟𝑒𝑓  is measured between the receiver and expansion valve, the mass flow is 

calculated with the density at the respective position: 

�̇�𝑟𝑒𝑓 = 𝜌(𝑇𝑟𝑒𝑐,𝑜𝑢𝑡 , 𝑝𝑟𝑒𝑐,𝑜𝑢𝑡) ⋅ �̇�𝑟𝑒𝑓 (eq. 1) 

The obtained values for mass flow rate �̇�𝑟𝑒𝑓 and specific enthalpy ℎ are subsequently used to calculate the 

coefficient of performance (COP), the main parameter of the efficiency comparison of both compressor types. 
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Parameters for Performance Comparison 

The performance of compressors is usually expressed in form of the COP. The COP is calculated using the 

capacity �̇� and the input power 𝑃 of the compressor (ASHRAE, 2012): 

𝐶𝑂𝑃 =
�̇�

𝑃
 (eq. 2) 

In heat pumps, the capacity �̇� is the condenser heat flow �̇�𝑐𝑜𝑛𝑑. The heat flow �̇�𝑐𝑜𝑛𝑑 for a system in steady-state 

can be calculated as follows:  

𝐶𝑂𝑃 =
�̇�𝑐𝑜𝑛𝑑

𝑃
=

�̇�𝑟𝑒𝑓(ℎ𝑐𝑜𝑛𝑑,𝑖𝑛−ℎ𝑐𝑜𝑛𝑑,𝑜𝑢𝑡)

𝑃
 (eq. 3) 

Here, �̇�𝑟𝑒𝑓 is the refrigerant mass flow rate and ℎ𝑐𝑜𝑛𝑑,𝑖𝑛 and ℎ𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 are the enthalpy at the condenser inlet and 

outlet, respectively.  

In case of hermetic or semi-hermetic compressors, the input power 𝑃 is the electrical power 𝑃𝑒𝑙  of the motor, 

while the input power for open compressors is the mechanical power 𝑃𝑚 of the driving shaft (ASHRAE, 2012). 

Since the drive enclosure of the considered scroll compressor is hermetic and the swash-plate compressor is an 

open-type, a common basis for the input power 𝑃 of the COP-calculation is required. In preliminary experiments, 

it was found that the AC-motor of the swash plate compressor has a poor efficiency. This would cause an 

inappropriate disadvantage of the swash plate compressor when comparing the COP based on the electrical motor 

input power 𝑃𝑒𝑙. Using the mechanical power 𝑃𝑚 of the compressor shaft is also not possible because the 

compressor shaft of the scroll compressor is not accessible. Therefore, the heat flow from the compressor into the 

refrigerant cycle �̇�𝑐𝑜𝑚𝑝 was chosen as the common basis. This heat flow can be calculated neglecting heat losses 

of the compressor crankcase to the ambient:  

�̇�𝑐𝑜𝑚𝑝 = 𝜂𝑒𝑙 ⋅ 𝜂𝑚 ⋅ 𝑃𝑒𝑙 = �̇�𝑟𝑒𝑓 ⋅ (ℎ𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 − ℎ𝑐𝑜𝑚𝑝,𝑖𝑛) (eq. 4) 

with the efficiency of the AC-motor, 𝜂𝑒𝑙, the mechanical efficiency of the compressor drive train and the 

compressor itself 𝜂𝑚, and the enthalpies at the compressor inlet ℎ𝑐𝑜𝑚𝑝,𝑖𝑛 and outlet ℎ𝑐𝑜𝑚𝑝,𝑜𝑢𝑡.  The modified, 

thermal coefficient of performance, 𝐶𝑂𝑃𝑡ℎ, can then be expressed as: 

𝐶𝑂𝑃𝑡ℎ =
�̇�𝑐𝑜𝑛𝑑

�̇�𝑐𝑜𝑚𝑝
=

ℎ𝑐𝑜𝑛𝑑,𝑖𝑛−ℎ𝑐𝑜𝑛𝑑,𝑜𝑢𝑡

ℎ𝑐𝑜𝑚𝑝,𝑜𝑢𝑡−ℎ𝑐𝑜𝑚𝑝,𝑖𝑛
 (eq. 5) 

Thus, the relation between the original COP and thermal COP is (again, neglecting heat losses of the compressor 

crankcase):  

𝐶𝑂𝑃 =
𝐶𝑂𝑃𝑡ℎ

𝜂𝑒𝑙⋅𝜂𝑚
 (eq. 6) 

The derived thermal COP is used to compare the efficiency of both compressors in the steady-state experiments. 

3.2 Control for Dynamic Experiments 

The HP or CC considered in this study is not intended to work in an off-grid system. Therefore, the system is not 

self-adjusting, and a control algorithm had to be designed that ensures that the compressor runs on the desired 

electric power. The designed controller consists of a PI-controller with integrated feed-forward control. A 

schematic diagram of the control system is depicted in figure 2.  Li et al. (2009) and Lin et al. (2011) described 

similar approaches for controlling a variable speed compressor. 

PI-Control

Feed Forward

Compressor
Pel,des e Pel,compnscroll, Uswash

-
+

+

+

 

Fig. 2: Control system of the compressor 
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In this figure, the output value is the electric power consumption 𝑃𝑒𝑙,𝑐𝑜𝑚𝑝 of the AC-motor driving the compressor. 

The input value is the desired electric power consumption 𝑃𝑒𝑙,𝑑𝑒𝑠. The control variables of the system for the two 

compressors differ: for the scroll compressor the control variable is the rotational speed of the compressor shaft 

𝑛𝑠𝑐𝑟𝑜𝑙𝑙 . The swash-plate compressor has two control variables: the rotational speed 𝑛𝑠𝑤𝑎𝑠ℎ and the control voltage 

for the cylinder stroke 𝑈𝑠𝑤𝑎𝑠ℎ, as explained in chapter 2.2. The control voltage 𝑈𝑠𝑤𝑎𝑠ℎ is the main control variable, 

as it is shown in section 4.1 and is determined in the control scheme as described above. The rotational 

speed 𝑛𝑠𝑤𝑎𝑠ℎ  is controlled with the aim to run the motor at the lowest possible speed above the breakdown torque. 

The principle idea of feed-forward controls is to measure disturbances and act before the disturbance interacts 

with the system (Seborg et al., 2010). The feed-forward control contains an inverse model of the process. Thus, 

the output of the feed-forward is an estimate for the control variable corresponding to the system’s state based on 

the inverse model. The task of the PI-controller is finally to correct the error between the real system and the 

model incorporated in the feed-forward control. 

3.3 Hardware in the Loop Simulation 

In order to operate the compressor under realistic boundary conditions, the test-rig is embedded in a HIL-

simulation. For the present study, it was decided to operate the vapor cycle as a heat-pump under mid-European 

boundary conditions. The elements of the HIL-simulation are depicted in figure 3. 

Additional 
Heater

PV

El. Grid Control Data

HIL-Simulation

Test-Rig

 

Fig. 3: Scheme of the considered system for the hardware in the loop simulation 

It takes into account the thermal and electrical demand of a single-family house, the PV plant, the space heating 

and domestic hot water demand. This system consists of the heat pump, implemented in the test rig, a thermal 

storage, an additional ohmic heater to cover peak loads on cold winter days and a brine / air heat exchanger, 

serving as a heat source. The interfaces between the test rig (marked in gray) and the HIL-simulation are the 

liquid-inputs for condenser and evaporator. The temperature of the water entering the condenser 𝑇𝑠𝑒𝑐,𝑐𝑜𝑛𝑑,𝑖𝑛 is 

controlled to the simulated thermal storage temperature. Regarding the heat source, the temperature of the brine 

entering the evaporator 𝑇𝑠𝑒𝑐,𝑒𝑣𝑎𝑝,𝑖𝑛 is controlled to the ambient air temperature. In both, the heat exchanger with 

the ambient air and the heat exchanger inside the thermal storage, a temperature difference of 3 K is assumed 

between the fluid output temperature and the storage medium temperature or the ambient air temperature.  

In order to resolve the dynamics in PV power generation and the electrical user demand, a fine resolution of the 

simulation and the necessary input data are required. In the following, the single elements are described in more 

detail:  

• PV plant: For the PV plant measurements with a high temporal resolution of 1 s provided by 

Solarenergieförderverein Bayern e.V. are used to resolve the transient behavior of the PV power 

generation. The plant located in Munich is inclined at an angle of 28° in southern direction and has a 

capacity of 1 MWp. For this study, the power was scaled to a size of 5 kWp. The error in scaling a large-

scale plant to the size of a typical single-family house rooftop plant was accepted because of the beneficial 

temporal data-resolution. 

• Electrical demand: To consider the electric demand of the building’s inhabitants without the demand of 

the heat pump, the data of HTW-Berlin (Tjaden et al., 2015) is used. The resolution of the electrical load-

profile is 1 s.  

B. Heithorst et. al. / EuroSun 2018 / ISES Conference Proceedings (2018)

 



 
• Thermal demand: The thermal demand of the 122 m2 single family house with an annual energy demand 

of 40 kWh/(m² a) is modeled with the Building-Simulation-Tool introduced in a previous study (Heithorst 

et al., 2016). For this study, a day in November (Nov, 01th 2008) was chosen since it shows significant 

solar irradiation and relatively low environmental temperatures. Temperature and solar irradiation of the 

dataset of Solarenergieförderverein Bayern e.V. were used as well. The thermal energy demand for space 

heating during this day was 33.9 kWh. 

• Domestic hot water demand: The energy demand for the domestic hot water supply was modeled with the 

tool DHWcalc (Jordan et al., 2017). As hot water demand and generation are decoupled by the thermal 

storage, a high temporal resolution is not as crucial as for the electricity demand. 

• Thermal storage: The thermal storage is modelled as an ideally stirred vessel by a simple exergy balance 

since more advanced models e.g. for stratified storages showed problems in the real-time operation 

required for a HIL simulation. The volume of the storage is 400 l. 

• Control: The system control calculates a desired compressor power 𝑃𝑒𝑙,𝑑𝑒𝑠 to completely use the generated 

PV power 𝑃𝑃𝑉 in the building. In this study a basic rule-based approach is used to determine the power the 

compressor should utilize. It is based on two restrictions:  

1. Thermal storage temperature: If the thermal storage temperature exceeds the upper limit of 60°C, 

the compressor is shut off. If the temperature falls below a value of 38°C, the compressor is operated 

at 𝑃𝑒𝑙,𝑑𝑒𝑠 = 2500 W to ensure that the system covers the thermal demand of the building and 

domestic hot water. 

2. Available PV power: If the storage temperature is between the aforementioned limits, the 

compressor is operated with the PV power that remains after covering the electric demand of the 

inhabitants:  

𝑃𝑒𝑙,𝑑𝑒𝑠 = {
𝑃𝑃𝑉 − 𝑃𝐷𝑒𝑚, 𝑖𝑓 𝑃𝑃𝑉 − 𝑃𝐷𝑒𝑚 > 0 
0                   , 𝑖𝑓 𝑃𝑃𝑉 − 𝑃𝐷𝑒𝑚 ≤ 0

    (eq. 7) 

4. Results & Discussion 

4.1 Steady State Results 

In total, 201 experiments with the swash-plate and 105 experiments with the scroll compressor were conducted in 

steady-state. The state of the experiment was assumed to be steady when variations in the heat sink temperature 

were below +/- 0.3 K, variations in the heat source temperature below +/- 0.5 K and the hot gas discharge 

temperature reached a steady level. Subsequently, a time series of 5 minutes was tracked. Finally, the measured 

and calculated state variables were averaged over the tracked time series and postprocessed. 

Figure 4 shows the relation between the control variables of the swash plate compressor: the rotational speed 𝑛 of 

the compressor shaft and the voltage 𝑈𝑠𝑤𝑎𝑠ℎ applied to the pressure control valve.  

 

Fig. 4: a) Mass flow rate over rotational speed and b) thermal COP over rotational speed for swash-plate compressor experiments 

with a heat source temperature of 10°C and a heat sink temperature of 55°C 

It can be seen in figure 4a) that a rise in the rotational speed 𝑛 only leads to slight changes in the measured mass 

a) b) 
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flow rate and thus in the compressor’s capacity. In the range of high compressor powers, the capacity is nearly 

constant. In contrast, the valve voltage 𝑈𝑠𝑤𝑎𝑠ℎ shows a larger influence on the compressor capacity. The reason 

for this behavior is the original automotive application, where the aim is to minimize the influence of the variing 

rotational speed of the combustion motor on compressor capacity and thus on passenger comfort.  

If the rotational speed 𝑛𝑠𝑤𝑎𝑠ℎ  is increased at a constant valve voltage 𝑈𝑠𝑤𝑎𝑠ℎ, the force balance on the swash-plate 

is modified leading to a smaller displacement volume. Therefore, the dead volume at the top dead center of the 

compression rises and thus the efficiency of compression is reduced. Additionally, the friction losses inside the 

compressor rise at increasing rotational speed. The combination of both effects lead to a decrease of the thermal 

COP for increasing rotational speed, shown in figure 4b). Therefore, it is favorable to operate the swash-plate 

compressor at the lowest possible rotational speed. The AC-motor reaches its breakdown-torque if it is operated 

at low rotational speed and high loads. Therefore, it was decided to operate it at a fixed-speed 𝑛𝑠𝑤𝑎𝑠ℎ = 50 Hz and 

variable valve voltage 𝑈𝑠𝑤𝑎𝑠ℎ in the following steady-state experiments to be able to operate the compressor over 

the complete power range. 

Figure 5 shows the performance comparison of the two compressor types.  

 
Fig. 5: COP based on electrical power of a) the swash-plate compressor and b) the scroll compressor. COP based on heat flow 

from c) the swash-plate compressor and d) the scroll compressor over the electrical motor power for steady-state experiments with 

a heat sink temperature of 45 °C 

The figures 5a) and 5b) show the COP based on the electrical power for the swash-plate compressor (figure 5a) ) 

and the scroll compressor (figure 5b) ). Here, the inferior quality of the swash-plate compressor’s AC motor 

becomes visible. In the figure 5b), a sharp decrease in the COP at low electrical powers 𝑃𝑒𝑙 can be seen. Here, the 

AC-motor of the compressor advances towards its breakdown-torque. This leads to increasing electrical power 

consumption and decreasing mechanical power output. Thus, the operation in this regime should be avoided, also 

to prevent damages of the AC-motor.  

The thermal COP based on equation 5 is shown in figure 5c) for the swash-plate compressor and in figure 5d) for 

the scroll compressor. Both compressors show a decreasing thermal COP with rising loads due to increasing 

friction losses. This effect is more prominent for the swash plate compressor. Additionally, the maximum electric 

power decreases with decreasing heat source temperature. In this regime, the maximum power of the scroll 

compressor is limited by the maximum allowable discharge gas temperature. The swash-plate compressor, in 

a) b) 

c) d) 
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contrast, is limited by the low suction pressure, as the control valve is adjusted to work at higher heat source 

temperatures due to the original application in automotive air conditioning. All in all, the thermal COP of the 

scroll compressor is slightly higher than for the swash-plate compressor for identical operation conditions. 

It is also visible that the minimal electrical power of the swash-plate compressor is much lower than for the scroll 

compressor which is limited by the motor’s breakdown-torque. The minimum part load values achieved are listed 

in table 1 for all combinations of heat source and heat sink temperatures.  

Tab. 1: Minimum part load values determined for combinations of heat sink and heat source temperatures 

 Swash-Plate Scroll 

𝑻𝑯𝒆𝒂𝒕 𝑺𝒐𝒖𝒓𝒄𝒆 / °C 0 5 10 20 -5 0 5 10 

𝑻
𝑯

𝒆
𝒂

𝒕 
𝑺

𝒊𝒏
𝒌
 /

 

°C
 

35 54.7 36.7 43.1 20.4 52.7 50.7 50.9 49.4 

45 42.4 28.9 25.7 18.9 63.8 59.6 55.9 55.95 

55 55.9 24.5 31.2 26.8 69.1 52.5 57.2 30.1 

 

Table 4 shows that the minimum part load of the scroll compressor is always higher than 50% with an exception 

for the combination of a heat sink temperature of 55°C and a heat source temperature of 10°C. As the maximum 

power of the swash-plate compressor strongly depends on the heat source temperature and the minimum electric 

power is relatively constant (cf. figure 5a), the minimum operation range is wider for higher heat source 

temperatures. Due to the relatively high idle power of the swash-plate compressor, the minimum part load 

measured in the experiments is 18.9%. This is higher than the 10% expected by Spinnler et al. 2014, but it is 

obvious that the operation range of the swash-plate compressor can be much wider compared to the scroll 

compressor if the maximum power is not limited due to low heat source temperatures. 

4.2 Results of Dynamic Operation 

Different experiments were performed to evaluate the dynamic behavior of the two compared compressor types. 

The response of different controller types to a square wave signal with an amplitude of 1000 W and a step length 

of 10 s is demonstrated in more detail. As shown in figure 6, the DAQ-system leads to a delay between the rising 

or falling edges of the signal and the system response. The dead time of the DAQ-system was determined to be 

375 ms.  

 
Fig. 6: Response of the compressors to a square wave signal with sample time 10 s and amplitude of 1000 W. a) swash-plate 

compressor: mechanical power over time b) scroll compressor: electrical power over time 

The plot of the scroll compressor in figure 6b) shows a coarse temporal resolution of the electrical power 𝑃𝑒𝑙  due 

a) 
b) 
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to the low temporal resolution of the power signal output at the VFD. Therefore, the rotational speed 𝑛 of the 

compressor is depicted on the right y-axis as it has a better temporal resolution and proves that the signal does not 

show strong oscillations. Thus, even a simple control architecture using a PI-controller (red line) leads to good 

results showing only a small damping impact on the square wave signal. A controller using only the feed-forward 

control without an PI controller (green line) shows the fastest response on the rising edge, but also a constant 

offset after the downward edge because of the imperfections of the incorporated model. To avoid this offset, both 

controllers are coupled and a dead time compensation (ddt) is added. This combined controller (blue dash-dotted 

line) shows satisfactory results and is slightly damping the target signal with a settling time of 4.5 s. 

In contrast to the scroll compressor, the swash-plate compressor, depicted in figure 6a) shows severe oscillations 

following on the falling signal edge for all considered control architectures. This oscillating behavior is caused by 

the complex control mechanism, where the power controller, the pressure controlling valve and the complex 

kinematics of the driving shaft, the swash-plate and the reciprocating cylinders interact. The response using only 

the feed-forward control shows the best damping behavior after the downward step. Therefore, the integral term 

of the PI-controller was made dependent on the valve voltage 𝑈𝑠𝑤𝑎𝑠ℎ. For 𝑈𝑠𝑤𝑎𝑠ℎ < 5.5 𝑉 𝐾𝐼  is set to 0. As it is 

shown later in the results of the HIL-simulation (figure 7), this improves the compressor control. However, 

complete damping could not be achieved. 

From a dynamics point of view, the scroll compressor is more advantageous for a PV driven HP or CC, especially 

if the strong dynamics of an electric load profile must be taken into account.   

4.3 Results of the Hardware in the Loop Simulation 

Figure 7 shows the result of the HIL-simulation. Figure 7a) shows the desired power 𝑃𝑒𝑙,𝑑𝑒𝑠 of the control (brown 

line). Especially at about 11:30 am the transient behavior of the electrical demand due to high load changes is 

visible. At the beginning of the day, the target power signal 𝑃𝑒𝑙,𝑑𝑒𝑠 rises to a value of 2500 W when the storage 

temperature falls below the minimum limit (c.f. figure 7b) ). 

 

 
Fig. 7: Results of the HIL-simulation. a) desired and actual power of scroll and swash-plate compressor over time. b) thermal 

storage temperature development for scroll and swash-plate compressor operation and ambient temperature over time 

Fig. 8: Detail of figure 7a) (area marked in red) desired and actual power of scroll and swash-plate compressor over time 

b) 

a) 
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The swash-plate compressor (green line) shows the oscillations known from the square wave experiments. 

Furthermore, especially in the morning, it does not reach the required power due to the low outside temperatures 

which are between 3°C and 10°C, as it was also observed in the steady-state experiments in section 4.1. This 

problem is also visible but less dominant for the scroll compressor (blue line).  

The advantage of the wide operation range of the swash-plate compressor is visible in figure 7a), e.g., at 14:30 hrs 

or between 10:15 hrs and 10:30 hrs (see additionally figure 8). While the scroll compressor must be switched off 

because the target power 𝑃𝑒𝑙,𝑑𝑒𝑠 is lower than the minimum operation power, the swash-plate compressor 

continues working. Figure 8 shows the reduction of the compressor oscillations following a falling edge achieved 

by the adjustment of the integral gain 𝐾𝐼  of the PI controller. However, at higher operation powers the oscillations 

are prevalent. 

Furthermore, figure 8 shows, beginning at 09:55 hrs, that both compressor types follow the step gradients induced 

through the electric demand. It is visible that the scroll compressor follows the target signal accurately, when it is 

in its operation range. In contrast, the swash-plate compressor shows an oscillating behavior especially at higher 

electrical powers, but it is qualitatively following the target power signal. 

To overcome the limited capacity of both compressor types at low ambient temperatures, a second shorter 

experiment between 11 am and 3 pm of the same day was conducted at fixed heat source and heat sink 

temperatures of 10°C and 50°C, respectively. Here, both compressors achieved the maximum capacity. The 

resulting self-consumption ratio of this experiment can be found in table 2:  

Table 2: Comparison of the self-consumption ratio of experiment without HP, with scroll-compressor and with swash-plate 

compressor driven HP 

Compressor Only El. Demand El. Demand + Scroll El. Demand + Swash 

Self-consumption ratio 31.5 % 85.1 % 91.4 % 

 

Table 2 shows, that the self-consumption ratio rises about 53.5 % if a common variable speed HP is used. The 

implementation of a swash-plate compressor leads to an improvement of 6.3 % regarding the self-consumption 

ratio compared to the scroll compressor.  

5. Conclusion 

In the present study, a swash-plate and a scroll compressor were compared with each other regarding their 

applicability in PV driven heat pumps. In the steady-state experiments the scroll compressor showed a slightly 

better thermal COP but has a limited part load capability. The operation range of the swash-plate compressor is 

much wider (minimum part load 18.9 %). Regarding the dynamic experiments the swash-plate compressor showed 

severe oscillations of the compressor power after a sudden decrease in the desired power signal. In contrast, the 

scroll compressor showed a satisfactory control behavior. Finally, both compressors were operated under realistic 

boundary conditions in a HIL-simulation with a duration of one day. Despite its limited part-load capability, the 

scroll compressor used the generated PV power more efficiently than the swash-plate compressor. This is caused 

by the limited maximum power of the swash-plate compressor and its oscillating operation in the present control 

mode. If both compressors work in a regime where they can reach their maximum capacity, the swash-plate 

compressor shows an improvement of 6.1 % regarding the self-consumption ratio compared to the scroll 

compressor. 

In conclusion, the presented study showed that the swash-plate compressor is difficult to control in a PV driven 

HP or CC. A possible solution to achieve both, a higher self-consumption ratio and a good controllability, could 

be an adapted scroll compressor with a reduced part load capability.  
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7. Nomenclature 

Quantity Symbol Unit  Index Meaning 

Coefficient of performance COP   comp Compressor 

Specific enthalpy h J kg-1  cond Condenser 

Mass flow rate �̇� kg s-1  Dem Demand 

Rotational speed 𝑛 Hz  des Desired 

Pressure  p Pa  ddt Dead time compensation 

Power P W  el Electric 

Heat flow �̇� W  FdFwd Feed-forward 

Temperature  T K  gen Generated 

Voltage U V  in Inlet /in 

Volume flow rate �̇�  m3
 s-1   m Mechanical 

Efficiency 𝜂    PI PI-Controller 

Density 𝜌 kg m-3  PV Photovoltaic 

    out Outlet 

    rec Receiver 

    ref Refrigerant 

    scroll Scroll compressor 

    swash Swash-plate compressor 

    th thermal 

      

    Abbreviation Meaning 

    AC  Alternating current 

    CC Compression chiller 

    COP Coefficient of performance 

    DAQ Data acquisition 

    HIL Hardware in the loop 

    HP Heat pump 

    PV Photovoltaic 

    VFD Variable frequency drive 
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9. Appendix: Test Rig Components and Measurement Equipment 

Table 1: Main components of the test rig  

Component Manufacturer / Type Specifications 

Swash-plate compressor Denso 6SEU14 / Denso 7SEU17 140 cm³ / 170 cm³ disp. vol., open casing 

Scroll compressor Emerson Copeland ZH21KW-TFD 45 cm³ disp. volume, hermetic casing 

Condenser SWEP B8THx30/1P-SC-M Flat plate heat exchanger; Surface 0.63 m² 

Evaporator 

Expansion valve Danfoss ETS 6-14  

Superheat controller Danfoss EKD 316  

Receiver Klimal FM 1.6 Volume 1.6 l 

AC-motor for swash-plate comp. Dema EM 3000 STE Max. power: 3000 W 

Variable frequency drive Danfoss VLT 3505 HV AC Max. power 3000 W, max. frequency 80 Hz 

Refrigerant R134a  

 

Table 2: Measurement Equipment  

Component Manufacturer / Type Measurement Range Accuracy Sample 

Time / s 

Temperature sensors PT1000 elements -200 – 600 °C +/- 0.15 K 1.13  

Pressure transducers ALCO PT5-30M 1 - 31 bar  0.25 

Volume flow sensor Kobold-Messring DTK 1210 0.05 – 0.6 l/min +/- 2 % (FS) 0.19 

Torque and rotational 

speed sensor 

Kistler 4520A050 0 – 50 Nm;                           

0 – 10 000 rpm 

+/- 0.5 % (FS) 0.19 
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