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Abstract

High-temperature heat pumps are the most efficient and potentially emission free option to supply
process heat at temperature levels up to 300 °C. Many industrial processes require high-temperature
heat but at the same time reliable, and controllable process heat parameters even under varying load
conditions such as mass flow or inlet temperature variations. The Brayton heat pump facility “CoBra”
is a demonstrator for a closed-loop high-temperature heat pump using dry air as working fluid. It can
supply sensible heat to process air streams at temperatures above 200 °C. In order to be a viable heat
supply option for industrial processes, a suitable control method to ensure precise temperature control
must be identified and evaluated. In this work, an experimental campaign with two different control
strategies for process temperature control is conducted and the results subsequently compared. A
variation of the fluid inventory and compressor speed are used to control the process temperature.
Both control methods are capable of maintaining a constant process temperature of e.g. 200 °C £+ 2 °C
in case of occurring perturbations. Variations of the set point temperature are also achievable with
both controllers. Overshoots can be eliminated by choosing appropriate controller parameters. The
results show that compressor speed control is faster in achieving a new set point process temperature
compared to the fluid inventory change. A constant process temperature can be maintained despite
a reduction in fluid inventory with an appropriate increase in compressor speed. This indicates that
the two controllers can compensate for each other’s effect on the process temperature. Controller
performance could be further improved by a rigorous and systematic parameter tuning.
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1 Introduction

In order to significantly decrease global CO2 emissions, urgent action must be taken. Currently, heating and
cooling account for more than 40% of global energy-related carbon dioxide emissions and hence, is a major
contributor to global warming [1]. The industrial sector, however, makes up to 22% of the total emission [2]
making the sector a critical target for decarbonization efforts. A substantial portion of this energy demand
arises from process heat, much of which is currently supplied by fossil fuels. Electrification of heat supply,
particularly through the deployment of high-temperature heat pumps (HTHPs), offers a promising pathway
to reduce both energy consumption and greenhouse gas emissions in industry (see [1]). Recent heat pump
developments have increased the achievable supply temperatures and broadened their application range. The
IEA HPT Annex 58 report [3] presents demonstration cases with supply temperatures between 115°C to
280 °C. With Technology Readiness Levels (TRL) from 4 to 9, these systems show that high-temperature heat
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Figure 1: P&ID of the CoBra high temperature heat pump

pump technology is maturing and progressing towards commercial adoption. In order to make these systems
suitable for the integration in existing industrial processes, HTHPs must deliver a stable and predictable heat
output, even under fluctuating operating conditions. Hence, advanced control strategies capable of managing
transient thermal behaviour are essential to ensure reliable system performance and process compatibility.
Research on control strategies for closed-loop Brayton systems has primarily focused on two applications:
supercritical CO2 (sCO2) power cycles and HTHPs. For sCO2 Brayton systems, control methods are well-
developed, with fluid inventory variation, compressor speed adjustment, and valve manipulation being the
approaches investigated to meet power demands [4].

In contrast, Brayton heat pumps represent a newer technology with comparatively less developed control
research. Similar to sCO2 Brayton systems, fluid inventory and compressor speed variation emerge as the
primary control mechanisms for these heat pumps. Pettinari et al. [5] examined both control strategies
from a transient perspective, finding that rotational speed control achieves superior temperature tracking
while inventory control is more advanced in preserving system performance across varying temperature glides.
Oehler et al. [6] experimentally demonstrated that fluid inventory control widens the operational envelope
of the heat pump’s part-load operation while maintaining constant efficiency and compressor stability. Tran
et al. [7] investigated the use of Reinforcement Learning controllers, trained on an experimentally validated
dynamic model of a Brayton heat pump.

This work presents the first experimental validation of applying fluid inventory and compressor speed
variation to control the thermal performance of a Brayton heat pump.

2 Experimental setup and methodology

All experiments in this study are carried out using the CoBra heat pump, which is described in detail by Yiicel
et al. [8]. [6] provides information on sensor types and accuracies. For completeness, a concise overview of the
system and its thermodynamic cycle is provided in the following. The CoBra heat pump is an experimental
demonstrator designed to validate the feasibility and performance of a closed-loop reverse Brayton cycle for
high-temperature industrial heat supply. The system uses dry air as working fluid. The CoBra is built to
provide cooling and heating simultaneously at temperature levels reaching up to 300°C and -40°C. A simplified
piping and instrumentation diagram (P&ID) of the CoBra demonstrator is shown in Fig. 1. The primary
Brayton loop comprises five main components: a two-stage centrifugal compressor, a two-stage axial turbine,
and three shell-and-tube heat exchangers—a high-temperature heat exchanger (HTHX), a low-temperature
heat exchanger (LTHX), and a recuperator. Two secondary loops simulate the heat sink and heat source,
respectively. To prevent condensation or icing at sub-zero operating conditions, especially downstream of the
turbine, dry air is used in the Brayton loop. Additional dry air can be injected into the heat pump through
the FI (fluid inventory) injection valve from a pressure tank in order to compensate for leakage or to increase
the fluid inventory.

The air in the Brayton loop is compressed using a two-stage centrifugal compression unit (Manufacturer:
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ASA Kompressor GmbH), providing pressure ratios between 2.5 and 3.5. After compression the hot air
flow enters the high-temperature heat exchanger (HTHX) where heat is being rejected to the heat sink.
Downstream of the HTHX the air enters the recuperator. The cooled, pressurized air then expands through
a two-stage axial turbine, producing mechanical work that is recovered via a generator and joint frequency
converter to drive the compressor (see [8]). After expansion, the air passes through the low-temperature heat
exchanger (LTHX), where it absorbs heat from the heat source and the recuperator before re-entering the
compressor. The fluid inventory (FI) valve allows for releasing air to the environment from the Brayton loop,
hence, enabling for the fluid inventory to be reduced during operation.
The control system of the CoBra heat pump uses two controllers to adjust its thermal performance:

Controller 1 — Compressor speed control The heat supply temperature is controlled by adjusting
the rotational speed of the compressor nc using a proportional-integral-differential (PID) controller. The
PID controller manipulates the compressor speed setpoint based on the error ATir = Tirset — 111 between the
measured outlet temperature and its setpoint value. A change in compressor speed directly alters the mass
flow rate of the working fluid and the pressure ratio, which consequently adjusts the compressor discharge
temperature and therefore the achieved heat supply temperature.

Two variants of the controller are evaluated. An initial version employs a discrete-time, incremental logic.
At fixed time steps At, if the temperature error exceeds a predefined tolerance T + ATy, the compressor
speed is updated by an increment (Anc) calculated by Eq. (1) using a proportional-derivate action:

da

Anc = Kp - AT+ Kq - 7

AT (1)

Subsequent experiments utilize a standard continuous PID controller, that sets nc according to Eq. (2):
1 [ d
nc=Kp - AT+ = AT dt + Ty— AT (2)
Ti Jo dt

Controller 2 — Fluid inventory control In addition, a fluid inventory control strategy is employed.
This method allows for adjusting the total mass of working fluid within the closed loop. The control logic
of the fluid inventory controller monitors the compressor inlet pressure pi. Once the measured pressure falls
outside of a range around the set point, one of the following actions is taken:

e Inventory increase: The fluid inventory is increased by introducing air from the buffer tank into the
main cycle through an injection valve.

e Inventory decrease: The fluid inventory is decreased by discharging air from the loop via a release valve
(see FI valve in Fig. 1).

In its default mode, this controller maintains a constant p; to compensate for leakages or pressure fluctuations
caused by changes in compressor operation and thermal conditions.

Controller 2 can be extended to control the process temperature T7;. In this case, p1 is modulated in fixed
time steps Atq according to Eq. (3) if the temperature leaves the tolerated temperature range Tir + ATl

d
Ap1 = Kp-ATu+ Kg - aATH (3)
An increase of p1 leads to an increased air inventory and hence an increased primary mass flow 7. This leads
to a decrease of the HTTHX mass flow ratio % and consequently an increase of Th,. The increase of Ts, leads
to an increase of compressor inlet temperature 77 via the recuperator and further an increase of compressor
outlet temperature 7> and process temperature 71;. This mechanism has the opposite effect for reduction of

p1 and explains how a change of fluid inventory affects the process temperature 7T7r.

Control setup Both controllers can be used to maintain a specific process temperature Tr;. However,
only one controller at a time is given the task of process temperature control.

In order to find the operating conditions with the highest coefficient of performance (COP) both controllers
are activated simultaneously in Experiment 2. Controller 1 ensures the desired process temperature is main-
tained whereas controller 2 can be used to change the mass flow ratio % and seek for favorable operational
conditions.

If Controller 2 is not active, the fluid inventory is still actively controlled to offset for leakages and changes
in p; arising from compressor pressure ratio changes and thermal effects. The pressure p; is kept at an
operator-defined value pi1 set = Pambient + , With > 0 by injecting dry air from the buffer tank at position 1.
The effect can be seen in Fig. 3, test F and G, when controller 2 is inactive. Heat sink mass flow m; can
be manipulated by changing the fan speed in the sink, however, process inlet temperature 77 is the ambient
temperature and cannot be changed. Therefore the mass flow has been chosen as parameter for perturbation.
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Figure 2: Measured temperature profiles during experiment 1 including start-up and shut-down

3 Results

All data used in this study has been published and is available under CC-BY copyright condition [9]. Exper-
iments 1, 2 and 3 are the test days of 06.02.2025, 24.02.2025 and 25.02.2025 of the publicly available data set
respectively. Table 1 gives an overview of the experiments conducted in the scope of this study.

Table 1: Overview experiments

Nr. Temperature control COP optimization Date

1 controller 1 + controller 2 no 2025/02/06
2 controller 1 controller 2 2025/02/24
3 controller 1 manual 2025/02/25

3.1 Experiment 1

In this experiment, the discrete-time, incremental version of controller 1 and controller 2 were evaluated
for controlling the process temperature 77 of the CoBra heat pump demonstrator. Figure 2 shows the
temperature evolution of the compressor outlet temperature 7> and the process temperature 77y for the
entire test day including the start-up and shut-down sequence marked in grey. The compressor speed which
is the main driver for the heat pump operation and temperature rise is visualized in green. The black dashed
area is a sequence with active controllers plotted in more detail in Fig. 3.

In Fig. 3, controller 1 activation is marked by a green area, controller 2 activation by a blue area and
temperature setpoints by a black solid line. Controller 1 actively controls the compressor speed (Fig. 3 green
line), controller 2 actively controls the compressor inlet pressure p; (Fig. 3 blue line). After the start-up
sequence is completed, controller 2 is activated with a setpoint temperature of Tirsets = 188 °C, which is
close to the current process temperature T11. The test starts with a perturbation of the process mass flow
of roughly 15% induced by varying the fan speed in the heat sink (see Fig. 3 purple line). This test is
depicted with A’ in Fig. 3. Subsequent tests are depicted and referred to in an alphabetical order. Next, the
response of controller 2 to four successive set point increases of 42 K each is tested. The control parameters
are adjusted after each set point step increase based on the observed system response in order to improve
controller performance and reduce overshooting. Table 2 summarizes the applied control parameters for each
phase of the experiment. Subsequently, controller 1 is activated to evaluate its response to two set point step
increases of 42 K. For the second step increase, the derivative term in the control logic was activated in order
to reduce the overshooting. The used control parameters are summarized in Tab. 2.
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Figure 3: Process temperature experiment 1 with set point temperature and controller activation
(green for controller 1, blue for controller 2)

Table 2: Control parameter settings during Experiment 1

| Controller 1 Controller 2

| Kp Ky Aty ATy | Kp Kq Aty ATy
A |- - - - 0.02 0 120s  0.5K
B |- - - - 0.02 0 120s  0.5K
C |- - - - 0.02 2 120s 05K
D |- - - - 0.02 2 120s 0.01K
E |- - - - 0.01 2 120s  0.01K
F | 100 0 60s 0.01K | - - - _
G | 100 30000 60s 0.01K | - - - _
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Figure 4: Measured temperature profiles during experiment 2 including start-up and shut-down

3.2 Experiment 2

The results visualized for Experiment 2 follow the same color scheme as described in Sec. 3.1. Figure 4 shows
that after start-up, the process temperature 711 is kept at 178°C for about three hours and then increased to
200°C. Figure 5 shows the part of the test with active controller. Controller 1 is set to maintain a constant set
point temperature of Tir,set = 178 °C for about three hours, followed by a second sequence with a set point
temperature of Tirset = 200 °C. This experiment utilizes the continuous PID version of controller 1, with a
proportional gain of Kp = 900, an integral time of T; = 360s, and a derivative time of T; = 0s (no derivative
part). Controller 2 is active during three different periods. It is used in this experiment to manipulate the
fluid inventory in order to find the optimal COP for the given operation with a defined process temperature

To achieve COP optimization, controller 2 adjusts the target compressor inlet pressure (p1) using a hill-
climbing algorithm and then allows the system to settle before measuring the resulting COP. The algorithm
continues to change p; in the direction that improves the COP, stopping once a peak or system limit is reached
and no further improvements are found. Controller 2 does not control the process temperature 711, however
it has a perturbing effect on its value which must be offset by controller 1. Figure 5 (purple line) shows the
resulting COP during the optimization.

Q _ (Tu —Ti) -

P: =
COF = —pr (ATc — ATr) -m

(4)

This formula does not account for auxiliary power used for e.g. oil pumps or operating system and uses the
compressor and turbine work transferred to the working fluid power for Pc and Pr. It assumes a constant
value of specific heat cp for the heat sink and the primary Brayton loop of the heat pump which is a reasonable
simplification for air at temperatures of [-50°C, 250°C]. Around ¢t=16500s the compressor inlet pressure reaches
p1=0.7 bara. This low pressure coincides with a sudden rise in compressor oil temperature, a behaviour that
the operators have previously observed. Suspected reason is foaming of the lubricant oil and insufficient oil
mass flow as a consequence. Hence, the automated fluid inventory controller has to be halted and a higher
pressure setting is commanded manually. With the lower pressure limit of pi min=0.8 bara the automated
operation is resumed.

3.3 Experiment 3

The results visualized for Experiment 3 follow the same color scheme as described in Sec. 3.1. Figure 6 shows
the evolution of the compressor outlet temperature 75 and process temperature 771, as well as the compressor
speed. The process temperature is kept around 711 = 200 °C throughout the entire experiment duration except
for start-up and shutdown. Figure 7 shows, that the temperature control is managed by controller 1, which is
active throughout the experiment with a set point temperature of Tirset = 200 °C. Controller 1 uses the same
controller settings as in Experiment 2 with a proportional gain of Kp = 900, an integral time of 7; = 360s,
and a derivative time of T, = 0s. The compressor inlet pressure is modified manually from p;=1.1 bara to
1.0 bara, 0.9 bara and 0.8 bara. Each pressure setting is maintained for about an hour in order to find the
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Figure 5: Process temperature experiment 2 with set point temperature and controller activation
(green for controller 1, blue for controller 2)
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Figure 7: Process temperature experiment 3 with setpoint temperature and controlled parameters

operating conditions with optimal COP. Hold time for constant pressure has been drastically increased with
respect to experiment 2 since the operators suspected transients effects to dominate the optimizer routine of
experiment 2. To evaluate the controller performance, all three changes in p; can be regarded as a perturbation

of the dimensionless mass flow ratio 2L by about 10% each.

4 Discussion

The results show that both controllers manage to manipulate process temperature 77y such, that it maintains
a given set point temperature 711 ¢c¢ or follows it when set point temperature is increased. After some tuning
of controller parameters, both controllers reach the new set point temperature after several minutes without
significant overshoot. For perturbations in mass flow ratio of about 10%, the process temperature can be
reverted to its desired value in less than 10 minutes with a temperature deviation of less than 2 K. However,
it is apparent that e.g. test B and C of controller 2 show unsatisfying controller performance.

Temperatures T and Tr; both exercise slow transient trends despite constant control inputs even after
few hours of operation at similar operating conditions in experiment 1. This is mainly due to the large
thermal inertia of the heat exchangers and is supported by other experiments [6] and simulated models
[10]. The calculated COP in Experiment 2 also shows variations in absence of any controller action. The
authors conclude that the COP has not reached a steady-state value during the COP optimization attempt.
Experiment 3 with a waiting time of 1h with constant control inputs still shows a small COP gradient at the
end of every sequence with constant control inputs. Therefore no reliable conclusion on the COP optimal
operation can be made with this data set. A repetition of this test is planned.

Experiments 2 and 3 show that constant process temperature can be maintained after a reduction in
FI with a controller-induced increase in compressor speed. Reduction of fluid inventory and increase in
compressor speed can thus compensate each others effect on the process temperature.

4.1 Set point variation

In Test B a set point change of +2 K of controller 2 leads to an overshoot of +1.7 K and a second overshoot
of +1.3 K. Thus, significant oscillation around the set point temperature and little damping is present. The
oscillation period is 20 minutes. This controller performance is poor when compared to the subsequent tests
C, D and E. Parameters are subsequently tuned (see Tab. 2 to reduce overshoot and make Tir converge to its
set point quickly. In Test E which yields the best result, the new temperature set point is reached within 12
minutes and the overshoot is less than 0.5 K. This shows that a fluid inventory controller can be used in order
to achieve small changes of process air temperature. A reduction of the proportional gain Kp substantially
reduced the overshoot. Controller 1 also achieves the task of a set point increase of +2K. The controller
settings in test F lead to an overshoot of 1K. Test G using a derivative gain Ky yields the best results,
reaching the set point temperature within 10 minutes with no overshoot and very precise temperature control.
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The varying performance in experiment 1 shows clearly that appropriate controller parameters are impor-
tant for a good controller performance. A more systematic investigation of controller parameters is necessary
to derive more general conclusions on Brayton heat pump control.

4.2 Response to perturbation

In Test A, controller 2 is able to maintain the set point temperature with a maximum deviation of about 1.1 K
after a perturbation of mass flow ratio % of 15%. This holds both for a positive and negative change. From
the trend in pressure p; and mass flow m; (see Fig. 3) which are both linearly linked to the numerator and
denominator of the mass flow ratio % one can derive that controller 2 tends to maintain a constant mass flow
ratio. After the sink mass flow increase riv1, the controller directly increases p1 to a similar level, which leads
to a Brayton loop mass flow increase rof the same magnitude. Controlling the fluid inventory of the heat
pump seems a promising approach for responding to a change in process mass flow with constant temperature
requirements. The ability of supplying different process mass flows at a constant supply temperature as well as
a constant COP has also been shown by Oehler et al. [6]. Experiments 2 and 3 show the response of controller 1
to perturbations of the mass flow rartio % The mass flow in the Brayton loop 7 is linearly linked to the
compressor inlet pressure p; plotted in Fig. 5 and Fig 7. The temperature can be kept within £1.5 K for the
whole test period of both experiments even when mass flow ratio changes of about 10% occur due to fluid
inventory changes. The only exception happens in experiment 2 around t=16500s. The process temperature
deviation is due to a limitation in the autonomy of the controller. Around t=16000s the compressor speed
controller is restricted by its upper limit of nc,mee = 75krpm. As soon as this limit is elevated around
t=17000s the temperature stabilizes again at the set point Ti1,set = 178°C. Allowing more autonomy for the
controller could therefore yield faster reaction times and better overall controller performance.

5 Conclusion

The experimental results suggest that the applied control strategies ”compressor speed control” and ”fluid

inventory control” can both keep the process temperature constant during minor perturbations of the process
mass flow or heat pump mass flow of a Brayton-cycle HTHP. Small changes of the desired process temperature
can also be realized with both controllers. The results of this study suggest that controlling the compressor
speed yields better controller results in terms of reaction speed and accuracy. Both controllers were able to
compensate for changes in the mass flow ratio % of over 10% without impacting process temperature by more
than 2 K. The current controller setup is constraint by minimum and maximum values as well as minimum
and maximum gradients for the controlled variables. However, controller performance could be increased by
removing these restrictions. A constant process temperature can be maintained despite a reduction in FI with
an increase in compressor speed.

6 Outlook

The limits of the applied controllers will be tested for sudden process mass flow changes as big as 50%. Further
testing is also planned with more substantial temperature set point increases of 10 K and more. It should
be further investigated whether FIC yields advantages over the more traditional compressor speed controller.
Automization of the start-up and shut-down routine, as well as developing a robust controller that achieves
safe and stable operation at optimum COP are the future research goals of the CoBra group. This will require
a more systematic tuning of the controller parameters.
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