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Sector-coupled microgrid at TUM

• Reconfigurable 1.5 km power grid

• Power Hardware-in-the-Loop

• Prosumer emulation - heat and power 

• PV, battery and charger for electric cars

• Decentralised control systems

• Unified programming interfaces

• API access to the lab

CoSES at a glance
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Directly at CoSES

• 6 PhD students

• 1 Post-doc

Associated with CoSES

• 7 PhD students

• Chair of Power Transmission and 

Distribution.

Frequent Guest Researchers

CoSES at a glance

anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/ 3



Standard Power System Laboratory
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SYSLAB, DTU
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Standard Power System Lab
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CoSES, TUM
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In Comparison
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Standard Lab SYSLAB CoSES

DER Real DERs Real DERs █ Real DERs

Grid Simulated Real Feeders █ Real & Reconfigurable █ Grid

Emulation Grid Grid Grid & Prosumer █

Control Real-time & RMS;

Centralized

RMS █;

Distributed █

Real-time █ & RMS;

Decentralized █

Access Proprietary Open-source API █ Proprietary █ & API

Application Device Testbeds System Integration █ Emulated Testbeds █ & System 

Integration

█ - Strength / Unique features 7



• Power hardware or device testing.

• Device or power circuit emulation.

• Stability analysis.

• Demonstrators.

What is the purpose of PHIL?
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• Power hardware or device testing.

• Device or power circuit emulation.

• Stability analysis.

• Demonstrators.

1. Sector coupling testbeds.

2. Reduced-scale emulation.

3. PHIL for heating systems.

What is the purpose of PHIL?
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• Heat pumps can be used for frequency response services

• Heat pumps are a control nightmare in the field

Virtual DERs for sector coupling

anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/ https://doi.org/10.1109/TSTE.2024.3456068
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• Heat pumps can be used for frequency response services

• Heat pumps are a control nightmare in the field

• How exactly should power system laboratories „research“ sector-coupling through heat-pumps?

− Lack of expertise in heat-pump modelling

− Lack of access to requisite real hardware

− Unable to bypass any device safety features for fast control

Virtual DERs for sector coupling
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Virtual DERs for sector coupling
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Wolf Air Source Heat Pump

(19 kWheat, 9 kWcold)

+

HVAC climate generator

https://doi.org/10.1016/j.epsr.2024.110754
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• High bandwidth PHIL emulation.

Virtual DERs for sector coupling
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• High bandwidth PHIL emulation.

Virtual DERs for sector coupling
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• Remove all the internal safety control gains and delays.

• Reflect important non-linear dynamics based on physics principles (for rapid control validation).

• Establish our “virtual PHIL Heat Pump” in a real grid environment.

Virtual DERs for sector coupling
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https://doi.org/10.1016/j.epsr.2024.110754
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• Remove all the internal safety control gains and delays.

• Reflect important non-linear dynamics based on physics principles (for rapid control validation).

• Establish our “virtual PHIL Heat Pump” in a real grid environment.

Virtual DERs for sector coupling
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• Remove all the internal safety control gains and delays.

• Reflect important non-linear dynamics based on physics principles (for rapid control validation).

• Establish our “virtual PHIL Heat Pump” in a real grid environment.

Virtual DERs for sector coupling

anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/

200 Hz RT10 kHz RT

https://doi.org/10.1016/j.epsr.2024.110754

1
. 
S

e
c

to
r 

c
o

u
p

li
n

g
 t

e
s

tb
e

d
s

11

https://doi.org/10.1016/j.epsr.2024.110754


• Remove all the internal safety control gains and delays.

• Reflect important non-linear dynamics based on physics principles (for rapid control validation).

• Establish our “virtual PHIL Heat Pump” in a real grid environment.

Virtual DERs for sector coupling
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PHIL emulation for sector coupling

• PHIL research limited to emulating stand alone PV inverters, battery inverters and small microgrids.

• So far, research focus from the PHIL community has not adequately covered sector-coupling.

• A few notable mentions - 
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https://doi.org/10.1016/j.apenergy.2021.116974 https://doi.org/10.1016/j.epsr.2024.110754https://doi.org/10.1016/j.renene.2017.11.088 https://doi.org/10.1016/j.jclepro.2021.129807
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• Setup a PHIL Electrolyser at the Center for Combined Smart Energy Systems (CoSES) in TUM.

• CoSES – active distribution grid laboratory and research group in TUM.

• Use standard Real time simulators from OPAL-RT.

• Use standard PHIL emulators from Egston.

• Validate PHIL model with data from a real PEM-electrolyser. 

• Off-nominal operation and aging effect on stack efficiency.

• A Digital Twin of a grid connected Electrolyser!

anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/

10 kW PEM stack at TUM Chair of Plant and Process Technology

Our idea in SHINE Project
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Houston We Have a Problem…

• PHIL state-of-the-art has 1:1 scale between device and emulator.
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Houston We Have a Problem…

• PHIL state-of-the-art has 1:1 scale between device and emulator.

• Here a 10MW electrolyser is squeezed on a 100KVA emulator.

• Simulation must ensure credibility.
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Houston We Have a Problem…

• PHIL state-of-the-art has 1:1 scale between device and emulator.

• Here a 10MW electrolyser is squeezed on a 100KVA emulator.

• Simulation must ensure credibility.
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Three Pillars of Simulation Credibility
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Uncertainty Quantification

Uncertainty Types

Aleatory – Can‘t 

be eliminated by 

better data

Epistemic – Can 

be eliminated by 

better data

Wind speed, solar 

irradiation

Device parameter 

uncertainty

Uncertainty Propagation

Transformations and sampling 

techniques

Verification

Code Verification

Mathematical model correctly 

implemented in the computer

Are we building the model 

correctly?

Solution Verification

Solver correctly implemented. 

Numerical error of the discretization

Are we solving the equations 

correctly?

Validation

Simulation Error Components

Model, Numerical and Input 

uncertainties

Comparison to a Reference

Comparison against a reference 

system; e.g. – experiment data.
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Extending Simulation Credibility to PHIL
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Simulation Credibility Term

Epistemic Uncertainty

Epistemic Uncertainty 

Aleatory Uncertainty (Intrinsic)

Numerical and System Error

PHIL Practice

Unavailability of HUT Model, 

Plant parameters.

Non-ideal Power Amplifier

HUT Non-Linearity/Variability. 

Time varying systems.

Inaccuracies in Interface 

Algorithms. Solver precision. 

Discretization error.
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Reduced Scale PHIL

• Practically non-existent literature…
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Reduced Scale PHIL

• Practically non-existent literature…

• Similitude Theory → Common in structural engineering and fluid dynamics for scale down models

• Implemented through Invariance Theorem or Buckingham π Theorem 
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Extending Simulation Credibility to Reduced-PHIL
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Simulation Credibility Term

Epistemic Uncertainty

Epistemic Uncertainty 

Aleatory Uncertainty (Intrinsic)

Numerical and System Error

PHIL Practice

Unavailability of HUT Model, 

Plant parameters.

Non-ideal Power Amplifier

HUT Non-Linearity/Variability. 

Time varying systems.

Inaccuracies in Interface 

Algorithms. Solver precision. 

Discretization error.

Reduced-PHIL Practice

Similitude Reduction errors. 

Wrong π-Groups.

Scaling factors are incorrect 

for complicated systems.

Multi-system (electrical, 

mechanical, thermal, fluid, 

chemical) difference at scale.

Time Compression errors.

And 

that‘s 

only 

where 

the fun 

begins…
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Emulated Plant with HIL for Heating Systems
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Heating 

Controller

Space Heating 

Model

Domestic Hot 

Water 

Consumption

𝑇𝑠𝑢𝑝𝑝𝑙𝑦,𝑠𝑒𝑡

ሶ𝑉𝑠𝑒𝑡

𝑇𝑠𝑢𝑝𝑝𝑙𝑦,𝑖𝑠

ሶ𝑉𝑖𝑠

𝑇𝑟𝑒𝑡𝑢𝑟𝑛,𝑠𝑒𝑡
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Validate 4th and 5th gen. heating grid control
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Components and functions

• Passive balancing unit:

o Hydraulic decoupling

o Energy balancing

• Booster heat pump transfer station:

o Temperature boosting

o Pumping power

Results of concept study:

• Total 20h of experiment; Heating and 

cooling demand

• Passive balancing unit simplifies 

prosumer integration

• Control strategy with fixed grid 

temperature achieves more stable 

control

Control philosophies under test:

• Controlling the flow rate going 

through the prosumer

• Controlling the Temperature 

Difference (ΔΤ) across the 

prosumer
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Heat substation control for smart thermal grids
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• From centralized, unidirectional networks to decentralized, bidirectional networks

• Need for appropriate control methods: 

− Managing the complex heat exchange between prosumers and the grid
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Heat substation control for smart thermal grids
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Heat substation control for smart thermal grids
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Heat substation control for smart thermal grids
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Heat substation control for smart thermal grids
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Power Setpoint & Power Actually Transmitted High Priority Temperature Objective
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Conclusion

• PHIL remains the gold standard for lab validation in power 

systems.

• Must be adapted to the demands of sector coupling research.

• Prosumer emulation while maintaining simulation credibility is 

key.

• Heating systems can be emulated through PHIL-adjacent 

concepts.
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Transformers 2 x MV/LV OLTC, 250 KVA; 1 x MV/LV 630KVA for feedback loop

LV Grid 12 x Power cables, 10 Lv Busbars, 2 x LV circuit breaker (to change the network topology)

Prosumers Egston Compiso, 7 x bidirectional 4 leg inverters, SFP interface for control, 250KVA (total), 100KVA (single 

cabinet)

DERs 18KWp PV divided into 3 inverters, 2 x 13KWh battery storage, 2 x 22KW car chargers.
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Haus 1 Haus 2 Haus 3 Haus 4 Haus 5

Thermal generators CHP (2 kWel, 

5,2 kWth)

Boiler (20 kWth)

Solar thermal 

(9 kWth)

Boiler (20 kWth)

Heat pump

(19 kWheat, 9 kWcold)

Solar thermal 

(9 kWth)

Ground source heat 

pump (19 kWheat)

Solar thermal 

(9 kWth)

Stirling Engine 

(1 kWel, 6 kWth)

Boiler (20 kWth)

CHP (5 kWel, 

11,9 kWth)

CHP (18 kWel, 

34 kWth)

Boiler (50 kWth)

Thermal storage 800 l 785 l 1000 l 1000 l 2000 l

Domestic hot water Fresh water storage 

(500 l)

Fresh water storage Fresh water storage Internal heat 

exchanger

Fresh water storage

Transfer stations Bidirectional transfer 

station (30 kWth)

Booster heat pump 

(19 kWheat, 14 kWcold)

Bidirectional transfer 

station (30 kWth)

Bidirectional transfer 

station  (30 kWth)

Bidirectional transfer 

station (30 kWth)

Bidirectional transfer 

station (60 kWth)

Thermal loads 30 kWheat, 9 kWcold 30 kWheat, 9 kWcold 30 kWheat, 9 kWcold 30 kWheat 60 kWheat
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Electric Grid
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Thermal Grid
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bidirectional thermal network with prosumers

thermal network emulator /

pipe emulator

bidirectional heat transfer station



Thermal Building Emulator

anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/

e.g. air source heat pump incl. hvac

system for ambient emulation



Computation and Communication
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Contact

Dr. –Ing Anurag Mohapatra

CoSES Research Group

Technical University of Munich (TUM)

Lichtenbergstraße 4a

85748 Garching

Email - anurag.mohapatra@tum.de

Website - https://anuragmohapatra90.github.io/ 

Group - https://www.mep.tum.de/en/mep/coses/
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