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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Modular Multilevel Converters are now being introduced in the power grid. Control systems for these converters are complex with 
many degrees of freedom. Simulation models are useful for exploring control algorithms, but there is still a need for acquiring 
experience from real converters. As extensive experiments on full-scale converters are not always feasible due to the cost and 
potential consequences, reduced-scale models that correctly reproduce the salient characteristics of the original converters are 
necessary. This paper describes the development of 60 kVA scaled models of modular multilevel converters with 6 halfbridge, 12 
fullbridge and 18 halfbridge cells per arm, respectively. Most parameters scale naturally, but the equivalent series resistance and 
therefore the per-unit losses due to load current tend to increase, giving more damping of oscillation than in the full-scale reference.  
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1. Introduction 

A large-scale transition to renewable energy has a significant impact on the electrical power grid. This can be seen in northern 
Europe where many new large wind farms located in the North Sea are going to be connected to the grid via subsea HVDC cables. 
This and the use of HVDC transmission lines to the consumers in central Europe, leads to a significant number of HVDC converters 
in the grid. The large total power rating of the HVDC converters has a significant impact on the power system as converter 
dominated grids have different properties than traditional grids where most of the power was provided by rotating machines. 
Individual HVDC links may also be merged to form HVDC grids in order to handle the demands for large-scale power transmission. 
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Modular Multilevel Converters (MMC) are quickly becoming the preferred choice for new HVDC implementations 

[1].  They are able to generate smooth AC voltages without requiring large filter components, and have an inherent 
energy storage capability that can be utilized to reduce propagation of power transients through the converters. As 
these converters are new and quite complex, it is necessary to gain insight and experience on their interaction with 
other components in the grid, especially in strained operating conditions and during faults.  

Simulations give extensive insight, but there is still a need for experience building from the use of real converters. 
Full-scale MMC converters can give experience about close to normal operating conditions, but they cannot be used 
to perform fault condition experiments due to the potential consequences and the safety issues caused by the high 
power level. Such experiments can instead be done on a scaled-down laboratory grid with line equivalents and 
converters. This paper describes the development of a set of low power (60 kVA) scale models of MMC converters. 
These converters are designed for laboratory use as testbeds for converter control algorithms, and for system studies 
where interaction between grid components in abnormal operating conditions are investigated.  

2. MMC converter topology 

A Modular Multilevel Converter consists of a large number of series connected converter cells, each with its 
individual DC link capacitor (Fig 1a). The circuitry inside the cells is not exposed to the full converter voltage, so 
they can be made using low voltage (1- 10kV) components. The voltage across a string of cells, an arm, is 
determined by the number of cell capacitors that are engaged at any time, so the output voltage can be can be 
changed in small steps approaching a sinusoidal voltage without large voltage switching transients.  

   Fig. 1 (a) MMC converter topology;   (b) MMC cell topologies. 

 A halfbridge cell can switch its capacitor either in or out of the string, while a full bridge can insert it into the string 
in either positive or negative direction. A converter with halfbridge cells has unipolar arm voltage while a fullbridge 
converter has bipolar arm voltage (Fig 1b). This means that the DC voltage of a fullbridge converter can drop below 
the peak AC voltage, or even be reversed, giving the fullbridge converter an inherent ability to handle faults on the 
DC side without requiring a separate DC breaker. For DC grid systems, this ability may outweigh the higher losses in 
a fullbridge converter in some cases.  

The control system is complex with a large number of switches and measurement signals. There are many degrees 
of freedom, giving many choices for control methods and tradeoffs between losses (number of switching actions), 
waveform quality, energy storage requirements, and component stress. For each arm, the sum of the cell capacitor 
voltages must be maintained, and the distribution of the voltages between the individual cells in an arm must be 
managed with a reasonable number of cell switching events. The arm currents consist of two components: one 
contributing to the phase output current and the other, the so-called circulating current, flowing between the different 
converter phases. Each of the six arm currents are controlled individually.   
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3. Simulation and laboratory models. 

Laboratory and simulation models are intended to reproduce the properties of a real system, but there will always 
be deviations from the real system. A key factor for establishing a model is to know and to manage these deviations 
properly. Properties that are important for the actual case requires careful handling, while less relevant properties can 
be handled in a simplified way, or disregarded completely. A model that gives accurate results in one case can give 
very misleading results if it is used for cases where the assumptions the model is based on are stretched too far outside 
their validity range. Simple simulation models using ideal components and ideal conditions are useful for exploring 
basic properties of a system, as they are easy to manage and require short runtimes, but many important aspects are 
not covered by them. Complex models with detailed representation of actual components are useful for studying 
concrete cases, but can be difficult to manage and require long runtimes.  

Power electronics converters contains a lot of complexity, both in power circuit domain and in the control system 
domain, so simulation models must contain many simplifications to be usable. Especially switching of power 
semiconductors, which involves events in the nanosecond range, requires simplifications. For power flow 
investigation, switching can be omitted completely by using average models [2], while more detailed studies of 
transients and control system behavior may use models with ideal switches. 

Laboratory experiments using real hardware can be used to explore things that are difficult to model, as transformer 
and inductor saturation, nonlinearities in semiconductors, sampling effects in converter control systems, and EMC 
issues. Experiments can be used for verifying simulation models by running simulation using the parameters of the 
actual lab setup, and compare the results with measurements. Unexpected interactions between components in a 
system, especially during abnormal operating conditions, can also be revealed. The issue of underlying assumptions 
and simplification is present for laboratory models too, so awareness about the consequences of the omissions is 
crucial. Transmission level converters are fairly large and complex systems, so some simplifications are required in 
order to make a laboratory model feasible.  

3.1. Scaling 

The choice of power level to be used in the scaled model is the most critical decision and is typically the result of 
a trade-off process where several factors are weighed against each other. Low power models are safe, have low cost, 
and are usually easy to operate. On the other hand, high series resistances and non-scalable auxiliary losses give 
significant deviations from the behavior observed on the full-scale reference case. High power models give moderate 
scaling effects due to their low scaling ratios, with properties close to those of the full-scale reference. However, they 
are expensive to build and use. Reconfiguration is also cumbersome and expensive due to size and weight of the 
components. They also give considerable safety issues due to large amount of energy involved.  

Choice of voltage level is linked to the choice of power level, as it determines the impedances in the model. 
Unreasonably low or high impedances make it difficult to find suitable components and tend to give problems caused 
by parasitic side-effects. Voltage levels choices falls naturally in three groups:  

 
 < 50V: Considered to be safe. Used for low power models, < ~1 kW.  
 < 1000V: Governed by low voltage safety regulations. 
 > 1000V. Governed by high voltage safety regulations Used for high power models, > ~1MW.  

 
Power and voltage levels give the basis for determining the Per Unit system used for scaling the parameters:  

 
Sbase = √3*Ull base*Ibase    Zbase = Ull base / (√3* Ibase)    Ubase cell = Ulll base / ncell, 

 
The converter cell parameters have a separate set of base values determined by the number of cells. The ratio 

between the base impedances for reference and model then determines the scaling of resistance, capacitances and 
inductances for the converter model. 

 

Zbase cell = Zbase / ncell, Cmodel = Cref * Zbase cell ref / Zbase cell model  Lmodel = Lref * Zbase model / Zbase ref  
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