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Abstract—The so called Energy-Pack (EP) is a storage based 

replacement unit for traditional emergency auxiliary power units 

for overhead wired buses or trolleybuses. Besides the 

replacement, other important functions such as normal catenary 

free operation are possible. The design, realization, testing and 

pilot run in Switzerland are presented in this paper. The previous 

work of several other projects and investigations are first 

summarized and consist of concepts for the additional use of 

supercapacitors, the multifunctional use of the EP and 

simulations for understanding the significance for the supply 

quality of the EP’s use for several buses on the same line and at 

the same time. Secondly, the specification and realization of the 

EP are commented on. Finally, the results, testing procedure, 

commissioning and pilot run of a bus operator in Switzerland are 

described, followed by conclusions of this extensive and for future 

transport application very important project. 

Keywords—batteries; supercapacitors; electric buses; overhead 

wired buses; energy management; electrical drive chain  

I.  INTRODUCTION 

The transport sector in Switzerland amounts to 37% of the 
national energy demand, which is mainly based on oil. Similar 
to other countries, it is responsible for the majority of the CO2 
emissions in Switzerland. In respect to the ecological impact, 
electric vehicles perform significantly better than conventional 
means of transportation if the electricity is produced from 
renewable energy sources, although disadvantages of high 
weights and reduced operating ranges exist as well. Therefore, 
periodically recharged vehicles or continuously supplied 
transport systems like tramways, trains or overhead-wired 
buses (trolleybuses), which are widely used in Switzerland, are 
interesting alternatives. Today a multifunctional use of 
trolleybuses is in discussion: partly fed by wires and partly 
standalone operation with a battery pack, which represents the 
background of this paper. 

 
Fig. 1. New 24m HESS trolleybus for 220 passengers (ref. VVL1)  

 

Since 1994, engineers at the Competence Center Integral, 
Intelligent and Efficient Energy Systems (CC IIEE) of 
Lucerne’s University of Applied Sciences & Arts are doing 
rsearch work in the field of electric mobility. Energy storages, 
drive chains and the system integration are part of the core 
interests. In the past years, various projects involving integral 
drives, transportation carriers as well as mobile and stationary 
electrical storage systems have been realized 
[1][2],[3],[4],[5],[6],[7] and also considered in the context of 
charging grids including the V2x technologies [8][9]. 

In 2004, CC IIEE presented the TOHYCO-Rider, an 
innovative drive concept for public transportation. In a new 
approach to reduce the weight of batteries, CC IIEE combined 
the high performance supercapacitor storage SAM2 with IPT3 
contactless charging stations. The promising results led to the 
follow-up project “Energy Pack (EP) for Overhead Wired 
Buses” presented here. This approach shows the power supply 
of overhead-wired buses, managed by overhead lines replacing 
the IPT charger. 

                                                           
1 VVL means “Verkehrsverbund Luzern”; VVL is responsible for the 

public transport in Central Switzerland. 
2 Super Accumulator Module, the so called combination technology of 

batteries, supercapacitors and management by CC IIEE 
3 Inductive Power Transfer 
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The trolleybus is the long existing solution for zero 
emission vehicles (ZEV) in city transport. It produces no 
particulate matter, no NOx, no greenhouse gases and very little 
noise pollution. For over 20 years, trolleybuses have recovered 
up to 20% of the kinetic energy while braking. The regained 
electricity can be used for the auxiliary devices of the vehicle 
such as heating and air conditioners or it can be fed back into 
the power line. Storing the braking energy requires an on-board 
energy storage system. This allows an additional 15 to 20 per 
cent of the braking energy to be recovered. The on-board 
energy system “Energy-Pack” (shown in Fig. 2 as final 
subsystem) enables the vehicle to be also independent of the 
catenary for a limited amount of time. The multifunctional use 
(MFU) of the EP, containing not only batteries but also 
supercapacitors for high peak power capability, shows 
economic advantages, too. The concept, the realization and the 
results of this project are presented.  

 

Fig. 2. The Energy Pack in the laboratory of CC IIEE 

II. CONCEPTS AND SIMULATIONS 

The primary aim of the project is the development of an 
optimized, “plug-and-play” mountable and efficient EP for the 
new generation trolleybuses or for retrofit by combining energy 
storage (SAM), power electronics and energy management. 
The EP is required to fulfill different functions. This includes 
the replacement of the APU4 with its integrated combustion 
engine by the EP for operation without grid supply (e.g. 
incidents, catenary defects). The braking energy is regenerated 
and the catenary system is stabilized. Furthermore, it allows a 
combined operation, where the trolley bus may also work in 
normal operation outside the catenary grid. It is only the 
replacement of the APU for emergency reasons which is not 
economical, but the EP with MFU, shows an overall economic 
benefit. In the following section, the different functions are 
discussed. 

                                                           
4 APU means auxiliary power unit (emergency generator, driven by a 

diesel engine) 

A. MFU 1: Replacement of the internal combustion engine 

The EP replaces the emergency unit (APU), whose 
operation is based on the combustion engine. Short distances, 
such as bypassing road construction sites, incidents or the ride 
to the bus garage, can be bridged electrically. For such cases, 
expanding the catenary grid might be too expensive or become 
very complicated due to political objections. Here, a very 
important fact is given by the new Euro 6 regulations for buses 
which have reduced the emissions down to 500mg/km for CO 
and 80mg/km for NOx [12]. These new regulations have to be 
fulfilled for the APUs of trolleybuses, too, which therefore 
must be redesigned and which result in a major economic 
challenge. Consequently, the initial idea was to design an easily 
replaceable “plug&play” EP with the same specifications of 
space, weight and price compared to the traditional APU. 

B. MFU 2: Regeneration of braking energy 

In generator mode, the vehicle’s motor feeds electrical 
energy back into the grid and thereby considerably improves its 
ecological footprint. The braking energy is only lost as heat 
produced by the braking resistor if no other vehicles are in the 
same section of the grid and no energy can be used for traction 
or on-board auxiliaries. With the EP, the energy reuse is, 
compared to the transmission over the overhead wires, more 
efficient due to the onboard energy storages. Moreover, the 
supercapacitor part of the storage system, which in the basic 
concept of a two-storage solution, allows overtaking the power 
peaks and transients during braking and acceleration with a 
very high efficiency. At the same time, the battery will have a 
better lifetime. 

C. MFU 3: Stabilization of catenary 

As described in II.B, the regeneration requires other energy 
consuming buses in the same section of the grid to reuse the 
additional power. Alternatively, the catenary could feed back 
into the grid. Otherwise, the nominal voltage of the catenary is 
exceeded. Similarly, if a vehicle temporarily consumes much 
power, a voltage dip might occur. Furthermore, the transfer of 
such energies produces losses in the catenary, which are 
dependent on the distance to the next bus. 

The EP manages the power flow by consuming or feeding 
energy and thus stabilizing the catenary grid. In some cases, 
this might render a grid expansion unnecessary. The economic 
use of avoiding additional substations is given. 

The need of supercapacitors depends on the type of 
operation. Although LiIon-batteries become more and more 
reliable and powerful, supercapacitors are still recommended 
for short distance ranges of catenary operation. In this case, the 
reduced number of batteries is not able to deliver enough 
power at an acceptable lifespan for the normal operation of the 
bus, which is one of the important advantages against the APU 
operation, which allows only bus operations up to about 
20km/h. 

D. MFU 4: Catenary free operation (mixed operation)  

An additional benefit is the expansion of the trolleybus grid 
beyond the catenary. According to the concept, the trolleybus 
lines can be extended independently of the catenary by up to 15 



kilometers but depending on the auxiliaries use. Furthermore, 
the city scape can be enhanced if some areas are designed 
catenary-free. Such bus line extensions are often discussed 
today. The avoidance of expensive switches and crossings 
contain further economic benefits. According to the political 
decision for a reconstruction of the bus terminal at the railway-
station in St.Gallen Switzerland (shown in Fig. 3), one of the 
concepts provided a catenary free design of this place. 
Therefore, the local bus operator decided to make experiences 
with the EP in a pilot run (see Fig. 3).  

 

Fig. 3. At Sankt-Gallen railway station: catenary free operation of 

trolleybuses is in discussion and the EP is currently in test operation 

E. Simulations and Specification of the EP 

The specification and design of the EP are based on the one 
hand on the considerations of the MFU in Chapter A to D 
above and, on the other hand, on various previous studies and 
projects within the CC IIEE. The benefits of a combined use of 
batteries and supercapacitors are shown in [3] and [4]. The 
operation of intermediately recharged buses is discussed in [5]. 
The benefits of the EP’s use for the quality of the feeding 
catenary and the evaluation of solutions with different 
combination of storages with or without MFU have been 
studied in [11]. All the investigations proved the concept and 
encouraged the team for starting the EP realization project. 

First the trolleybus carrier and the surrounding system was 
simulated by a model consisting of 7 submodules in 
MATLAB-Simulink (Fig. 4) for the specification of the energy 
storages in relation to the operated profile of different bus line. 

 

 

Fig. 4. Structure for general vehicle simulations (OHL overhead wires, MAS 

master control, MMI men machine interface, Aux auxiliaries, BR breaking 

resistor, DRV drive system, SAM super accumulator module (supercaps and 

batteries), APU auxiliary power unit). Not used here: IPT inductive power 

transfer 

In a second step, an extended simulation in MATLAB-
Simulink was built up for the examination of different system 
configurations [11]. 

In order to understand the influence of the EP for the 
supply grid in case of several buses equipped with the EP, a 
typical trolleybus driving route of line 2 in Lucerne (vbl5) 
between “Kreuzstutz” and “Sprengi”, given in Fig. 5, including 
a slope of around 50m and two substations, was simulated.  

 

Fig. 5. Simulation input profiles of line 2 (vbl) 

The model, as shown in Fig. 6, includes influences on the 
storage lifetime and the exchange of about 10 buses in different 
positions driving in both directions on this route. 

 

Fig. 6. Multi bus model of the overall simulation. 

According to this simulation, the following concepts for the 
bus drive system were examined: 

 battery without MFU 

 only battery with MFU 

 battery and supercaps with MFU 

 only SCAPs with MFU 

The simulation results and an extensive multiple criteria 
analysis with 20 technical and economic criteria showed that 
only the solutions with MFU and batteries will satisfy 
significantly. Depending on the desired catenary free operation 
range, additionally to batteries, the use of supercapacitors 
makes sense or not. The smaller the range, the more the use of 
supercapacitors is recommended due to the necessity of power 
performance and lifetime of the batteries.  

With various iterations, as described in chapter III, the final 
combination of 180Wh for the supercapacitors short time 
storage as well as 34.6kWh for the battery long time storage 
was found. 

                                                           
5 vbl means „Verkehrsbetriebe Luzern“ 
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To confirm the concept, the performance of the catenary 
free operation was also examined by different simulations. For 
example, a hilly test route in Lausanne, Switzerland, with a 
slope of about 180m and stop and go operation of the 23t bus 
will be shown. Because of the challenging slope and the goal to 
discover the longest possible distance in this absolutely worst 
case for the EP, a minimal acceptable speed of 25km/h is 
chosen (Fig. 7.). 

 
Fig. 7. Testing route for catenary free operation: way, slope and speed 

 

           
Fig. 8. Simulation results for catenary free operation: efficiency of the 

supercapacitors and the SOC of batteries (left), the energy need of batteries 

and the supercapacitor energy exchange at the bottom (right). 

The results for catenary free operation can be resumed as 

follows:  

 In this operation, a distance of l8km can still be easily 
reached (Fig. 7. left). 

 At the same time, the batteries are only discharged 
down to 47% SOC (Fig. 8, left). Other graphs reveal 
that the battery discharge rate never exceeds the value 
of 2C, which lies excellently in the specification range 
of this LiIon cell type of battery. This means that the 
supercapacitors are protecting the battery from high 
power peaks as well. 

 The supercapacitors work very well for the over 30 stop 
& go cycles and show an efficiency of mainly over 
90%, which goes only shortly down to 70% (Fig. 8, 
left). Reducing the speed only a little by control at the 
right time or increasing the supercapacitor stack, the 
efficiency could always be kept at over 90%! 

 In the energy graph of the battery (Fig. 8, left) it can be 
seen that due to the slope and the low speed, in this case 
practically no energy can be regenerated. 

All the simulations, only shortly resumed here, proved the 
concept, which finally fixed the configuration described in 
chapter III. 

III. REALISATION 

A. Design and construction 

The work in chapter II lead to the following specification of 
the EP: 

 9 modules of 12 serial CALB 100Ah LiFePo4 cells, 
usable energy of 34.6kWh. 

 12 modules of 12 serial Maxwell Boostcap 
supercapacitors of 2000F, usable energy of 180Wh. 

 Two channel ABB DC/DC converter 200kW/80kW for 
supercaps and batteries respectively. 

 CAN bus control system with PLC controlled master 
intelligence, coupled to the vehicle bus control system 
by Vossloh-Kiepe. 

 800kg, about the same size as APU. 

 Integrated for pilot run in a “Swiss Trolley 3” bus of 
Carrosserie HESS AG. 

The basic diagram of the configuration is shown in Fig. 9. 

 

Fig. 9. Principal diagram of the EP’s layout. SMP supercap modul (power), 

SME (battery module (energy). 

The complete integration schema and principal functions in 
Fig. 10 show that the energy pack is internally coupled to the 
existing power system and 600V DC link voltage. 
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Fig. 10. Schematic and functional diagram 

The CAN bus control system of the EP has to be coupled to 
the internal vehicle bus system which can be basically done 
easily but practically requires a great effort of coordination and 
definition of the signal and protocol specifications in relation to 
the existing vehicle bus system and power electronics of 
Vossloh-Kiepe. Moreover, for trolleybuses the hardware 
standards for double isolated equipment also have to be 
fulfilled. Fig. 11 shows the hardware integration interface panel 
to the existing control system at the back of the trolley bus.  

 

Fig. 11. Double isolated hardware interface and PLC for the integration of the 

EP’s control into the vehicle CAN bus system. 

The mechanical construction also turned out to be a great 
effort to meet a mounting which allows an adequate cooling of 
all devices. The first basic concept of the principle arrangement 
is shown in Fig. 12, the practical realization in Fig. 2. 

 

Fig. 12. First CAD construction drawing of the components’ mounting. 

For the cooling system, a special channel system was designed 
to lead the cooling air to the corresponding storage cells. 
Therefore, pressure adjustment valves were provided. The 
design and the experimental proof of the correct distribution of 
the cooling air in the laboratory demanded comparatively a lot 
of work. 

B. High power laboratory testing, commissioning and pilot 

operation 

The testing and commissioning of the EP was carried out in 
several phases. After first successful functional tests in the 
laboratories of CC IIEE, the high power tests were performed 
in the laboratories of ABB in Turgi (Fig. 13). The maximum 
performance as well as the interaction of the storages and the 
power electronics with its supervision concept were checked. 

 
Fig. 13. Testing in the high power laboratory testing (ABB Turgi Switzeralnd) 

In a next stage, the EP Pack was mounted into the back slot of 

a “Swiss Trolley 3” bus of the public transport operator VBSG 

St.Gallen (Fig. 14). This work was carried out by the company 

Carosserie HESS AG in Bellach. In only a few days the 

commissioning took place successfully . 

  
Fig. 14. (left) Mounting and commissioning of the EP at HESS company, 

Bellach Switzerland. 

Fig. 15. (right) Pilot operation in St.Gallen, Switzerland showing the guide 

funnel for going back in operation with overhead wires in normal trolley 

operation. 

 
Afterwards, the bus was transported back to St.Gallen in 

order to start the pilot operation. Since then, the bus has been 
operating until today. The catenary free operation was realized 
for the ride over the bus terminal at the railway station in 
St.Gallen. For re-railing the pantograph into the overhead 
wires, a special funnel was mounted as seen in Fig. 15.  

 

The successful pilot service in St.Gallen and the interesting 

concept of the EP were already presented in the newspaper 

[10]. 



IV. RESULTS 

Based on real time measurements of the bus operation in 
St.Gallen on 22nd November 2014 (only the SME was taken in 
operation) the efficiency and the range of the EP were 
evaluated and the use of the supercapacitors could become 
estimated. For the calculations, an ideal converter was assumed 
and its losses were neglected. 

The internal resistance of the battery pack could be 
determined by the voltage and current measurements at an 
average power of only max. 50kW as approximately 120mΩ. It 
is slightly higher compared with the internal resistance of the 
data sheet, which is given as 97mΩ. On this background the 
power and energy losses and the efficiency of the battery pack 
could be calculated as well, which are 97.3% (generator mode) 
and 92.0% (motor mode) for the internal resistance related to 
the data sheet and 96.8% (generator mode) and 90.2% (motor 
mode) for the calculated resistance. The battery pack 
regeneration level reaches up to overall 17%. Furthermore, the 
driving distance is given as well, as - besides voltage and 
current values - the velocity for the regarded operating points 
was tracked. Within 4.5min, the trolleybus covered a distance 
of 760m by means of measured 1.47kWh from the battery 
energy (motor energy 1.6kWh and generator energy -0.27kWh, 
battery energy by efficiency 1.73kWh/-0.26kWh respectively). 
As the EP has a nominal energy amount of 34.6kWh, 80% of 
which can be effectively utilized, the discharge of the 1.47kWh 
means that this trolleybus could drive nearly 15km in this kind 
of operation. The battery efficiency mentioned above is quite 
high due to the moderate average power value of only 
approximately 20kW needed for the moderate acceleration and 
the maximum speed of 30km/h. 

Normally, for catenary free operation, a range of 10km is 
sufficient. Consequently, the battery pack could be scaled back 
which would result on the one hand not only in technical, but 
also in economic benefits. On the other hand, the losses of 
smaller batteries are higher and therefore, the efficiency might 
drop significantly. In addition, high current peaks, which come 
from heavy braking, lower the efficiency and the batteries’ 
lifetime as well.  

Taken into account, that also normal operation with 200kW 
and full speed shall be possible, the advantages of the 
supercapacitors ca be estimated as follows. In this case, the 
efficiency of the batteries will theoretically drop down to 
around only 75%. This calculation must be declared as 
theoretical because of the electronics and the discharging rate 
of 6C, which is possible but will not allow an acceptable 
lifespan. Compared to that the inner resistance of the 
supercapacitor pack module, consisting of 144 cells in series 
connection of which each cell has a nominal capacitance of 
2000F, amounts to a total of only 50.4mΩ. Thus the efficiency 
in the measured case reaches 97% and even for full 
performance the very high value of 84% can be achieved! 
Therefore, using supercaps could enhance the efficiency in 
stop-and-go-operations and other high performance situations 
drastically.  

To sum up, these calculations are based on the assumption 
that the battery pack is continuously discharged only with 
1.5C. In reality, the discharge rate may differ for high 

performance use up to 200kW, which seems not possible 
without supercapacitors which of course means very high costs 
for the additional power electronics. But increasing the power 
without supercapacitors will also result in increasing the power 
of the power electronics. Downsizing of the EP for lower 
distances will save costs but will also contribute to a lower 
efficiency and higher discharge rate.  

V. CONCLUSION 

The EP for trolleybuses is designed as a two storage 
solution for a multifunctional use and as a replacement for 
APUs. The function of the EP was tested in the laboratory as a 
two storage system consisting of batteries and supercapacitors 
with the full performance of 200kW. It could be integrated in a 
Swiss Trolley 3 bus of VBSG, the bus operator of St.Gallen. In 
collaboration with Carrosserie HESS AG, the EP’s control was 
also integrated in the existing master vehicle control. The 
normal operation was tested in St.Gallen with the battery pack 
over many months. In the best case, the vehicle should have a 
range of up to 15 kilometers in catenary free operation with 
reduced auxiliaries operation, which could not yet be validated 
so far. Several months of experience in St.Gallen confirmed the 
commercial feasibility of this product. The measurements show 
that with only batteries a performance of only 50kW is 
possible. The efficiency improvement by the supercapacitors 
for full performance application as well as for braking 
regeneration is about 9% (84% instead of 75%) increasing the 
lifetime of batteries at the same time (only 1.5C instead of 6C). 
For serial production, the costs for the EP and mainly for the 
supercapacitors are still very high. Therefore, at the moment a 
solution by batteries alone is to be given preference. 

The EP can be broadly applied, as it covers all typical 
functionalities. Compared to an APU with combustion engine, 
it offers added values (multifunctional use), while the costs are 
high - nevertheless justifiable but demand for further cost 
optimizations. Not only emergency rides but also very efficient 
regeneration of the braking energy, increasing the supply 
quality of the catenary and catenary free operation, are 
possible. A simple consideration of one single function, such as 
regeneration of energy, is not economical. However, the EP 
used as an overall system, is an economic interesting solution. 
The EP can be more or less easily integrated in new as well as 
in existing vehicles using this more or less plug-and-play-
solution. Of course, for every bus type the interfaces have to be 
studied and hard- and software have to become adapted. 

Due to the development of the LiIon technologies and for 
market reasons, emphasis is put on a one storage solution of the 
EP with the priority on batteries. The optimizations and further 
industrializations will now follow for upcoming market 
penetration. 
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