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Abstract— This work proposes a methodology for selecting 
the optimal configuration, in terms of energy efficiency, in 
power conversion applications. The outcomes of the selection 
are both the power topology among different options, together 
with a set of parameters for the design variables for that 
topology ensuring the highest efficiency for the target 
operating conditions. An example of this methodology is 
provided for a Hybrid Energy Storage System application in a 
given nanogrid. Two options for the power converter topology 
are presented, and also each of them is assessed in two basic 
operation modes: islanding mode and transient support mode. 
The final methodology provides a tool for selecting among the 
optimal power topology design considering the total efficiency 
of the system. 

Keywords—Power converters, efficiency, transient operation, 
hybrid energy storage. 

I. INTRODUCTION 

The analysis of the efficiency in power converters is a 
complex task that depends largely on the application and ratings, 
the operating conditions, the accuracy of the analytical and 
simulation models considered, etc. [1]-[4]. The basic 
methodology characterizes the efficiency (ηd) of a any general 
system able to process energy, as a function of the steady-state 
average rated input and output power values (PI and PO, 
respectively), as given by: 
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This definition is usually given for the operation of power 
electronic converters, in steady state, at nominal operating 
values. Therefore, even though it gives a general idea of the 
performance of the system, this figure of merit does not take into 
account the evolution of the system during transient or complex 
operation modes, in which steady state is not clearly defined (e.g. 
in an energy backup system the steady state is idle, thus the 
output power is null most of the time). 

In general terms, a power converter might operate at 
conditions well away from the rated settings. Examples of 

applications are Photovoltaic (PV) systems (with varying 
irradiance), powertrain converters in Electric Vehicles (EVs) 
(with varying load profiles), storage systems in microgrids (with 
random load and generation profiles), etc. [1]-[10]. 

In these applications, the standard definition of efficiency 
(steady state, nominal operation) might be not enough as to take 
design decisions based on the energy efficiency performance. A 
way to cope with this issue in PV applications, several complex 
efficiency definitions have been proposed, such as the European 
Efficiency (ηE) or the California Energy Commission Efficiency 
(ηC) [11]-[12]. These are weighted average values of the 
converter efficiency calculated from the efficiency values 
measured at different loads: 
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being ηi% the efficiency of the converter at a percentage i% of 
the load of the rated power value. 

These weighted efficiencies account for the converter 
performance in a wide range of loads, and are good parameters 
in order to compare different inverters for a given PV installation 
[13]-[15]. However, in the case of applications in which the main 
operation is intended to be a sequence of transients rather than a 
steady state operation point (e.g. transportation, stochastic loads, 
microgrid storage systems, etc.), the definition of efficiency as a 
quotient between input and output steady state average power 
values does not provide enough information of the performance 
of the energy conversion. 

This work proposes a methodology for selecting the optimal 
configuration in power conversion systems, in terms of energy 
efficiency. The optimal configuration is defined as a set of 
parameters of given design variables (such as specific power 
converter topology choice among different options, values of 
control parameters as for instance the bandwidth of the 
controllers, etc.) that ensure the highest efficiency in given 
operating conditions. These operating conditions are defined as 
a number of different cases of study. This work firstly defines 
the methodology, and later provides a case study in a particular 
application of a Hybrid Energy Storage system (HESS) in a 
nanogrid. The modes of operation of such HESS considered are 
islanding mode (HESS supplying power to all the loads at the 
nanogrid and controlling the DC bus at the nanogrid), and 
transient support (nanogrid connected in grid-tied mode and 
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ηE=0.03η5%+0.06η10%+0.13η20%+ 
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+0.21η50%+0,53η75%+0.05η100% 



controlling the DC bus voltage, HESS only providing transient 
power to the loads). 

II. METHODOLOGY 

A more generic definition of efficiency, can be obtained 
through the integration of the instantaneous power along a given 
time (i.e. energy, E) of expression (1). This yields to the 
following expression where sub-index Loss stands for losses: 
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For the system operating in steady state, in rated conditions, 
(1) and (5) and  show the same results. However, for a system 
evolving in transients, the energies involved in a given interval 
must be considered, as the efficiency varies depending on the 
operating conditions. It is assumed that the target system 
behaviour is defined between instants t=0 and t=T. The idea is to 
calculate the energy losses along the evolution of the system in 
the typical operating conditions, including transient operation. 
Given that this evolution is a function of the control scheme 
implemented, the main goal of the work is to obtain an 
expression of the instant losses as a function of the control 
variables: 
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where pLoss(t) is the instant value of the power losses, x1, … xn are 
the n control variables of the system, and p1 … pm are the m 
independent design parameters that are considered. 

Once this expression is obtained, and once the evolution of 
the control variables is selected, the evaluation of the total energy 
loss that takes in the system upon these operating conditions can 
be calculated using (5). A key aspect to consider, is that the exact 
evolution of these control variables might not be known at the 
design stage. To solve this system, complex historic load profiles 
of the evolution of the system might be obtained. These profiles 
must have enough resolution and sampling rate as to effectively 
account for the complete system behaviour.  

Even though this would provide accurate enough results, this 
kind of load profiles might not be available for all the 
applications. In addition, it might yield to a significant amount 
of calculations that can complicate the procedure. The approach 
followed in this work will be to select simple, yet representative 
transient profiles of the defined operational modes, that 
simplifies the comparison procedure. This allows for a 
comparative study that can enlighten the decision of the most 
suitable power topology for a given application. But also, it helps 
to select the best set of design parameters once a topology is 
chosen.  

The proposed methodology will be tested in a HESS 
converter for two different possible topologies, each of them 
upon two given modes of operation. 

III. CASE OF STUDY: APPLICATION TO HYBRID ENERGY 

STORAGE SYSTEMS  

The forthcoming discussion considers the performance, in 
terms of efficiency, of a HESS as the one depicted in Fig. 1. The 
system under consideration has two energy storage devices, an 
electrochemical battery (EB) module intended for sustained 
power support, and a module of supercapacitors (SM) intended 
for fast-dynamics peak power support. At Fig. 1, the PECG is 
the Power Electronics Converter for Grid interface; the PEGL is 
the Power Electronics converter for Generation/Load and ESS 
accounts for Energy Storage System. Table I shows the main 
parameters of the HSS system. 

Two different power topologies will be considered. The 
topology defined as Direct Parallel Connection (DPC) can be 
seen in Fig. 2.a. The alternative topology is the Series-Parallel 
Connection (SPC), depicted in Fig. 2.b. Both topologies have 
been deeply analysed in previous works [16] [17]. 

 
TABLE I: RATED (NOMINAL) PARAMETERS OF THE  

SYSTEM UNDER STUDY 

Symbol Parameter Value 
VDC DC link Voltage 600 V 
VBAT Battery Voltage  300 V 
iBat Battery Current (nom) 20A 

VSCaps SM Voltage (nom) 60 V 
iLSCaps SM Current (nom) 40A 

fSW Switching Frequency 20kHz 
PNOM Power of the converter 8 kW 

 

The theoretical expression of the losses needs to be 
calculated as a function of the control variables. For the 
considered application, the control scheme implemented is 
depicted in Fig. 2.c. The system power flows are controlled by 
current control loops at the storage systems, through standard PI 
regulators. The control variables for the battery and for the 
supercapacitor module will be the currents through the 
inductances LBat and LSCaps, i.e. iLBat and iLSCaps, respectively. In 
addition, there is a DC link control loop, however the small 
variations in the DC link due regular operation of the converter 
are considered not to affect significantly the efficiency 
performance of the system.  

Each of those current control loops has a number of design 
parameters that tune the controllers. This work will assume a first 
order behaviour of the current loops, and therefore the main 
design parameters for each control loop will be the bandwidth of 
the controller. For any instant, (6) can be particularized for the 
target system as: 
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Fig. 1. Modeling approach in terms of the power flow balance in the 
considered Hybrid Energy Storage System (HESS).  



where VDC, VBat and VSCaps are the voltages at the DC link, at the 
battery and at the supercapacitor module. 

 

Initially, only these steady state losses will be calculated. In 
a second stage, the losses as a function of the system time 
evolution will be considered (i.e. as a function of the bandwidths 
involved). 

IV. LOSSES IN STEADY STATE 

The total losses in the system considered are the switching 
and conduction losses at each of the switches, the magnetic 
losses at the inductors, as well as the DC link losses. The rest of 
the losses in the system will be disregarded. The expression of 
the switching losses at each switch has been modelled by: 

 SWoffToffLoffDConTonLonDCSW fEtIVEtIVtp )·······()( +=  (8) 

where ILon and ILoff are the values of the instant currents through 
the inductor at the switching on and off instants (therefore 
considering the effect of the HF ripple), fSW is the switching 
frequency, tTon and tToff are the turn-on and turn-off switching 
intervals of the switch and Eon and Eoff are switching energy 
values taken from the manufacturer’s datasheet. 

The conduction losses at each of the switches are given by: 
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where VCEon and RCEon are the collector to emitter on voltage and 
resistor of the considered IGBT given from the manufacturer’s 
datasheet, and ICavg and ICrms are the average and rms values of 
the collector current. 

The losses at the inductors have been calculated as: 

 2·)( LrmsLserLI IRtp =  (10) 

where RLser is the series parasitic resistor of the inductor, and 
ILrms is the rms value of the inductor current. 

Finally, the losses at the DC link (pLCdc) can be considered by 
the ESR of the capacitors, although in VSI converter. These 
losses are usually low [4], and are given by: 

   " cp  "c  " c  I	+" c rms2  (11) 

where ESRCDC is the equivalent series resistance of the DC link 
capacitor, and ICDCrms is the rms value of the current through the 
DC link capacitor.  

Notice that each of the current and voltage values in the 
expressions (8)-(11) are a function of the instant value of the 
control parameters (iLBat, iLSCaps, VDC, VBat, VSCaps).  

The final expression of the losses has been calculated as the 
addition of these partial components, for a given setup for the 
system defined in Table II. The resulting expressions are 
depicted in Fig. 3.a. These plots show an instant power losses 
map, as a function of currents iLbat and iLScaps (horizontal and 
vertical axes, respectively). The darker the zone in the map, the 
lower the losses in steady state in that set of coordinates. Two 
different maps have been calculated, for each one of the two 
possible topologies considered, DPC (left) and SPC (right). 

 

However, the idea underlying this work is to make a 
methodology for comparing different power topologies. In this 
sense, it is more interesting to depict a single instant power losses 
map, that accounts for the difference in the losses among the two 
possible options. This map is represented in Fig. 3.b. In this case, 
the lighter the zone in the map, the higher the losses difference, 
defined as: 

 LossSPCLossDPCLoss ppp −=Δ  (12) 

Therefore, the darker areas imply that there is a saving in the 
losses if SPC topology is used. In particular, the yellow lines 
mean that both losses are equal. This defines four regions in the 
losses map, two “light” areas (DPC is therefore preferred in 
terms of losses), and two “dark” regions (SPC provides less 
losses than DPC). 

The next step is to define the typical operation of the system 
under consideration, as a trajectory in the losses map. If this 
trajectory falls completely in one of these areas, then the decision 
on the topology to use is obvious. On the case that these 
trajectories move through several of these areas, a more complex 
study must be carried out. 

TABLE II: PARAMETERS OF THE CONVERTERS 

Symbol Parameter Value 
CDC DC link Capacitance 2.2 mF 

ESRCDC ESR of DC link Capacitor < 20 mΩ 
Lbat Battery Converter Induct. 2.1 mH 
RLbat Series Resistance of Lbat 0.2Ω 
LScaps Supercaps Converter Induct. 350 μH 
RLScaps Series Resistance of LScaps 0.2Ω 

SX IGBT reference (IXYS) MIXA60WB1200TEH 

 

 a) 

 b) 

 c) 

Fig. 2.a) Direct Parallel Connection of two energy storage devices. b) 
Series-Parallel Connection. c) Control scheme of the HESS considered 



However, the map of Fig. 3.b provides an initial guess of the 
relationship of operating values in which each of the two 
topologies under consideration presents a better efficiency 
performance (e.g. SPC will be preferred if the system operates 
for long intervals with supercapacitor currents from zero to 
around twice of the battery current, both with the same sign). 

 

V. DYNAMIC EVOLUTION: OPERATION MODES 

In general terms, the time dependence of the currents 
involved is a function, among other design parameters, of the 
bandwidth of the current control loops for the battery and 
supercaps, BWiLbat and BWiLSCaps, respectively: 

 iLbat(t)=f(BWiLbat,t) (13) 

 iLSCaps(t)=f(BWiLSCaps,t) (14) 

Therefore, the study of the efficiency of the system must 
consider these bandwidths as parameters. In addition, two 
different cases of operation will be defined. Finally, the 
performance in terms of losses of such cases of operation for the 
two considered topologies will be calculated. The considered 
cases are defined in Fig. 4, and are discussed ahead. 

A. Case A: Islanding operation 

This case accounts for a system in which initially the 
microgrid is working in islanding mode. Thus the HESS must 
support the full power to the loads as depicted in Fig. 4.a.  

 

The typical operating profile selected consists of repetitive 3 
kW alternative power steps, as can be seen in Fig. 4.a. At each of 
these steps, the battery provides a first order response, with a 
given bandwidth, up to the corresponding current command 
step. In this case, the steps take place each 0.5 s, and this base 
bandwidth has been selected of 3 Hz for illustration. On the other 
side, the supercapacitor provides the required power peaks as to 
obtain the desired power through the loads. Therefore, the 
corresponding current reference starts with a high peak value 
(around 40 A), and decays to zero after some time, also 
characterized by a given bandwidth (the same base bandwidth of 
3 Hz). Therefore, the SM subsystem helps to provide initial 
pulsed power, whereas the battery provides a continuous power 
in steady state. 

The trajectory on the losses map of the Cartesian coordinates 
given by the evolution of iLSCaps and iLbat, is presented in Fig. 5.a. 
Different relative bandwidths in the current controllers are 
shown, in order to illustrate the dependency of these trajectories 
on the control design parameters. The red curve depicts the exact 
case seen in Fig. 4.a. The blue trajectory shows a case similar to 
the red one, keeping the base bandwidth for the battery current 

 a) 

 b) 

Fig. 3.a) Instant power losses map, as a function of battery and supercaps 
inductor currents, for DPC (left) and SPC (right) configuration. The darker 
the area, the lower the losses. b) Instant power losses subtraction map, as a 
function of the battery and supercaps inductor currents. The darker the area, 
the higher the losses savings in SPC (SPC losses smaller than DPC losses). 

  a) 

  b) 

Fig. 4. Characterization of time evolution of battery and supercapacitor  
power and inductor current waveforms, for the three cases considered. a) 

Case A: Islanding Operation. b) Case B: Grid-tied (transient support). 



controller, but with a bandwidth in the supercaps inductor 
current 5 times slower than in the previous case. Finally, the 
green line shows also a similar case to the red one, in this case 
with the supercaps current bandwidth 5 times faster. The time 
step, tstep, between two consecutive dots in the trajectories is 
constant (0.2 ms). Therefore, it can be seen how the values of the 
control design parameters, in this case both current bandwidths, 
significantly affect the evolution of the losses in the system. In 
order to decide upon the optimal topology for this case A, the 
detailed numerical calculations for the total energy loss must be 
carried out. These calculations will be discussed in the next 
section.  

 

Another way to visualize this trend is shown in Fig. 5.b. As 
mentioned, each trajectory, defined by the bandwidths BWiLbat, 
and BWiLSCaps, is represented by a set of points in the XY plane, 
being X the battery current and Y the supercaps current. These 
points can thus be represented by a vector:  

పሬሬԦݎ  = ሺݔ௜, ௜ሻݕ = ൫݅௅஻௔௧	௜, ݅௅ௌ஼௔௣௦	௜൯ (15) 

being ݎԦi the position vector of each point in the sequence. 

Considering that each point in the trajectory is given at a 
constant sampling time, then the centroid of the set of points can 
be calculated following: 

 ܴ஼்ோ஽ሬሬሬሬሬሬሬሬሬሬሬԦ = ∑ ௥ഢ·௧ೞ೟೐೛ሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦ೔ ்  (16) 

being ܴ஼்ோ஽ሬሬሬሬሬሬሬሬሬሬሬԦ the vector of the centroid, and T the total time of 
the signal.  

This centroid has been represented in Fig. 5.b, for three 
different conditions. The evolution from point A1 to A1’ (and A2 
to A2’, for the negative cycle), shows how the centroid is 
displaced when BWiLbat is kept constant and equal to the 3 Hz 
reference value, while BWiLSCaps is increased from 1/10 to 10 
times this value (magenta trace). As it can be seen, initially the 
SPC configuration is better from the point of view of the losses, 
but as BWiLSCaps increases, evolves to a neutral situation. 

The orange trace shows the trend when BWiLSCaps is kept 
constant, and BWiLbat increases (B1 to B1’ and B2 to B2’). For this 
particular case, the evolution does not mean any improvement 
from the point of view of the losses. 

Obviously in all this discussion, the feasible limit values for 
the bandwidths must be considered, as not all the points in the 
trajectory would have a practical meaning. In this sense, the grey 
trace shows a more realistic situation, in which the bandwidth of 
the battery converter is always 10 times slower than the 
bandwidth of the supercaps, and both values increase from C1 to 
C1’ (and from C2 to C2’). It can be seen how in all cases SPC 
will provide less losses, however the slower the bandwidth, the 
better. 

B. Case B: Grid-tied, transient support 

Figure 6 shows the grid tied mode configuration. This case 
accounts for a system in which the microgrid operates in grid-
tied mode, and the HESS provides only transient power at each 
load steps. Eventually, the power delivered by the HESS reaches 
zero. The current evolutions considered for the battery and the 
supercaps are depicted in Fig. 4.b. In this case, the power 
delivered by the supercaps is the same as in case A. On the other 
hand, the battery current has been implemented with a 
combination of a LPF and a HPF, also at 3 Hz, that forces the 
steady state of the battery current to be zero. For these current 
shapes, a similar procedure has been followed for this case. The 
trajectories for three different BWiLSCaps are shown in Fig. 6.a. 
Again, the system performance clearly depends on the dynamic 
design parameters. 

The centroids have been also calculated for this situation, and 
are depicted in Fig. 6.b. The magenta line shows the 
displacement of the centroid for the same conditions than in case 
A (constant battery converter bandwidth, increasing supercaps 
bandwidth). It can be seen that, in this case, increasing 
BWiLScaps yields to a significant decrease in the losses, actually 
passing from a situation in which DPS is preferred (points A1 
and A2) to a situation in which SPC is the best option (points A1’ 
and A2’). 

On the other hand, the orange trace shows exactly the 
opposite trend, for the case in which the bandwidth of the 
supercaps converter is kept constant, while increasing the battery 
converter bandwidth. The initial situation considers SPC as the 
best option (points B1 and B2), however increasing the battery 
bandwidth yields to an increase in the SPC losses up to the point 
that DPC is finally preferred (points B1’ and B2’). 

Finally, the grey trace shows the case that BWiLSCaps is one 
order of magnitude higher than BWiLbat. In this case, SPC is 

  a) 

b) 

Fig. 5. a) Trajectories over the instant power losses subtraction map for different 
relative bandwidths in the current controllers, for case A. (red: cases depicted in 
Fig. 4; blue: same than red, with BW for supercaps 5 times slower; green: same 

than red, with BW for supercaps 5 times faster.)  
b) Evolution of the centroids of the trajectories, as a function of bandwidth values 

in the current controllers for case A (magenta: keeping BWiLbat constant, 
increasing BWiLSCaps; orange: keeping BWiLSCaps constant, increasing BWiLbat; 

green: Increasing both bandwidths, keeping BWiLSCaps 10 times faster) 



always preferred, but again the faster the system is, the higher 
the losses at the SPC configuration compared to DPC. 

 

This analysis of the centroid evolution can be used in order 
to have a first approach of the expected behaviour of the 
converters and the efficiency, as to initially settle the operating 
conditions of the system. However, in order to refine the results, 
a complete computing of the results must be carried out.  

VI. COMPUTING THE EFFICIENCY 

The complete calculation of the losses, for each of the 
configurations (SPC or DPC) has been carried out for both cases 
of operation (cases A and B), using as parameters the 
bandwidths of the battery and supercaps current loops.  

The value of the energy loss has been calculated, and have 
been depicted in Fig. 7. However, the information of the energy 
losses evolution does not give idea of the relative importance of 
these variations to the overall energy processed by the system. 
Thus, this calculation must be compared with the overall energy 
converted by the system. 

In order to address this issue, the dynamic efficiency, ηd, as 
defined in (5), has been computed, for the full waveform periods 
as defined in Fig. 4. This parameter has been represented in the 
charts of Fig. 8.  

 

The overall dynamic efficiency of the system can be seen, as 
a function of the control parameters, i.e. keeping the battery 
bandwidth in the base value of 3 Hz and varying the 
supercapacitor bandwidth (from 0.3 to 30 Hz). This has been 
carried out, at each of the cases considered (A and B), for both 
topological configurations (DPC and SPC). It can be noticed 
how there are some sets of conditions in which the efficiency at 
one topology is higher than the other one, therefore enabling for 
a selection of the optimal operating point for given set of 
operational constraints of the HSS. For instance, for the 
particular case A, depicted in Fig. 4.a, in terms of the efficiency 
performance, there is practically no difference using either 
configuration (DPC or SPC). However, for case B, there is a 
margin of design at which SPC presents more efficiency than 
DPC; away from this margin DPC presents better efficiency. 

This behaviour is consistent and can be deduced from the 
efficiency plots at Fig. 5 (right), where the red line (both 
supercaps and battery current bandwidths equal to 3 Hz) falls 
mainly on the “SPC preferred” region; however both the green 
and blue plots (supercaps current bandwidth 15 Hz and 0.6 Hz, 
respectively) flow through the “DPC” preferred area.  

 

a) 

   b) 

Fig. 6. a) Trajectories over the instant power losses subtraction map for different 
relative bandwidths in the current controllers, for case B. (red: cases depicted in 
Fig. 4; blue: same than red, with BW for supercaps 5 times slower; green: same 

than red, with BW for supercaps 5 times faster.)  
b) Evolution of the centroids of the trajectories, as a function of bandwidth values 

in the current controllers for case B (magenta: keeping BWiLbat constant, 
increasing BWiLSCaps; orange: keeping BWiLSCaps constant, increasing BWiLbat; 

green: Incerasing both bandwidths, keeping BWiLSCaps 10 times faster) 

 a) 

 b) 

Fig. 7. Evolution of the Energy losses, ELOSS (in W.s) calculated with the 
trajectories defined for: a) case A, and b) case B. Upper plots are calculated 

for a fixed BWiLSCaps=3Hz, for different BWiLbat values. Lower plots are 
calculated for a fixed BWiLbat=3Hz, for different BWiLScaps values 



 

VII. CONCLUSIONS AND FUTURE DEVELOPMENTS 

A methodology for optimal dynamic efficiency performance 
design of power converters has been presented. This 
methodology has been illustrated by applying it to the study of 
the performance of power electronic converters for hybrid 
energy storage systems. 

Once the system is defined (nominal values, case of 
operation, etc.), the shown loss charts, centroid evolutions and 
dynamic efficiency plots can be calculated, and used as an aid 
tool for decision making, in order to select among different 
options of topologies.  

Even more, once a topology is finally chosen, the system can 
be optimized, in terms of losses, by adjusting the bandwidths of 
the control loops (obviously, within the range of dynamic 
requirements and constraints of the system).  

Future developments include the testing of this methodology 
with real load profiles in the system, as well as an experimental 
validation of the methodology. 
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 a) 

 b) 

Fig. 8. Evolution of the dynamic efficiency, ηd (in p.u.) calculated with the 
trajectories defined for: a) case A, and b) case B. Upper plots are calculated 

for a fixed BWiLSCaps=3Hz, for different BWiLbat values. Lower plots are 
calculated for a fixed BWiLbat=3Hz, for different BWiLScaps values 
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