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Abstract

This paper presents a low-pass filtered power-flmtrol strategy for a series hybrid electric vei¢S-
HEV) with an energy buffer. The proposed contrahaito decrease the maximum power values from the
primary energy source and, secondly, to reduceehgine-generator dynamics at sudden load changes
(from low loads at low speed to high loads). In easf variable speed diesel generator (VSDG) set
downsizing reduces the emissions and the fuel copgion. The proposed control strategy is introduced
with two different driving cycles, both, for the l@n and the sub-urban areas. The energy losseseddny

the energy buffering, and the sizing of heavy duéhicle’s series hybrid drive train are gained aesult.

Keywords: Low-pass filtered power-flow control, kgaduty vehicles, plant optimization, series hybgtectric
vehicle, simulation

for reducing the size of the primary energy source
1 Introduction compared to other research [8], as well as, sizangd
power losses, in both, in the SC and in the dc/dc
converter of the system [6].
It has been shown that bad dynamical properties of
the system for the VSDG, as in conventional drive

gﬁflcult tr? ggner’ﬂlzl\tla. Tkllzerefore, tge_ \{vell Ené)[\;vg train, can be considerably improved by implementing
raunschweig and New European Driving ( ) power electronic converters with an energy buffer

cycles have been used in order to provide new [12]. The low-pass filtered power-flow control

information about power losses in supercapacitor ; : :
) o reduces dynamic requirements from the primary
(SC) buffered series HEV driveline. The study, energy source.

Wh!Ch is made for the duty maghmes, can also be The presented low-pass filtered power-flow control

utilized for heavy duty road vehicles such as trsick also seeks methods to reduce the deep discharge

anl(j bufslses. f the hvbrid electric drivell cycles from the SC, which causes limited life-tirme

d sedu nesstho | de yl fl The ei re thr_lve ine very cyclic applications. In order to achieve saoiint
epends on the load cycle. Therelore, TS paper iotime of supercapacitors, it should be avoided t

presents a low-pass filtered power-flow control,[5] use the full operation range of the SC (50% to 100%

[7]'.[9]’ [11], [16] with two diffe;rent Ioaq profile,. state of charge, SOC), which has a limited lifetiofe
which argues for both convenient and inconvenient 1 million cycles

cycles. As a result, the study offers confirmingala

THIs study is part of a duty vehicles hybridization
project. Heavy duty vehicles typically have very
machine and task specific cycles, which are
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2 Introduction

2.1 Topology

The series hybrid drive train is presented in Fig.
1. The VSDG generates ac current to the active
front end converter (AFE), which converts the ac
current to the dc current and stabilizes the d& lin
voltage. The AFE regulates the dc link voltage to
650 V in the proposed system. The energy storage
(ES), in this case a supercapacitor module, is
connected via the dc/dc converter to the dc link.
The inverter is connected to the dc link and isdise
directly from Power Management System (PMS)
for the traction control purposes.

The proposed variables for the power-flow
control are the load power to the inverters, the
speed of the vehicle, the dc link voltage and the
energy storage voltage [9], [10]. The load power
can be considered as a measured or as a
feedforward value [4]. The control signals for the
power-flow control are the dc link voltage
reference, which would be controlled from the
PMS, feedforward power flow for the AFE, the
dc/dc converter's current and the speed of the
VSDG [2] [12]. VSDG is controlled within optimal
operation area [14] [16]. The system topology, the
control signals and variables are shown in Fig. 1.
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Fig. 1 The system topology, the control signals andontrol
variables for the supercapacitor buffered series-higrid
electric transmission.

2.2 Propulsion power in the Driving
Cycles

The required propulsion power from the electric
transmission is determined based on the system
constraints as maximum acceleration, rated and
maximum vehicle velocity, and vehicle gradability.
The propulsion power calculation is straightforward
with the following equations. First, the total ttaam
force is solved:

F(t)zcomg+§pcﬂ A+ maY @

whereF(t) is the traction force as a function of time,
C, is the static friction coefficientn is the massg is
the gravitation,p is the air density,Cy is the air
friction coefficient, Ar is the cross-sectional aredt)
is the current velocity according to time, aads the
acceleration as a function of time. Then,
propulsion poweP(t) as a function of time is:

the

P(t) = F() V(1) (2

Therefore, solving of the propulsion power starts
from the driving cycle, which gives the current sge
and the acceleration as a function of the timetHe
simulations we use the NEDC and the Braunschweig
cycles to demonstrate the behavior of the presented
control, as in reference [7]. Table | shows the
environment and the vehicle parameters used to
simulate the required propulsion power.

TABLE |
Environment and vehicle parameters in simulatidts [

Symbol Quantity Value

Co static friction coefficient 0,013%1°

m mass 10 000 kg

g gravitation 9,81 mA

0 air density 1,29 kg/nt

Cq air friction coefficient 0,3

Ar cross-sectional area 8m

Fig. 2 illustrates the speed and the required

propulsion power for the NEDC and Fig. 3 represents
the same variables for the Braunschweig cycle. €hes
figures depict how the propulsion power reaches its
highest values in the end of the acceleration dral t
regenerative power at the start of the deceleration

The NEDC represents both, the urban and the sub-
urban area cycles. As from the Fig. 2 can be séen,
change point of the urban and the sub-urban aneas i
the NEDC is in the 800 seconds. The Braunschweig
cycle simulates only the urban area operation with
shorter accelerations and decelerations contrary to
NEDC.
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Fig. 2 The New European Driving Cycle and the requied
propulsion power (duration 1160 s, length 11.0 kmaverage
speed 34.2 km/h, max speed 120 km/h, share of id¥2.4%).
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Fig. 3 The Braunschweig driving cycle and the requied
propulsion power (duration 1740 s, length 10.9 kmaverage
speed 22.5 km/h, max speed 58.2 km/h, share of id26%).

The following simulations are made to illustrate
how the maximum propulsion power can be
reduced with the low-pass filtered power-flow
control in different driving cycles, and which aite

drawbacks.

Besides the propulsion power calculated from the
driving cycles, the simulated cases are assumed to
consume constant power to auxiliary devices of the

vehicle. Constant power is simply added to

propulsion power. In these simulation cases proper

constant power consumption would be e.g. 10 kW,

which is later used in the simulations.

2.3 Power losses in simulations

The power transfer efficiencies have a significant
role in order to define the usefulness of S-HEV
driveline. In this paper, the power losses deriving
from power-flow filtering in dc/dc converter and

supercapacitor module are considered. This is
realized with measurement based efficiency maps

from the dc/dc converter and ESR value of a
commercial supercapacitor module. The power losses
in other converters and electric machines of stddie
system are left out of the scope, though; theysilé
modeled with the same hybrid simulation modeling
principle.

Inverters, rectifiers and traction motors, are
modeled based on hybrid simulation modeling of
converters and electric machines. These models are
built with the efficiency maps received from the
manufacturer. In hybrid simulation models, the
transferred power through the power train is scaled
with the efficiency value of the operation point thfe
device in question.

Simulations concentrate only on system level
power transfer. Therefore, typical behavior of the
supercapacitors electrochemical characteristidsfts
out of consideration and simulations only consider
electrical characteristics of the energy storage.
Although supercapacitors resistance and capacitance
are state of charge dependent, supercapacitor
modules are simulated with constant equivalenteseri
resistance and capacitance [13]. Also, leakage
currents of supercapacitors are neglected.

2.4 Hybrid Simulation model of the
dc/dc converter

Dc/dc converter's transient behavior is neglected i
the simulations, which causes a small error to the
supervisory control simulations by the step resgons
of modern dc/dc converter. Therefore, dc/dc
converters are assumed to be ideal and the sinoualati
steps are pushed longer.

The power losses during the converter's operation
are defined with the measured efficiency data.
Efficiency values from the converter's different
operation points are used to calculate the power
losses in the dc/dc converter and in the SC module
during the energy buffering [3]. In the simulatigns
when operation point exceeds the limit of the
efficiency map, the end value of the map is used.
Preceding approach is widely called as a hybrid
simulation model.

Fig. 4 shows the efficiency map of the buck-
boost dc/dc converter as a function of the transfér
current and the ratio between upper and lower
voltage levels. The figure represents charge opmrat
and it is based on the measurements done for the
dc/dc converter which has interleaved inductor
phases and 120 amps nominal current.
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Fig. 4 The measured efficiency map of the dc/dc corerter
during charge operation.

The total power transfer efficiency from the dc
link side is solved from the efficiency maps of the
charge and discharge operations of the dc/dc
converter, and also with the equivalent series
resistance (ESR) of the supercapacitor module. One
efficiency map of the energy storage according to
ESR losses is shown in Fig. 5. The efficiency map
from the ESR losses is calculated with the equation

usc B RESRDI sc
uSC
where 77 is the efficiency,us. is the voltage of the
SC moduleResris the equivalent series resistance

attained from the datasheet [15] ang is the
current of the SC module.

,7:

Power transfer efficiency according to
ESR losses in the energy storage (54 mOhm)

50 100 150 200 04
Energy storage current [A]
Fig. 5 The power transfer efficiency according t8F losses in

the energy storage.

Accuracy of solving the power losses in a
supercapacitor module is reduced when the losses
are calculated only with ESR value of the dc

resistance. This is because the capacitance of a

supercapacitor is very frequency dependent [13].
Therefore, assumption with supercapacitor power

losses modeling is that converters transfer only dc
current and power losses caused by converters
switching frequencies are neglected. So, the
simulated power losses in the supercapacitor module
are considered to be the minimum that can be
realized. Previous further speeds up system level
modeling, while more accurate modeling of losses
with higher frequency components make simulations
unnecessary complicated.

Fig. 6 represents the total power transfer efficign
of the energy buffering. Figure is done by
multiplying efficiency maps from the dc/dc convarte
and from the supercapacitor module with each other.
So, the figure takes into account charge and diggha
operations of the dc/dc converter and the ESR ef th
supercapacitor module. This figure is based on both
theoretically calculated and experimentally meadure
efficiency values.
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Fig. 6 The total power transfer efficiency map frahe dc link side
according to theoretical calculations and experitakn
measurements.

3 Presented power-flow control

3.1 Power-flow control in the dc link

The low-pass filtered power-flow control, which is
previous presented in studies [5], [7]-[9], [L1Brcbe
implemented above the system shown in Fig. 1. it ca
be generalized into two parts. The first is the lpea
power shaving control algorithms and the second is
the low-pass filtered power-flow control, which is
build on the top of the first one. The low-pasgdiled
power-flow control simply makes the peak power
shaving limits to move.
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3.1.1.1 The Peak
Shaving control

The proposed peak power shaving control is
based on the minimum and the maximum power
limits. These limits can also be used to specifg th
converter’s current direction. The power limits are
compared with the subtraction to the measured load
power, and the result is saturated either with the
normal or with the dynamic saturation. The
minimum power limit is creating an inverse of the
correct power buffering value; therefore it is nedd
to take absolute value from power buffering signal.
The saturation values for the peak power shaving
are from the zero to the maximum desired, and for
the power buffering from the maximum buffered
power to the power which triggers the buffering.
The previous signals are next divided by the state
value of the dc link voltage for to achieve the gea
shaving and buffering current references. By adding
them together, we attain dc/dc converter's current
reference in the dc link side. Then, the error \alu
from dc link's voltage is added to the current
reference with the proportional gain for to more
stabilize the dc links voltage. In the end, the reunt
reference is shifted to ES’s voltage level, in case
where the dc/dc converter is designed to contrel th
current in the ES’s side.

Power

Discharge
defde converter

de/de converter
current ref

Dynamic Abg
Saturation

de/de converter

Fig. 7 The Peak Power Shaving control.

3.1.1.2 The low-pass Power-
flow control

The low-pass power-flow control, which is
shown in Fig. 8, is built on the top of the peak
power shaving control. In the proposed control
strategy, the idea is to make the maximum and the
minimum power limits to move as a function of the
load power and the voltage of the ES.

First, the state value of the load power is
determined and brought to the supervisory control.
Second, the discrete finite impulse response (FIR)
filter averages the load power. This could also be
made with several filters with different time
constants [11]. According to the simulations it is

suggested that the power is averaged with the tifne
the longest acceleration during the driving cycig. [
In this paper filtering is done with only one time
constant, which is 20 seconds. Third, the filtered
power is weighted with 2 - 1/75000ereq function.
This function priories the power buffering to take
place in low loads instead of times of high loads.

In contrast to filtered load power value, energy
storage’s voltage determines the power level, which
needs to be generated by the primary energy source.
Previous is realized with a function, which getgimi
power values at low energy storage’s SOC and vice
versa. In the simulations this function was forntath
as 75000 — 750/%% and it is only scaled with
maximum energy storage’'s voltage level value
between different simulation cases. In principleist
function creates power limit plane which defines
either to cut peak powers or buffer the power from
the VSDG. In addition, weighted function from
energy storages voltage is filtered with 2 seconds
time constant, which is also used to filter the
variation of the power limit plane.

In the low-pass filtered power-flow control, the
next step is to multiply prioritization function dm
the filtered load power and the power level credbgd
energy storage’s voltage. The result creates a
weighted power limit plane as a function of filteke
load power and energy storages voltage. Then; the
hysteresis are added to the created power limihgla
These hysteresis are used to create delay between
dc/dc converter's charging and discharging control
signals. After hysteresis, control schemes from Fig
and Fig. 8 interconnect. The proposed power limit
plane has built-in maximum voltage limit for the SC

Fig. 8 also presents algorithm, which filters more
the AFE current. This AFE current filtering is also
added to dc/dc converter current reference, shawn i
fig. 7, with the proportional gain value. The AFE
current filtering component is calculated from the
state value of the AFE current, filtered value bkt
AFE current and with multiport switch, which takes
in consideration of present current direction irfdic
converter. Filtering of the AFE current was donetwi
20 seconds time constant.

Power
Limit
Plane,

Discrete FIR Filter Weight

Discrete
FIR Filter

Saturation

Defde converter

current direction
e

Fig. 8 The Low-pass filtered power-flow control algthm.
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The system without a load is driven Start >
automatically to high SOC value, if the power

limits are kept high compared to the present stdte [ Initializations and Basic Calculations
the load power. This provides SOC to be adequate Mainlwntml No [ Comirai
for the next acceleration. Fig. 9 presents the BeP Flag R OFF
by the weighted variables.
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Fig. 10 The flowchart of the proposed power-flow maagement
algorithm.
Fig. 9 The power limit plane set by weighted valdiesn energy
storage’s voltage and the filtered power.

. 3.3 Control of Active Front End
Table Il presents the parameter values which

were used in the introduced control. Convem_ar in  the _SImUIaJ_uonS and
generation of operation points of the
TABLE Il Diesel Engine

Current controller parameters in the simulations

In the proposed control, the dc link voltage is

Symbol Quantity Value/function  stabilized with the active front end converter. AFE
) Proportional gain in fig. 0.25 get its control signals from the supervisory cohtie
7 a dc link voltage reference and as a transferable
) Proportional gain in fig. 05 power to t_he dc Iin_k. The_ voltage reference wasteet
650 V during the simulations and the power referenc
et Dc/dc converter's current - was calculated fro_m the static traction power
ref in the energy storage component of equations 1 and 2. So, feedforwarded
side power reference was calculated without the term,
f(pw)  The weighting function 2 - 1/75000pgeeq  WHICh included acceleration. .
for the filtered power In _ the used AFE S|mulat.|on model, limited
f(Ues) The weighting function 75000 — 750/5¢ maximum current as a.functlon of the generator
for the energy storage speed specme_s the maximum counter torque of the
voltage VSDG simulation model. As a VSDG simulation

model was used one-dimensional model of the diesel-
engine. The difference between the VSDG maximum
3.2 The flowchart of the proposed ':jor;_que dand the IIimited co%rjt(ra]r_ torqu((jefof trr:eséFE
efine dynamical torque, which is used for the spee
p‘?""er'ﬂo"" management change of the VSDG. The control strategies of the
Fig. 10 represents the startup flowchart for the yariable speed diesel generating systems weredurth
proposed power-flow management. In the studied in [14].
beginning, the system is in rest. After the auxyia The speed reference for the VSDG can be obtained
power is switched on, the VSDG is started and the with several different strategies [14]. Proposed
supercapacitor module is charged to the specified control in the simulations formulates the VSDG
level. Then, the dc link voltage is regulated witte speed reference from the transferred power of the
AFE to 650 V level. After the activation of the dc = AFE. Created operation points in one simulation of
link voltage regulation, the low-pass power-flow this control strategy are shown in Fig. 11. Figure
control begins to operate. presents generated power of the VSDG as a function
of the speed of the VSDG with red crosses. Period
between operation points was half second. In
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addition, the figure includes maximum power curve
of the VSDG simulation model (black curve) the
maximum power of AFE specified by its counter
torque (blue curve) and specific fuel consumption
curves of the used VSGD simulation model.

Operation points of the VSDG

in the simulation models specific fuel consumption map
140 : : . .

120¢

100F

Power [kW]

— =&4f}:7? ==
1400 1600 1800 2000 2200
Speed [rpm]

%‘%Ar :
1200

800 1000

Fig. 11 The variable speed diesel generator opangidints at
the start of one simulation case with Braunschwiiging cycle
and 31,5 F energy storage.

Operation points of the VSDG during simulation
are determined by equation:

dw _T-T,

— ®)

dt J

where da/dt is differential speed changerl is
torque of the VSDG,T, is counter torque of the
AFE and J is inertia of the gen-set shaft. In the
simulations, inertia of the simulated VSDG was

assumed to be 1 kgmand the initial speed of the
VSDG was 1400 rpm.

4 Simulations

The simulations are done with the 5
combinations of the capacitance value of the SC
module and its maximum voltage level. The results
from the simulations are tabulated and simulation
figures from Case | are shown. Table Ill represents
the SC dimensioning in different simulation cases.
Energy storage’s nominal values are based on
manufacturer data. In these simulation cases
supercapacitors are considered as built-in modules,
which include cells, connections between cells,
voltage balancing circuits, packaging and cooling
[15].

TABLE Il
Dimensions of the energy buffer in different simtid& cases
[15]

Values Values Values Values Values
Quantity Case Case Case Case Case
| Il Il \Y \
Capacitance (F) 31,5 42 63 12,6 25,2
ESR (mQ) 34 25,5 17 85 42,5
Maximum 500 375 375 625 625
Voltage (V)
Weight (kg) 464 348 522 290 580
Usable energy 0,82 0,62 0,92 0,512 1,03
(kwh)
Continuous 300 300 450 150 300
current (A)
Maximum 1500 1500 2250 750 1500
current (A)
Modules (series/ (4/2) (3/2) (3/3) (5/1) (5/2)
parallel)
Cells (series / (188/ 141/ 141/ (235/ 235/
parallel) 2) 2) 3) 1) 2)
Initial 450 337,5 337,5 562,5 562,5
Voltage (V)

* The efficiency map of the dc/dc converter is etolated in
simulation cases where the maximum voltage valsesrhigher
than 400 V.

The simulation figures present the total load
current, the dc/dc converter current, the AFE cntre
the energy storages voltage and the dc link voltage
which are variables of proposed control algorithm.

4.1 The simulation figures with NEDC

The load current, which was drawn from the dc
link, was solved with equations 1, 2 and with diKi
voltage state. In addition, current change rate ewer
limited not to reach infinite value and to imitate
proper ramp times of power converters. The load
current, in case |, is shown in Fig. 12 during tare
rounds of ECE cycle.

4.1.1.1 Simulations with the ECE cycle

Figures 12 - 15 presents three rounds of
simulations with ECE cycle. This means 600 seconds
long simulation.

Total load current

200

150 ]

100

Al

50

Current [

O, 4

-50F ]

-100, 100

300 400
Time [s]
Fig. 12 The simulated load current, which was sdlifiem the
traction power and from constant power consumptlaring three

rounds of ECE cycle.

200 500 600
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In this study presented control scheme creates Energy storage voltage
S - 500 \ \ ‘ ‘
dc/dc converter current, which is shown in Fig. 13.
This dc/dc converter current is presented in energy
storage voltage level.

Dc/dc converter current -;450
200 ‘ ‘ ‘ ‘ =
]
150 &P425*
©
100
_ > 400
< 50
5 0 375
3 -50f
350 I I I i I
-100¢ 0 100 200 300 400 500 600
1500 Time [s]
‘ ‘ Fig. 15 The simulated supercapacitor module voltagease |,
'2000 100 200 300 400 500 600 during three rounds of ECE cycle.
Time [s] ) _
Fig. 13 The simulated dc/dc converter current,as& |, during . The . dc “r_]k voltage Wa?’ regulated in the
three rounds of ECE cycle. simulations with the AFE, which got controls as a

voltage reference and as a feedforward power teansf
The simulated active front end converter current value. The simulated dc link voltage value is
in the dc bus is shown in fig. 14. The figure shoavs presented in fig. 16. In the simulations, the dakli
result of low-pass power filtering with dc/dc  capacitance was chosen to 40 mF, which directly
converter and simultaneous dc link voltage affects to the variation of the dc link voltage.
regulation of the AFE.

Dc - link voltage

AFE current

100 ‘

80 1 655" ]
< 60 ] =
— (0]
g 650 ]
8 40r — §

20 645 g

% 100 200 300 400 500 600 640 ‘ ‘ ‘ ‘
Time [s] 0 100 200 300 400 500 600

Time [s]
Fig. 14 The simulated AFE current, in case |, dgrthree Fig. 16 The simulated dc link voltage, in caseurithg three
rounds of ECE cycle.

rounds of ECE cycle.

The simulated energy storage’s voltage is shown
in fig. 15. In simulation case I, the energy stoeay : : :
capacitance was assumed to be 31,5 Farads and the 4.1.1.2 Simulations with the

ESR 34 n. New European Driving
Cycle

Next, the simulation results with the NEDC after
800 seconds are shown.

Figure 17 shows the dc/dc converter current during
sub-urban part of the NEDC. In the end of the
simulation figure can be seen the current spikeictvh
is caused by energy storages voltage drop.
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Dc/dc converter current
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Fig. 17 The simulated dc/dc converter current,ase |, during

NEDC sub-urban part.

The figure 18 shows the energy storages voltage,
which causes failure of the simulated series hybrid
power transfer during sub-urban part of NEDC.

Total load current

300

200

-100

-200

-30% 100 '260 300
Time [s]

Fig. 19 The simulated load current, which was sdlfirem the
traction power and from constant power consumpf@rthe 400
first seconds.

From the figure we can see that energy Storages Flg 20 shows the dc/dc converter current in the ES

voltage drops to zero after 1050 secons of
simulation.

Energy storage voltage

(3]

(=3

[«
T

Voltage [V]

[

(=3

(=
T

T

$oo 900 950 1000 1050
Time [s]
Fig. 18 The simulated supercapacitor module voltagease |,

during NEDC sub-urban part.

850

4.2 The simulation figures with
Braunschweig driving cycle

Simulations with the Braunschweig driving
cycle were performed as NEDC. Following are
shown simulation figures from control variables
during Braunschweig driving cycles. Here only
400 seconds are shown to make pictures clearer,
although results are obtained with 1800 seconds
simulation. Fig. 19 represents the total load
current, which was solved from Braunschweig
driving cycle and from the constant power
consumption

voltage level.

Dc/dc converter current
400

300

—

() ()

(=) (=)
‘

‘

Current [A]
<

100 1

2001 '

300" | ]

-40% 100 200 300 400
Time [s]

Fig. 20 The simulated dc/dc converter current,ase |, with
Braunschweig driving cycle.

The active front end converter current was
result of low-pass filtered power — flow control én
regulation of the dc link voltage. The AFE curreat
shown in fig. 21.
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Fig. 21 The simulated AFE current, in case |, ie theginning of

Braunschweig driving cycle.

0 100 300 400

In the Braunschweig driving cycle the ES

voltage varied almost between nominal and half of

4.3 The simulation results for both

driving cycles

Following tables IV and V present the simulation
results from the ECE and the Braunschweig cycles
low-pass power filtering. These tables consistsadat
from peak power decrease of the primary energy
source, energy losses during low-pass power filigri
and rating of dc/dc converter and supercapacitor

module.

The maximum propulsion power in ECE cycle was
96,2 kW, which includes both the traction power and
the constant power consumption. Similar value for
the Braunschweig cycle is 156 kW.

TABLE IV

Simulation results with 4 rounds of ECE cycle

; ; ; i Casel Casell Caselll
the nominal value. This can be seen from fig. 22. : Quantity
9 Maximum power from the VSDG, 60,9% 599% 59,4%
E torace volta [%)] of the maximum load
500 nergy storage voltage Energy losses inthe dc/dc ~ 525Ws 684 Ws 693 Ws
‘ converter, average value during 4
simulation rounds
5 Energy losses in the supercapacitor230,1 353 Ws 209 Ws
450 ESR Ws
S ES maximum current 156 A 158 A 155 A
£400 ES rms current sl3A  31,0A  3L7A
2 Voltage after 4 ECE cycles 439V 333V 328V
350-
CaselV CaseV
300 i i Maximum power from the VSDG, 72,6 % 60,3 %
0 100 Til%l(()io[s] 300 400 [%] of the maxi_mum load
Energy losses inthedc/dc 542 Ws 517 Ws
Fig. 22 The simulated supercapacitor module voltagease |, converter, average value during 4
with the Braunschweig driving cycle. simulation rounds )
Energy losses in the supercapacitds26 Ws 215 Ws
; ; ESR
The dc I_|nk vol_tage, which was also one of the ES maximom current 157A 157 A
control variables in the proposed control, is shown
in fig. 23. ES rms current 31L2A  314A
Voltage after 4 ECE cycles 524V 506V
DC link voltage
660 ;
TABLE IV
Simulation results of Braunschweig cycle
655~
—_ Quantity Casel Casell Caselll
Z Maximum power from the VSDG, 53,4% 60,0% 50,8%
%650 i [%] of the maximum load
= | \ i Energy losses in the dc/dc 910,2 1235 1120
> ‘ \ ‘ \ w converter, average value during4 Ws Ws Ws
6454 ‘ simulation rounds
Energy losses in the supercapacito828 Ws 1043 579 Ws
ESR Ws
640 ‘ I ES maximum current 387A 400,0A 383A
0 100 200 300 400
Time [s] ES rms current 55A 549A  554A
429V 316V 313V
Fig. 23 The simulated dc link voltage, in case Itwthe Voltage after 4 ECE cycles
Braunschweig driving cycle.
CaselV CaseV
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Maximum power from the VSDG, * 54,4 %
[%] of the maximum load
Energy losses in the dc/dc * 883 Ws
converter, average value during 4
simulation rounds
Energy losses in the supercapacitor * 573 Ws
ESR
ES maximum current * 390,0 A
ES rms current ¥ 54.9A
495V

Voltage after 4 ECE cycles
* The energy storages’ voltage dropped to zero it
proposed control parameters.

The performed simulations suggest that in urban
areas and with very cyclic driving cycles it is
possible to decrease peak powers to half of their
original values. This peak power reduction can be
done with several ways. The proposed low — pass
filtered power flow control efficiency is dependent
from the control parameters and from the
dimensions of the energy storage. By increasing the
amount of series coupled supercapacitor cells we
can decrease energy losses in the dc/dc converter
and in the ES. On the other hand, by paralleling
supercapacitor cells or modules, we can decrease
energy losses in the energy storage. Paralleling of
supercapacitors naturally increases the capacity of
the energy storage, which affects the stabilitythaf
power — flow control and also to the energy losses
of the dc/dc converter.

5 Conclusion

The simulations suggest that the low-pass power
control can achieve near 50 % down rating of the
maximum power from the primary energy source,
while in same time the energy storage’s voltage
fluctuates within 50 % of its maximum value.
Previous conclusion is related to vehicles that are
moving only in urban areas or have very frequent
accelerating decelerating cycles. The low-pass
power-flow control is not that effective when
changed to sub-urban areas, where high power
demand for energy storage charging and for traction
purposes together comes with the delay. In cases of
higher power peaks, as in sub-urban area driving
cycles, more capacitance in energy storage is
needed.

Simulations with different driving cycles suggest
that the highest decrease for the primary energy
source peak power is achieved in driving cycle with
short accelerations and decelerations. Previous
conclusion can be made by comparing simulation
results from ECE, NEDC and Braunschweig
driving cycles.

Energy losses generated by the low — pass power
filtering algorithm is depended on the control
parameters and from the dimensions of the
supercapacitor module. Simulations clearly showed

the benefit of paralleling supercapacitor modules,
which decreases the ESR, and thereby the losses in
the supercapacitor module. Also, the maximum
operation voltage of the supercapacitor module
showed its expected advantage when dc/dc converter
energy losses are considered.

As a drawback, in the simulations, proposed
control algorithm couldn’t manage the peak power of
the NEDC when driving cycles speed achieved 120
km/h. In addition, in this control algorithm the \£%5
is used to charge the energy storage, which leads t
unwanted generation of power transfer losses.
However, this study was made to demonstrate
possibilities to cut peak power values from the
primary energy source.

In the case of Fuel Cell (FC) based systems, the
very high cost of FC stacks makes it very important
to reduce their nominal power [2]. This also can be
achieved by low-pass filtered power flow control
with long time constant, when only average power of
the load is supplied to the dc link.
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