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Abstract

In electric vehicles battery life can be prolonged by using hybrid energy storage systems (HESS), which com-
bine high energy density batteries with supercapacitors, characterized by high power density. This paper
deals with the control of electronic power converters from an active parallel HESS. The load of the HESS is
the electrical motor drive of an electric vehicle. The interfaces between the DC-link and the power sources
are four-phase bidirectional DC-DC converters driven in current control mode, based on the current ref-
erences supplied by an active parallel HESS power distribution algorithm. We present a rule-based fuzzy
energy management algorithm for a HESS powered electric vehicle and its simulation in MATLAB/Simulink®
environment using the Quasi-Static Simulation (QSS) and Fuzzy Logic toolboxes. Also, simulation results in
driving and regenerative braking operation modes of the electric vehicle are presented.

Keywords: hybrid energy storage systems, energy management algorithm, bidirectional 4-phase DC-DC
converter, power distribution control structure.

1. Introduction

The proliferation of electrical vehicles has made

In a similar way, in case of regenerative braking,
which means high instantaneous power deliv-

an important contribution to the development of
hybrid energy storage systems (HESS).

The lifetime of the battery can be extended us-
ing another energy storage element such as a su-
percapacitor, with the role of protecting the bat-
tery from high-power stresses.

The power demand is split between the battery
and the supercapacitor, but in the case of high
driving or braking power needs, the share of the
supercapacitor is increased by the HESS energy
management algorithm [1].

In the case of acceleration, when the electrical
machine power is suddenly increased, supple-
mentary energy is delivered by the supercapaci-
tor and the battery is prevented from having to
deliver high power peaks.

ered by the electrical machine, the energy storage
task is directed by the HESS controller towards
the supercapacitor [2].

The fuzzy rule-based HESS energy management
algorithm (EMA) applied in this study has three
inputs (SOC, SOE and P, ., and two outputs
(Preq sc@nd Pyoq par), as shown in Figure 1.

The power demand from the different energy
sources is determined by the controller, based on
the total instantaneous electrical power required
by or supplied by the vehicle. The inference algo-
rithm takes into consideration the State of Charge
(SOCQ) of the battery and the State of Energy (SOE)
of the supercapacitor as well.
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Figure 1. The simulation block diagram of the fuzzy rule-based HESS energy management algorithm.

2. The fuzzy rule-based HESS energy
management algorithm

The SOC and SOE variables are restricted to the
0 %-100 % range.

The P, ,q input variable of the HESS EMA corre-
sponds to the electric power required at any giv-
en moment to drive or to brake the vehicle.

According to the rule applied in this paper, this
instantaneous power is positive when driving the
vehicle and it’s negative in regenerative braking
mode.

The relative power demand from the superca-
pacitor (P, sc) calculated by the fuzzy inference
system, increases when accelerating or braking.

The fuzzy rule-based HESS energy management
algorithm has been implemented in MATLAB® us-
ing the Fuzzy Logic Designer application.

Three triangular membership functions have
been defined corresponding to the state of charge
(SOQ) of the battery [3, 4, 5] and three triangular
membership functions corresponding to the state
of energy (SOE) of the supercapacitor.

In the case of the required electric power (P, o)
there have been defined a number of six triangu-
lar membership functions have been defined, as

it can take also negative values in regenerative
braking mode.

The output of the fuzzy inference system is the
power that must be delivered by the supercapac-
itor (Pyeq sc)» The range of this variable (positive
when driving and negative when braking) is cov-
ered by six triangular membership functions.

Additionally, 54 inference rules of the Mam-
dani-type fuzzy energy management algorithm
have been defined, determining the required su-
percapacitor power in such a manner as to avoid
excessive power stress and damage to the battery.

The supercapacitor power (P, s determined
using the 54 inference rules, is shown in Fig-
ure 2, where the above-described input and out-
put membership functions have been considered.
The diagram has been generated using the MAT-
LAB®, Fuzzy Logic Designer” application. The
inputs are the normalized values of the required
electric power (P, ,,*) and of the state of energy
(SOE) of the supercapacitor, while the output is
the normalized value of supercapacitor power to
be delivered (P,,q sc*)-

The diagram illustrates the result of the fuzzy
inference in two extreme cases. Let us consider
first a sudden increase of the positive P, ., pow-

HsocC = 50%

* Example 2 { _

P
el req

\Example il

g
——

Figure 2. The surface chart of the HESS energy management algorithm for SOC=50%. Independent varia-bles
are the per unit value of the required instantaneous power (P, ,,,*) and the supercapacitor state of
energy (SOE), while dependent variable is the per unit value of the power to be delivered by the superca-

pacitor(Pyeq sc™).
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er, required to drive the vehicle, while the super-
capacitor is almost fully charged. In this case, to
avoid the excessive stress of the battery, the su-
percapacitor delivers the required positive ener-
gy at a high instantaneous power level. This case
islabelled ,Example 1” and is shown in the upper
half of the diagram.

Another specific case is the sudden increase of
the negative P, ., power in regenerative braking
mode, requiring energy storage in the HESS.

In this situation, if the supercapacitor is almost
fully discharged, it can store most of the generat-
ed electric energy, and the battery stress is limited
to only a fraction of the total power.

This case is labelled as “Example 2” on the sur-
face chart, Figure 2 which shows the result of
the fuzzy inference for a 50 % SOC of the battery.
The common normalization base of the per unit
total instantaneous power (P, ,,*) and the per
unit value of the required supercapacitor power
(Preq_sc™) 18 Py = 16 KW.

3. Simulation of the energy manage-
ment algorithm applied for the elec-
trical drive

The simulation of the energy management al-
gorithm was performed in MATLAB/Simulink®
environment, with the electrical drive of the ve-
hicle as the load of the HESS. The first block (see
Figure 1) of the drive system model generates the
instantaneous values of speed and acceleration
for a 20-minute urban drive cycle.

The simulated drive cycle is of type ,NEDC” (New
European Driving Cycle) and is implemented in
the ,,QSS” (Quasi Static Simulation) Simulink® li-
brary. This was the choice in our study because
it contains the large number of acceleration and
braking cycles needed to test the proposed power
sharing algorithm [6].

The next block of the simulation model is the
mathematical model of the vehicle, which trans-
forms the linear speed and acceleration resulting
from the driving cycle to rotational quantities [6,
71.

The outputs of the vehicle model are the angu-
lar speed and acceleration of the wheel, and the
torque acting on the wheel. The angular veloci-
ty (Wynee), @and angular acceleration (dw,,pee; /dt)
of the wheel are calculated from the linear speed
(Vyenicte)» and linear acceleration of the vehicle (a,,.
nicle) USINg the relations:

Vyehicle i

WDyheel = ;
Twheel

1,a)

dwwheel _ Ayehicle

dt Twheel

= (1, b)
where 1. is the wheel radius.

To determine the torque acting on the wheel, the
external forces acting on the vehicle have to be
considered. The direction of friction (Fcion) and
air resistance forces (Fy;,) is opposite to the direc-
tion of motion, and these forces are given by:

Ffrictirm = pmgcosa ; @ a
Foir = E pCdAfront Uvehiclez ; e b)
Fyravity = mgsina, @ o

where u is the coefficient of rolling friction, m is
the mass of the vehicle, g is the gravitational ac-
celeration, p is the air density, C; is the drag coef-
ficient, Ag,p, is the vehicle front area, perpendicu-
lar to the direction of motion, while a is the slope.
The sum of these forces

Fload = Ffriction + Fair + Eqravity (3)

loads the vehicle in steady state. Thus, the forces
given in (3) produce the load torque on the axis of
the electrical machine.

If, instead of driving on a flat terrain, the vehi-
cle drives uphill or downhill a # 0 an active force
component is also present Fg.;, according to
(2, ), decelerating or accelerating the vehicle,
depending on whether it drives uphill (a > 0), or
downhill (a < 0), respectively.

Considering the inertial force resulting from the
vehicle acceleration

Finertial = MAyenicle 4

the dynamic model for variable angular speed of
the rotor (w,,, * ct.), results from:

Ftractinn = Finertial + Flaad (5)
where F,...on is the traction force acting on the
wheel.

According to Figure 1 the block labelled “Driv-
ing cycle” generates the instantaneous values of
speed and acceleration, from which the “Vehicle
model” block calculates the torque acting on the
wheel T, Which has to be exerted by the gear
box in order to accelerate or decelerate the vehi-
cle.

The torque acting on the wheel of the vehicle
can be calculated as:
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Twheel = Ftraction Twheel (6)

The parameters used for simulation were
m =750 kg — the mass of the vehicle, As,,, = 1.8 m?
—the front area of the vehicle, C; = 0,22 — the drag
coefficient, and p = 0.008 - the friction factor.

The next block of the simulation structure in
Figure 1 is the gearbox which reduces the angu-
lar speed (w,,.) and acceleration of the wheel,
and the torque acting on the wheel (T, to the
axis of the electrical motor, using the gear ratio
(atrans)'

The angular velocity (W qns = Wen) and angular
acceleration (dw, 4,/ dt) of the electrical motor
axis result from:

Wirans = Atrans Pwheel 7, @)
dWirans _ dWyheel (7, b)
T = Qtrans T ’

The load torque T, on the motor axis results
from the torque acting on the wheel T, .., the
gear ratio a;,,, the mechanical power losses
Py, resulting from the gear friction (taken into
account at higher speed), and other friction losses
(of the bearings and the machine) taken into ac-
count by means of the efficiency 1.4

The torque acting on the axis of the forward
running (w,,, > 0) electrical machine, can be de-
termined according to the following relations:

- in motor mode in the I. quadrant

Ploss

Werans 3 .
Tans ) if Twheel >0,
atrans ntrans

Twheel +
8 a)

Tirans =

- in regenerative braking mode in the II. quad-
rant
P
Twheel + —loss

w trans

Ntrans » if Tiwheer < 0.

(8b)

Ttrans atrans

The parameters of the gearbox, used for simu-
lation, were a,,,,; = 3 is the gear ratio, P;,s = 50 W
is the power loss resulting from gear friction,
Nerans = 98% is the efficiency corresponding to oth-
er losses.

The next block in the electric vehicle simulation
model is the electrical machine, which must exert
the T,,, axis torque, according to the equation of
motion

Tem = Terans +Jm d(;);m ’ ©)

where W, = Wy 1S the angular velocity of the
motor and J,, is the total inertia reduced to the
motor axis (including the inertia of the rotor), as-
sumed for the simulation as 0.0025 kg m?2.

The electrical power P, .., at the machine ter-
minals is calculated from the axis torque and the
rotor angular velocity. In the case of forward driv-
ing (w,, > 0) it can be determined as follows:

- in motor mode in the I. quadrant

1

P.i —
¢ T’(:’m (wem ’ Tem )

reg = Wem Tem (10, a)

- in regenerative braking mode in the II. quad-
rant

= Wem TemMNem (@em» Tem ) (10,b)

Pel_req

where n,, is the efficiency corresponding to the
electrical and iron losses of the electrical motor.
In the 1st quadrant the electrical machine drives,
while in the 2nd quadrant it brakes.
In the simulations from this study, the efficiency
Nem =f(Wem> Teop) Of the motor was considered us-
ing the ,eta_EM_map” data structure of the ,QSS”
Simulink® library [6].

The battery and the supercapacitor were simu-
lated using the models available in the ,Battery”
and the ,,Supercapacitor” libraries [6].

The inputs of these models are the instantane-
ous values of the required powers P,,; gar and
Ppeq sc (see Figure 1), determined by the ener-
gy management algorithm based on the state of
charge (SOC) of the battery and the state of energy
(SOE) of the supercapacitor, as follows:

soc = _ ear (1 @
Qpar_nom
E
SOE = —3“ (11, b)
Esc nom
Pel,req = Freq _BAT . Preq,SE (1 1’ C)

In (11, a) and (11, b) Qp,y is the charge quantity
stored in the battery, and E is the instantaneous
value of the energy stored in the supercapacitor.

The supercapacitor power P,,, - used in (11, c),
is determined by the energy management algo-
rithm, based on the fuzzy inference rules and tak-
ing into account the electric power P,; ., required
to drive the vehicle, resulting from the vehicle
model.

The simulations presented in this paper used
80 % initial battery charge from the nominal
(Qpar nyom = 100 Ah), and 90 % initial energy of
the Cq- =48 F supercapacitor (Esc you = 1215 K],
Usc nom = 225 V).

The fuzzy rule-based energy management algo-
rithm of the HESS was simulated in Matlab-Sim-
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ulink® environment using the ,,Fuzzy Logic Con-
troller” model, which has per unit inputs and
outputs. Thus, at the input, the P, ,,, power was
normalized to Py, = 16 KW while the output results
were multiplied by this base, because the ,Bat-
tery” and ,,Supercapacitor” blocks require inputs
in kilowatts.

The diagrams a) and b) in Figure 3 show the
speed and acceleration, respectively, generated
by the NEDC driving profile, while diagram c)
shows the power sharing between the battery
and the supercapacitor, as it results from the en-
ergy management algorithm.

In the diagram c) of Figure 3 it can be observed
that during the 20-minute driving cycle, almost

half of the instantaneous electric power required
from the HESS is provided by the supercapacitor.
The power required from the battery (Peq gar) is
determined according to the relations (10, b) and
(10, ¢).

During the driving cycle, the supercapacitor
voltage decreased from the initial 90 % to about
45 %.

In the diagram a) of Figure 4 the states fed back
to the energy management algorithm are repre-
sented. SOC is the state of charge of the battery,
and SOE is the state of energy of the supercapac-
itor, both functions of the NEDC driving profile.

The diagram b) of Figure 4 shows the total elec-
tric power requirement P, .., input of the fuzzy
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Figure 3. Simulation results illustrating the power sharing process: a) the vehicle speed according to the
NEDC driving profile; b) the vehicle acceleration according to the NEDC driving profile; c¢) the power
de-mand shared between the battery (continuous line) and the supercapacitor (dashed line).
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rule-based EMA, computed by the ,Electrical ma-
chine” block of the simulation model according to
(10, c).

The diagram c) of Figure 4 shows the per unit
value of the supercapacitor power P, s deter-
mined by the fuzzy rule-based EMA, which avoids
excessive battery power stress.

Tuning of the EMA was performed by variation
of the input and output membership function pa-
rameters and by variation of the inference rules.
In cases when the state of energy of the superca-
pacitor drops below 10 %, the energy manage-
ment algorithm provides the full power needed
to drive the vehicle, from the battery.

4. The HESS power flow control

In the literature there can be found several
topologies of hybrid energy storage systems.
Namely, in case of two energy sources and a sin-
gle load, a number of seven HESS topologies are
mentioned [8].

One HESS version is the active parallel topology
shown in Figure 5 In this case, both energy sourc-
es are connected to the DC-link by means of bidi-
rectional DC-DC converters [9].

This topology is called active because the volt-
age, current and power of both energy sources
can be controlled by the DC-DC converters.
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Using these converters, power sharing can be
solved between the Li-ion battery and the super-
capacitor, i.e., between the power sources that
supply the electrical drive of the vehicle.

Bidirectional DC-DC converters are needed be-
cause the HESS delivers energy in driving mode
but has to store the recovered energy in regener-
ative braking mode.

Due to the bidirectional energy flow, in proper
moments the vehicle can charge the supercapaci-
tor (in low energy state) from the battery, prepar-
ing it to deliver high power peaks if necessary.

5. The bidirectional DC-DC converter

The active parallel HESS contains two bidirec-
tional converters, both with the load side con-
nected to the same DC-link, formed by a capacitor
tank, which represents the power source for the
electrical drive of the vehicle (Figure 5) [8].

As in practice the battery and the supercapaci-
tor of the electric vehicle are not isolated galvani-
cally, the DC-DC converters included in this study
are high efficiency bidirectional converters with-
out galvanic isolation [10].

The interleaved four-phase bidirectional DC-DC
converter shown in Figure 6 contains two pairs
of magnetically coupled chokes [10].

| —
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DC Inverter AC

0

| —
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DC-DC
converter

Super-
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Figure 5. Block diagram of the active parallel hybrid energy storage system (HESS).
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Figure 6. The topology of the interleaved four-phase
bidirectional DC-DC converter [10]

Figure 7. The input currents of the interleaved
four-phase bidirectional DC-DC converter on
the low voltage side.
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The converter has eight power MOSFET transis-
tors, which form four half-bridges (legs). The high-
side and low-side transistors from each leg are driv-
en by complementary gate signals (S;y is comple-
mentary of S;;, etc.).

The magnetic coupling is a solution applied to
increase the converter efficiency and to reduce of
the size of the chokes [11, 10].

The simulated interleaved currents (iy, iy, i3, and
i,) of the magnetically coupled chokes are shown
in Figure 7.

The electric angles shown near the legs in Fig-
ure 6 represent the phase shifts of the control sig-
nals in Figure 8 from the control signal S;; of the
first leg’s low-side transistor (these correspond to
Ty4, T2, and 3T /4 time delays, where T; is the
switching period of the converter) [10].

It is important to note that for the operation of
the interleaved four-phase bidirectional convert-
er, the output side (DC-link side) voltage (U,,)
of the converter must be higher than the input
side (battery-side or supercapacitor-side) voltage
(Uhnign)-

Modelling and simulation of the converter was
performed in MATLAB/Simulink® environment.
The inductances L;, L, Lj; L, of the coupled
chokes can be determined as [11]:

Uow * D
Li=Ly=Ly=Ly= —“’X[L *ZAX,

where Uy, is the input-side low voltage of the bi-
directional converter, D,y is the maximum duty

(12)
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cycle used to drive the converter, AI; is the maxi-
mum choke current ripple, and f; is the switching
period of the converter.

6. The power sharing control of the
active parallel HESS

Based on similar HESS solutions from the liter-
ature, we propose the control structure shown in
Figure 9 [12, 13, 14].

In steady-state the total power delivered by the
DC-DC converters in Figure 5 has to cover the
load power. If the load power exceeds the sum of
the converter powers, that results in the decrease
of the DC-link voltage.

Thus, the output of the voltage controller from
the control structure shown in Figure 9 repre-
sents the reference of the total power Py ,,, to be
delivered to the DC-link by the DC-DC converters.

This total power need signaled by the voltage
controller must be satisfied by the battery and the
supercapacitor.

The energy management algorithm of the active
parallel HESS determines the instantaneous pow-
er P, sc to be delivered by the supercapacitor to
protect the battery. The power references of the
two energy sources can be calculated from:

Preq _SC

=——=100 ’
Peljeq

13)

Preq  BAT' = Peljeq - Preq _Sc

where x represents the share of P, g in % from
the total required power.
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Figure 9. The proposed control structure of the hybrid energy storage system.

In regenerative braking mode P, ., is negative
because the power generated by the machine
would increase the DC-link capacitor voltage. This
can be prevented only by the storage of the excess
energy in the supercapacitor or in the battery.
The current references result from the power
shares determined by the energy management al-
gorithm and the voltage levels of the two energy
storages:

; _ iPeljeq

SC_REF = 7100 —UM ’ (14)
. 100 — x Py req
LBAT _REF = 100 m

where Ug- and Ug,r are the supercapacitor and
battery voltages, respectively.

7. Simulation of the active parallel
HESS
Modelling and simulation of the HESS (Figure 5)

and of its control structure (Figure 9) was per-
formed in MATLAB/Simulink® environment.

Figure 10 and 11 show the results of the same
simulation, in which the electrical drive connect-
ed to the DC-link is replaced by an i;,;,e.¢ CUrrent
source [diagram a) Figure 10]. Diagram b) in Fig-
ure 10 shows the variation of the DC-link voltage
(set to upc pys =50V by the voltage cotroller) in
driving and regenerative braking modes.

Figure 11 shows in the te€(20ms-55ms) time
interval the constant-current charging of the
C,. = 43 F supercapacitor, pre-charged tou,, = 32 V
according to the diagram d) of Figure 10. This re-
sults in a negative supercapacitor power of about
Pypeq sc=-150 W [see diagram c) of Figure 11].

The supercapacitor is charged from the battery
via the two DC-DC converters connected to the DC-
link, according to diagrams b) and c) Figure 11.

In the time interval t€ (70 ms, 96 ms) the HESS
operates as an energy supply, and the DC-DC con-
verters cover the power demand of the load, sup-
plying positive DC currents to the DC-link (see dia-
grams c) and d) in Figure 10. In this case the ratio
of the battery and supercapacitor powers is 3/7,
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prescribed by the energy management algorithm
[see diagrams b) and c) in Figure 11].

The simulation was performed assuming
Upq: = 36 Vand ug. =20 V.

In the time interval t € (96 ms, 122 ms) the HESS
operates as energy storage, the negative currents
of the DC-DC converters meaning that the ener-
gy storage system receives — through the inverter
— the energy delivered by the load. This is illus-
trated by diagrams c) and d) in Figure 10 and dia-
grams b) and c) in Figure 11.

In the time interval t€ (0 ms, 12 ms) the load
current is zero and the DC-DC converters must

provide energy only for charging theCp. =200 puF
apacitor of the DC-link.

In the following the simulation of an electric bi-
cycle is presented, supplied from the above HESS
system. The parameters of the bicycle correspond
to those of a racing bike [15]. The required max-
imum power (P, ;) has been determined from
the forces (2) acting on the vehicle.

The drag force F,;. = 10.32 N was determined using
the p=1.18kg/m3, C;= 0,88, Ag,p = 0.362 m? and
v = 7.41 m/s parameters.

The parameters used to determine the friction
force (Ficiion) Were m = 100 kg the mass of the ve-
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Figure 10. Simulation results: i;,,.rt.r the DC-link current delivered by the inverter (a), the DC-link voltage (b),

the battery current (c) and the supercapacitor current (d).
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Figure 11. Simulation results that demonstrate two operation modes of the HESS: the evolution of the power
sharing between the energy sources in case of the sudden variation of the inverter current (a) at
t=70ms and t = 92ms, and during charging of the supercapacitor from the battery in the time interval

20ms-55ms.
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hicle (25 kg the bicycle, and 75 kg the person rid-
ing it), u = 0.003, g = 9.81 m/s2 and cosa = 1.

The inertial force F;,q4iq; = 25 N twas determined
assuming the acceleration a,,pp;c = 0,25 m/s

Considering the radius of the wheel
Twheet = 0.3429 m the maximum traction force
Firaction=37.97 N results in a Type=13Nm
torque.

The diagrams in Figure 12 show the speed (a)
and the acceleration (b) representing the driving
profile defined in the study. During the 0.25 m/s2
acceleration, the bicycle reaches 7.41 m/s starting
from 0 m/s. During breaking the bicycle speed is
reduced to zero with -0,25 m/s2 acceleration (de-
celeration).

The following simulation results demonstrate
the power sharing at peak power, in the time pe-
riods t, - t; =43 ms and t, - t; =55 ms from the
zones A and D, for steady-state sharing ratios.

At the beginning of the acceleration period, the
initial state of energy of the supercapacitor is
SOE =95 %, and the initial state of charge of the
battery is SOC = 95 %.

The simulation results in Figure 13 show the
evolution in time of the power sharing in the
zone A in Figure 12 at the end of the acceleration

process and at steady state, required by the ener-
gy management algorithm. For acceleration, the
HESS must provide =281 W peak power. In this
time interval, the fuzzy rule-based EMA required
X = 88 % power splitting (sharing) ratio.

The power sharing is performed by the control
structure shown in Figure 9. The contribution of
the supercapacitor to the total required power
is =240 W, while the contribution of the battery
is *34 W, as shown in diagrams a) and b) in Fig-
ure 13.

The simulation results in Figure 14 show the
evolution in time of the power sharing defined by
the EMA during the braking process of the elec-
tric bicycle, at the beginning of the braking pro-
cess and in steady state, in the zone labelled ,,D
in Figure 12.

At the beginning of the braking process, the ini-
tial states were SOE = 50 %, and SOC = 95 %. Dur-
ing regenerative braking, the HESS was required
to store the generated energy at =~-89 W peak
power.

The power sharing ratio defined by the fuzzy
EMA was x=72%, representing =~-26 W and
= - 64 W charging powers, as can be observed in
diagrams a) and b), Figure 14.
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Figure 12. The driving cycle defined for the simulation of the bicycle acceleration and regenerative braking:

a) the speed profile,
b) the acceleration profile.
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Figure 13. Simulation results at the end of the bicycle acceleration, in the zone A shown in Fig. 12, in the

t, -

t; =43 ms time period:

a) the variation in time of the power delivered by the battery;
b) the variation in time of the power delivered by the supercapacitor
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Figure 14. Simulation results in case of the regenerative braking of the bicycle, at the beginning of the braking
process, in the zone D shown in Fig. 12, in the time period t, - t; = 55 ms
a) the variation in time of the power delivered by the battery;
b) the variation in time of the power delivered by the supercapacitor.

8. Conclusions

The fuzzy rule-based energy management algo-
rithm presented in the paper performs the power
sharing in a manner that avoids excessive battery
power stresses that can lead to battery damage.

The simulation results support the viability of
the control structure of an active parallel HESS
based on bidirectional interleaved DC-DC con-
verters.

The parameters of the simulation models cor-
respond to a hybrid energy storage system con-
trolled by the presented fuzzy rule-based energy
management algorithm, intended to be imple-
mented in case of a 0.5 kW electric bicycle.
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