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ABSTRACT

The paper presents a new control strategy and de-
sign for auxiliary energy source (AES) used in battery
hybrid electric vehicle (BHEV) based on the acceler-
ation power. The control strategy takes actual speed
and acceleration of the vehicle and system losses into
account for regulating the energy and power supply
to the propulsion load. The design of AES and its dy-
namic control design are demonstrated. Cascade con-
trol is availed in this work in order to control the ter-
minal voltage and current of supercapacitors (SCs).
The benefits of AES in which recapture of regener-
ative braking energy are examined by the numerical
simulation and verified by a small scale experiment.
The comparison of energy consumption and DC bus
voltage regulation between pure battery and battery
with supercapacitors (BSCs) propulsion system de-
clares the theoretical results and confirms the benefits
of the proposed method.

Keywords: Electric Vehicles, Control Strategy, DC-
DC Power Converters, Supercapacitors, Batteries.

1. INTRODUCTION

BEV is the next era of vehicle subsequent the in-
ternal combustion engine (ICE) vehicle or hybrid ve-
hicles. Because of the environment problems caused
by the ICE and the petroleum fuel absence drive the
BEV, zero emission, reborn after disappearing from
the commercial trade at the end of 19th century [1].
ICE does not only poor in efficiency but also con-
tributes the global warming by its heat generated,
carbons and other hazardous gases. However, the en-
ergy per weight of the ICE is lower than the specific
energy of batteries; comparing the same power out-
put at the shaft of engine. Moreover, refueling time
is much faster than the battery charging period [2].
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Fig.1: Configuration of BHEV power train.

These are significant matters among many designers
to overwhelm the problems.

Lithium-ion based battery (LB) is one of an ap-
propriate energy source for BEV. It has higher spe-
cific energy and specific power than other batteries;
nickel metal hydride, nickel cadmium and lead acid
battery. Normally, the particular energy can be up
to 265 Wh/kg and the specific power is about 1000
W/kg [3]. The amount of energy states the driving
range while the peak power refers to the vehicle ac-
celeration rate.

The acceleration of motor demands the high power
and rises the temperature of the battery. This phe-
nomena enlarges the battery internal resistance, on
the other hand, it demands great ventilation. Other-
wise, the battery can be damaged from overheating.
Moreover, to design the battery capacity for peak
load requires a large size of battery and absolutely
effects to the whole vehicle cost and weight. The im-
proper interfacing of battery with the high accelera-
tion and deceleration causes the low utilization and
eventually early failure [4]. Moreover, the battery
also has a poor regenerative braking capture capabil-
ity which reflects the low energy economy. One ex-
ample is the existing LB using in BEV of this study
can absorb about 30 % of the peak power, so the im-
plementation of AES is necessary for energy caption.

Supercapacitor energy storage is one of the best
AES assisted to the main energy source proved from
its safety concern [5]. The AES can be made of a
bank of supercapacitors or an automotive module if
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Fig.2: Possible configurations of hybrid energy source.

compatible in size. Supercapacitor is an electrochem-
ical double layer capacitor having very high specific
area of activated porous carbon for restoring signifi-
cant amount of capacitance [6]. It has a specific en-
ergy around 1-6 Wh/kg while having large amount of
specific power about 1-14 kW /kg which is the most
compromising solution for a hybrid energy source
presently.

There are several possible configurations of hy-
bridizing battery and SCs. Figure 2(a) shows the
direct parallel relation between two energy sources
supplying the propulsion unit. The terminal volt-
age of SCs, vgces, always follows the battery voltage,
Upet; Where the power flow is proportionally shared
depending on their internal resistances. This config-
uration is easy to implement, but in reality, the SCs
stored energy is lowly utilized because its state of
charge (SOC) cannot be discharged greatly [4]. Fig-
ure 2(b) shows the parallel connection of two energy
sources via a converter feeding to propulsion unit.
This configuration maintains the bus voltage, vpys,
and promotes the inverter efficiency. However, the
SCs stored energy is utilized inefficiently because its
voltage variation follows the battery voltage, and the
converter rated too large for supplying the maximum
power [7-8]. The reliability of this hybrid energy
source mainly depends on the converter. To control
the power of SCs, configuration in Fig. 2(c) is pro-
posed by many researchers for connecting SCs to con-
verter, parallel to the battery, [4], [9-16]. This scheme
improves the battery performance by decreasing the
battery peak power, reducing loss and rising the tem-
perature. On the other hand, it requires a large size
of the converter for providing the peak power. [17-

19] introduced configuration as shown in Fig. 2(d) to
avoid using large size converter. This scheme sepa-
rates the SCs into two banks, SCs_0 and SCs_1, and
controls only one bank through a controllable con-
verter. Thus, converter rates and losses are lower
than the previous scheme, since its active components
of the converter are half in size and the inductor is one
third smaller. However, the overall terminal of SCs
voltage is double the size of the vp,s, and it requires a
dynamic balancing circuitry, which is expensive and
complex. In term of the reliability, configurations in
Fig. 2(c) and (d) provide higher reliability than that
in Fig. 2(b) even though in the case of converter fail-
ure, the vehicle is still available.

By modifying the power sources as shown in Fig.
2(e), the power converter can be minimized [20]. In
this case, the battery current supplies average power
to the load only when vgcs is higher than vpe:, oth-
erwise the battery power can flow through the diode
and discharges high power to the load directly. The
major disadvantage of this scheme is the large varia-
tion of vy, established by the SCs voltage. This be-
havior concurrently generates high loss of the propul-
sion inverter. However, this configuration improves
the battery performance whenever it is not directly
discharged through the diode frequently, and it has
equal reliability as the two previous schemes. To over-
come the problems of vy, variation, configurations in
Fig. 2(f)-(g) have been proposed by some authors [8],
[21]. These schemes require a large size converter to
provide the dynamic power. Unavoidably, the cost,
weight, and loss increase, although they are traded off
with the higher efficiency of the propulsion inverter.
Besides, their power system reliability is lower than
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those in Fig. 2(a) and Fig. 2 (c)-(e); where if one
of the converters malfunctions, the vehicle might be
inoperative. To control the energy and power of each
source completely, multi-converter is implemented,
as shown in Fig. 2(h) [22-25]. This configuration
presents a steady vp,s and protects the battery from
high pulsing power demand. Nevertheless, the demer-
its are similarly found as in the schemes in Fig. 2(f)-
(g). In electric vehicle application, the hybrid config-
uration should be the most reliable, less complex, has
low weight, loss and cost. After much consideration,
the topology in Fig. 2(c) had been selected to be
evaluated in this study, particularly on its dynamic
cascade control.

2. SYSTEM CONFIGURATION
2.1 Battery electric vehicle

BEYV in this study is basically based on a city sa-
loon vehicle modifying for the electric vehicle chal-
lenge [8]. The vehicle has a curb weight of My = 1000
kg with 2 front-wheel drive. The Differential Gear
(DG) and 5-speed Gear (5-G) is simplified for this
study to be single gear ratio 1.4288, wheel diameter,
rwh = 0.26 m, and frontal area Ay= 2.098 m?. The
maximum speed is limited at vy, e, = 33.3 m/s, tak-
ing acceleration from 0-100 km/h on the zero degree
ground slope around 20 seconds (acceleration rate a =
1.37 m/s?). The traction unit is comprised of a three-
phase Brushless DC (BLDC) motor 52 HP, coupled
to a three-phase inverter. The drive system has been
made simpler by employing a DC motor (DCM) block
of SimPowerSystem in MATLAB Simulink, which has
the specification as followed: 50 HP, 240 V, maximum
angular speed, W, maz= 183.2 rps, total motor inertia
Jm = 0.2 kgm? and viscous friction coefficient, B,,,=
0.007032 Nms. The proposed power system is mainly
composed of the battery 7.5 V/unit, 32 cells connec-
tion in series with the equivalent internal resistance
52 mQ).

2.2 BHEV hybrid energy source

A hybrid power source is a combination of two
or more power sources in order to realize the opti-
mum performance. One of the best solutions is a
hybrid between LBs and SCs aforesaid [4]. Nonethe-
less, there are a number of workable configurations
for the hybridization. The selection for application
is the most dependable, a few complicated, having
low mass, low loss and expenditure. The non-isolate
bidirectional DC-DC converter as shown in Fig. 3
was implemented in this work.

2.3 Converter topology for BHEV

The determination of the converter in BHEV is to
regulate the dynamic power forward and backward
between SCs and tractive load; in a normal case, it
works as a boost converter while feeding power and a

buck converter when recapturing power. The topol-
ogy commonly used in an EV is a half bridge non-
isolated bi-directional DC-DC converter, as shown in
Fig. 3. Among converter topologies, the half bridge
converter has more benefits than Cuk and combined
SEPIC/Luo converters, which deals high efficiency,
being most compact, having bottom cost and less
weight and easy to control. The converter requires
half size of an inductor and other components com-
pared to the Cuk and combined SEPIC/Luo convert-
ers. Switching and conduction losses are lesser, since
the lower number of switching components and in-
ductor. However, half bridge converter needs larger
size of an output capacitor than other topologies so
that keeping continuous output current [26].

2.4 Auxiliary energy source

The AES is made of a bank of SCs connecting to
the DC-DC converter. SCs can be a bank of an ele-
mentary cell or an automotive module. As regarded,
the dynamic power demanded during the accelera-
tion has been considered to be provided by SCs and
the tractive power is intended to provide by LBs, so
the power from SCs is zero in cruising phase. Dur-
ing braking, SCs is charged to their rated voltage by
the dynamic load and LBs power. As renowned, the
size of SCs is based on the acceleration power stage;
translating mass and the top speed of the BEV are
taken into account. In order to evaluate the actual
energy availability, the mean efficiencies provided by
the manufacturers; SCs, nscs = 0.95, converter ef-
ficiency, Nconvy = 0.97, propulsion chopper efficiency,
Nehop =0.97, DC motor efficiency, npcas = 0.91,
and mechanical efficiency, Nmecr = 0.98, had been
taken into consideration. The kinetic energy and en-
ergy stored in the SCs were balanced with a definite
transformation by losses concurring to the following
equation:

(My +Msc )V, mar="tot CSCs[V2en mar(bVscomaz)’]
(1)
where Ntot = MNsCsMconvchopDC M NImech - SCs ter-
minal voltage is chosen to vary between rated termi-
nal voltage, Vscsmaz and half of its rated voltage in
order to utilize 75 % of energy content. This pro-
duces the optimized capacity and weight of the aux-
iliary energy source. In order to calculate the SCs
capacitance, Cgcs, in (1) can be transformed to:

(MV + MSCS)U%/,mam

31/2
Ntot (ZVSCS,TVLG(E)

The weight of SCs is initially approximated to be
zero but subject to change in final calculation. The
rated voltage of SCs is selected to achieve the maxi-
mum voltage gain lower than 3 [9]. To find the capac-
itance of a single cell, Csc cenr , The Cscs are taken

(2)

Cscs =
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Fig.3: Power train configuration of the proposed hybrid energy source.

into account as in the following equation:
CSCs ' Ns
N,

p

(3)

where N, is the number of series connection and N,
is the number of parallel connection. The N, can be
realized by dividing the SCs terminal voltage with the
voltage rating of Csc e available. N, is a selection
of an integer number to achieve Cgsc cer appropri-
ately to the manufacturer data. In this study, the
calculation of Csgs produced 49 Farad, where SCs
terminal rated voltage of 200 V was chosen. This
was made by a parallel connection of series Csc cerr
= 2000 Farad, 74 cells, 2.7 V/cell. However, the con-
nection produced Cgcs = 54 Farad with internal re-
sistance 26 m{2 and 53 kg. These increased the ca-
pacitance by 10% and weight by 5%. The capacitance
and weight were final calculated to ensure the vehicle
performance and found that it was maintained.

To evaluate the rated power of SCs in acceleration,
Pscs,ace, maximum acceleration rate a=1.37 ms( —2)
was implemented to design the converter capacity as
the following equation:

CSCs,cell =

Mtoth,maza =571 kW

(4)

PSCs,acc =
TlconvTlchopTlDC M Tlmech

where M;,; = My + Mgcs is the total vehicle mass.
After that, the current was evaluated by using the
following equation:

PSCs,acc

———— =571 A
‘/S'C’s,maw/2

()

ISCs,acc =

where Igcs ace is accelerated current of SCs. From
the calculation, the current of each series distributes

by 286 A which is endorsed by the maximum peak
current of 1600 A, according to manufacturer specifi-
cation.

3. MATHEMATICAL MODEL OF THE
PHYSICAL SYSTEM

3.1 Model of propulsion load

Power demanded by the propulsion chopper, Pepop,
can be developed mathematically as the following
equations:

Pi/Nehopnpem; Pi>0
P.hon = » ’ 6
hop { Panchopnperr;  Pa <0 (©)
Py =Py + Py (7)

where P is the driving power, Py is the tractive load
power and Py is the dynamic load power at motor
shaft. To obtain the tractive load power, vehicle dy-
namic resistances have to be derived by using (8),
where Fy,. is the tractive resistance, Fi.. is the rolling
resistance generated between tires and road surfaces,
F,, is aerodynamic resistance dragging the vehicle
motion to move into the air, Fy, is the grading re-
sistance that downgrades the force of vehicle, T, is
the load torque at wheel, T, is the equivalent load
torque transferred through the single gear ratio G.
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Fy, :Frr+Fa7'+Fgr
F., = ,u"rthotg Cos &
For = 0.5pA;Cav 1 0s
Fg'r = Mtotg sin « (8)
Twh = Ftrrwh; Teq = T'whnmech/G
G= wm,maw/wwh,ma:v

Pii = Togwmmaz = 18.38 kW

Any coefficient values for calculation were as fol-
lows: rolling resistance p,, =0.0048, Air density p
= 1.25 kgm 3, aerodynamic drag Cy = 0.353, grav-
ity acceleration rate g = 9.8 ms—2, and road grading
angle a« = 0 degree. The dynamic power, Py, was
reacted by SCs, which diverse to the angular accel-
eration rate of the propulsion load, according to the
following equations:

Py = Tywm.maz = 48 kW

Ty = Jeqd:—;” =262 N-m (9)

Jeq =Jn+ Mtotnmech (%)2 =34.2 kg -m 2

where T is the dynamic load torque, J.4 is the equiv-
alent moment of inertia referred to the motor shaft.
By solving the equation, Py = 48.31 kW, the SCs
size for the acceleration power can be approximated
by:

PSCs,acc == Pdl/nconvnchoanCM = 56.1kW (10)

3.2 Model of auxiliary energy source and bat-
tery system

The equivalent circuit of SCs can be modeled as
the RC series circuit as shown in Fig. 3. The equiva-
lent electric circuit model is evaluated by the follow-
ing equations:

iscs(t) = —Cgos sce

Vscs(t) = uscs — rscsiscs
USCS(O) = VSCs,nLaa:

(11)

where ugcs is the internal voltage of SCs, rgcy is the
internal resistance of SCs and vgc, is the terminal
voltage of SCs and igcs is SCs current .

In application, bus voltage, vpys, varies to the in-
ternal battery voltage, vpqt, and the battery current,
ipqt- The bus voltage is changed by SOC and the
voltage drop across the equivalent battery resistance,
That, as in the following equations:

{ Vpat X SOC (12)

Vbus = Ubat — Tbatlbat

4. CONTROL STRATEGY AND DESIGN
4.1 Control strategy

The main objective of the control strategy is to
reduce pulse discharge of the battery and recapture
much more regenerative energy. The energy conserva-
tion perspective has been implemented in this study.
In order to manage the energy, the auxiliary energy
source terminal voltage is varied to the speed of ve-
hicle or, on the other hand, the kinetic energy, as in
the following equation:

~ 2 _
UsCs,ref = \/VSCs,max

With the purpose of power control, SCs current
and voltage are controlled simultaneously. The fun-
damental relation in (11) is availed to control the cur-
rent by replacing with (13). This results in reference
current control relating to the speed and acceleration
of the vehicle as shown in the following equation:

2
Mtotvref (13)
NtotCscs

Miotvv, ref

1 — dugCs,ref o Mtot VSCs,max dvy e
isCs,ref=—Csos™2G5rel = s et
totVy re
o MtotVirep
TltotCSCsv_Qgcsvmax

Similarly, the strategy provided the ability to sup-
ply and capture power according to the acceleration
or deceleration and the conversion of energies between
the two storages.

4.2 Converter design

Cascade control is utilized to control the driving
power by regulating duty cycle current of the inner
loop received from the outer voltage control loop. To
control the outer and inner loop, the linearization of
converters state equation has to be derived by us-
ing state space averaging technique. The system ma-
trices, Ay,2,B12 and (2, can be achieved by using
KVL in the on and off stage of the boost converter
[7] as shown in the following equations:

—(rp+rscs) o
L

Alz[ 1 }Blz[ }01:[1 0]
~ TR,

; system matrices during on stage
—e RSO e i
As= o )|, Be= . ,Cy=[1 0]
C(R+rc) C(R+rc)
; system matrices during off stage

(15)
where R is the equivalent resistance of maximum
power supply by SCs, 2.1 ©, L is the converter in-
ductance 0.1 mH, r, is the equivalent inductive resis-
tance 20 mf2, C is the converter capacitance 10 mF
and r¢ is the equivalent capacitive resistance 25 m{2.
Equation (16) presents the system matrices of on and
off interval, which are used for linearizing the system

o =

0
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at the quiescent operating point. To obtain the trans-
fer function of duty ratio, D, to the SCs current, the
state equation can be settled by the following equa-
tion:

Iscs(s)

D(s) = Cy(sl—

A)TH(A — A)X +

(B1 — Bo)U]+ (Ch — C3) X (16)

where X is the equilibrium state vector and U is
the equilibrium input vector. Equation (16) can be
transformed to the standard equation of MATLAB
transient response analysis for finding the transfer
function as following:

Iscs(s)

= —Ay)'Bs+ E
D(S) CS(SZ s) s+ s

(17)
where Ag, By, Cs and F are the group of matrix as
described by the following equations:

As = AID + AZ(l - D)
By = (A1 — A2)X + (B — Bo)U
Cs == ClD + 02(1 - D)
E,=(Ci —Cy)X

(18)

Thereby, the duty ratio to inductor current can
be derived. The outer loop, SCs current to SCs
voltage, is the pure integrator of inversion of ca-
pacitance. Subsequently, the PI controller of MAT-
LAB/Simulink is implemented and tuned for the sta-
bility as shown in Fig. 4.

1
R é}—'
Uscs reference Csess

Uscs Controller Iscs Controller =D Uscs/bscs

Fig.4: Cascade control for SCs.

After receiving the proper PI controllers, they have
been simulated with the real scale parameter of the
BHEV as shown in Fig. 5 in order to observe the
behavior of the proposed system.

5. TEST BENCH AND SIMULATION RE-
SULTS

5.1 Test bench

The electromechanical hardware as shown in Fig.
6 consists of rechargeable lead-acid batteries, SCs,
DC motor with flywheel and dSPACE controller card
DS1104 was set up for the simulation and experiment.
The energy sources were the hybridized between bat-
teries 12 V/cell connected in series for 7 units and
SC 25 F, 2.7 V/cell connected in series for 30 units
through a controllable bidirectional de-dc converter.
The separated field excite DC motor connected with

+_
e Duty Rgsn LBs N |
SN A
T

)
In Pk

Uscsactal Bidirectional

de-de converter

Propulsion System

up
o] | o]
Driving cycle Equation (13) — Uses controller o Iscs controller
Wwh | scs,ref Max-Min Ises, actual
— [

Equation (14)

Fig.5: MATLAB/Simulink block diagram for the
BHEYV power train system.

flywheels were used as the active load. The parame-
ters of the hardware are shown in Table 1.

5.2 Simulation results

The small-scale experiment was simulated in order
to validate the proposed control technique by using

dSPACE
DS1104

converter

Fig.6: Front view of the experimental hardware.

Table 1: FExperimental Hardware Parameters.

Lead-acid battery

Rated/Floating voltage V] 12/13.5

Maximum discharge/charge [A] 105/2.1

Capacity [Ah] 7

Internal resistance [mQ)] 23
Supercapacitor

Rated voltage V] 2.7

Capacitance [F] 25

Internal resistance [mQ)] 25
Bidirectional dc-dc converter

Inductor/ESR [mH/mQ)] 5/500

Output capacitor/ESR [mF/mQ] 10/25

IGBT modules Fuji 2MBI100TA-060
DC motor and load

Rate voltage/current [V/A] 120/3.3

Rated power (W] 250
Rated speed [rpm] 3000
Weight /inertial (with flywheel) [kg/kgm?] 14/0.03
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numerical simulation. The simulation is not only for
preliminary observation but also for safety reason be-
fore the experiment, so the switching model of 20 kHz
as same as in experiment was used as the same in ex-
periment.

The maximum acceleration driving cycle, which
is composed of the acceleration, cruising and brak-
ing, was supplied to the controller of SCs to generate
the reference voltage and current. According to the
driving cycle, the motor was started at t = 6 s and
sprinted up to the maximum speed of 183 rps at t
= 13 s, after that the motor speed was maintained
for 5 s and decelerated until stoppage from t = 18-
25 s as shown in Fig. 7(a) where the reference and
actual speed were completely superimposed. Power
sharing diagram can be observed in Fig. 7(b) where
battery provided a small amount of power in acceler-
ation, while SCs supplied larger amount of 200 W for
the motor acceleration. In cruising phase, the battery
responded for the tractive power alone at 60 W while
SCs was silent. At the starting of braking phase, the
battery supplied high peak power of 150 W together
with the regenerative braking power 100 W to charge
SCs. DC bus voltage of pure battery and BSCs ex-
periments were compared to observe the effectiveness
of the proposed

technique. They can be observed in Fig. 7(c),
where voltage regulation of 0.5% and 0.34% were pro-
vide by the pure battery and BSCs respectively, and
these clearly show that the proposed technique re-
duces the battery voltage varying in propulsion ap-
plication.

Energy consumption comparison for the driving
cycle between pure battery and BSCs is reported in
Fig. 7(d) where the end of cycle, BSCs and pure
battery consumed 0.285 W and 0.305 W respectively,
and this can be considered that the energy was saved
6

6. EXPERIMENTAL RESULTS

The electromechanical experiment is used for veri-
fying the simulation results presented previously. The
agreement of the experimental results along with the
simulation as aforesaid is shown as in Fig. 8(a)-(d).
In Fig. 8(a), the actual speed is completely overlaid
the reference speed that accelerating from t = 6-13 s
to the motor speed of 183 rps, cruising for 5 s, and
braking between t = 18 - 25 s, as same in the simu-
lation. Power sharing between the battery and SCs
is shown in Fig. 8(b). At t = 2 s, the battery was
connected to the power system, so it can be seen that
the transient battery power was pre-charged to out-
put capacitor of bidirectional converter. At t = 6
s, the motor was accelerated where the battery pro-
vided a little amount of power at the early stage, but
it was inserted by the inclining SCs power till it was
zero at the end of acceleration phase. The SCs sup-
plied power until reaching the maximum at 180 W,
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and it was zero in cruising phase at t = 13 s where
the battery fed tractive power 60 W until the end of
this phase. In braking phase starting at t = 18 s, the
motor acted as a generator supplying power 70 W to
the SCs with the battery power 150 W for charging
the SCs fully. The SCs charging losses in any com-
ponents can be observed from the power summation
in this stage, and it has the same behavior as in the
simulation. This clearly shows that the result in Fig.
8(b) accompanies with the result in simulation. Fig.
8(c) shows the comparison of DC bus voltage regula-
tion between the pure battery and BSCs where they
are 2.5% and 2.17% respectively, so the advantage of
BSCs is the decrease of voltage regulation by 0.33%.
Energy consumption for the driving cycle was pre-
sented in Fig. 8(d) where the BSCs consume almost
the same as pure battery. This because the tolerance
and non-linearity of the hardware, so the profit in
term of energy consumption was not achieved.

7. CONCLUSIONS AND FUTURE WORK

This paper presents a new control strategy and a
reliable DC-DC converter for SCs auxiliary energy
source using in BHEV, fore reducing the energy con-
sumption of the battery and improve the DC voltage
regulation. The proposed strategy is to control SOC
and current of SCs according to the speed and ac-
celeration of the vehicle. The simulation successfully
proved the benefits of the BSCs over the pure battery
by saving energy of 6% and reducing of DC bus volt-
age regulation by 0.16%. The experimental results
verify the workability of the control strategy where
the proposed system reduced voltage regulation by
0.33%. However, the energy consumption between
pure battery and BSCs in the experiment showed the
same amount at the end of driving cycle tested. This
can be improved by the further optimization the real
system for a specific application.
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