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Abstract

Full Electric Vehicles (FEVSs) is a type of Electric Vehicle (EV)
in which all power is derived from electrical sources. Main
disadvantages of FEVs are short driving range and low
performance in demanding conditions. In this paper a novel
battery-battery hybrid system is proposed. The system has a
cell-scale energy management strategy in order to maintain
modularity and compatibility. Also the system has ability of
active battery voltage balancing without any extra effort.
Additionally a semi-active hybridization strategy with a
simple control scheme is introduced. Both system and the
control strategy is introduced with details. Simulations are
performed with different scenarios in order to demonstrate
both voltage balancing and energy management capabilities
of the system.

1. Introduction

Electric vehicles (EVs) can be classified as Hybrid Electric
Vehicles (HEVs) in which an electric motor is used alongside an
internal combustion engine, Plug-in Hybrid Electric Vehicles
(PHEVs) which can be charged externally and Full Electric
Vehicles (FEVs) in which only propulsion mechanism is an
electric motor. Main deficiencies of FEVs are short driving range
with single charge, low life span of battery stacks and low
performance.

A common strategy to overcome these disadvantages is using
supercapacitors (SCs) with batteries [1], but when compared to
batteries SCs are more prone to voltage imbalances and they have
lower energy densities and higher self-discharge rates [2].
Lithium-lon batteries are lighter than other battery types with
relatively higher energy and power densities, higher open circuit
voltages and lower self-discharge rates then other battery types
[3,4]. Moreover recent developments in lithium battery
technology show that these batteries would be alternatives for
SCs in EV applications in near future.

In this study a battery-battery hybrid energy system is
proposed instead of a battery-SC hybrid. First battery type is a
power dense, lithium-titanate (LTO) battery with power density
of 1675 W/kg and a lifespan of 16000 cycles [5]. Second type
battery is an energy dense, lithium-nickel-manganese-cobalt-
oxide (NMC) battery with energy density of 160 Wh/kg and
lifespan of 1400 cycles [6]. LTO battery is being operated in
demanding conditions meanwhile duty of NMC battery to support
LTO without exceeding a current limit.

Energy management is an important issue for EVs. In HEVs
energy management is mostly based on fuel saving. Also in most
of energy management approaches whole route information is
assumed to be known. [7-12] To overcome this situation
advanced optimization techniques are used [13-17] These
approaches have heavy computational work as a result of
advanced control techniques.

Main motivations of energy management in battery-SC are
extending driving range and increasing performance. Energy
management strategies for FEVs can be categorized under three
headlines: passive, semi-active and active hybrids [18]. In passive
hybridization both battery and the SC are connected in parallel
with load [18-22]. Semi-active hybrids include a DC/DC
converter in order to adjust voltage of a source with respect to
other. There are three different configurations for semi-active
hybrids. In battery semi-active hybrid battery and SCs are
cascaded where the converter is placed between the battery and
the load. The purpose of this configuration is to control battery
current [23-25]. In capacitor semi-active hybridization DC/DC
converter is placed between SC and the load to improve usage of
SC energy [26-28]. The third configuration is called parallel or
load semi-active hybridization. In this topology battery and the
SC are connected in parallel where the DC/DC converter is placed
between this parallel block and the load. This structure enables to
satisfy high load demands with limited energy sources [28, 29].
Active hybridization topologies can also be categorized as series
or parallel active hybrids. Series active hybrid topology can be
achieved by adding another DC/DC converter to a semi-active
hybrid where in parallel active hybrids all sources and the load
are connected in parallel with DC/DC converters between each
connection [28, 30-34]. For the energy management of LTO-
NMC battery hybrid system, passive hybridization was studied
and applied earlier [35]. It is shown that unlike battery-SC
hybrids, huge Choke inductances should be used in order to
achieve a successful hybridization.

The proposed system has a cell-scale hybridization in order to
maintain modularity and compatibility with battery management
and monitoring systems. Thus a semi-active hybridization
strategy with a simple control scheme is introduced. Furthermore
the system has ability of active battery voltage balancing without
any extra effort.

2. Proposed system

Proposed system can be designed in different number of
levels. Block diagram of a five level of the system is shown in
Fig. 1. As seen from the figure LTO batteries are connected in
series and directly connected to the load. Every level of the
system includes a DC/DC converter. NMC batteries are placed in
the other side of the converters. Cathodes of the batteries are
connected to a common node where anodes are connected
through a resistor. This part is called Share Bus and the resistors
are called bus resistors. Battery voltage balancing is performed
by the share bus. The left side of the system including LTO
batteries and load are named as primary side meanwhile the right
side is named as secondary side owing to the transformer in
converter circuit.
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Fig. 1. Block diagram of the proposed system.

The circuit diagram for DC/DC converter is shown in Fig. 2.
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Fig. 2. Circuit diagram of the converter.

The circuit is basically an isolated bidirectional DC/DC
converter where the voltage ratio of transformer is chosen as 2.8
to 4.2 which were the nominal voltages in room temperature of
LTO and NMC batteries respectively [5, 6]. Switching elements
of the converter is bidirectional and operated with 0.5 duty cycle.
There are snubber capacitors connected parallel to switches. The
values of capacitors are determined by using inductance of
transformer and operating frequency. Thus a resonance circuit is
formed when the switches are off.

Excitation current of transformer increases when the switch is
on. When switch is off, the switch current decreases to zero and
the excitation current redirects to capacitor. By this way the
energy stored in transformer inductance is transferred to
capacitor. Because of the operating frequency of the system is
equal to resonance frequency, energy in capacitor will be
transferred back to inductance precisely at the time of
commutation. The switch will be on again when capacitor voltage
is zero providing almost lossless switching.

The system is established and simulated in Simulink
environments for different scenarios. The simulation setup can be
seen in Fig. 3.

Simulation circuit consists of ideal switches, which were
connected parallel with a series RC block. The turn ratio of
transformer is 2.8 V to 4.2 V. Both LTO and NMC batteries are
modeled by using template (battery block) in Simulink.

3. Modes of Operation

There are three modes of operation for proposed system: idle,
charge and discharge modes.
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Fig. 3. Simulation circuit of the proposed system

3.1. Idle Mode

In this mode system works as an active voltage balancing
circuit. System stays idle unless there is an unbalancing condition.

Secondary side of the system including five batteries is shown
in Fig. 4. Cathodes of NMC batteries are connected to a share bus
through bus resistors where anodes of batteries are connected to
a common node. This concept is called balancing through a share
bus [36].

If voltage level of some cells in the stack is lower than others,
current will flow from high cells to the low ones. All cell voltages
will be balanced at the average voltage level (V). The balancing
current for each cell can be calculated as given in (1).

Vcell - Vaverage

@

Leen =
Rbus

Where V., is the actual cell voltage and V. is the average
voltage level of the stack.
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Fig. 4. Secondary side of the system



There is a relation between two cells of the same level as in
(2) because of maximum charge voltages of the batteries.

VLTO — E (2)

VNMC 3

If an unbalancing condition occurs in primary side of the
system it will be reflected to the secondary side through the
transformer. The balancing operation will continue until all the
cell voltages in secondary side (then primary side) is leveled. Let
Viroy Vito, --- Viro, be the voltages of the batteries of the
primary side, Vymc,, Vwmc, --- Vnmc, b€ the voltages of secondary
side and N;/N, be the transformation ratio in the system.
Average cell voltages can be calculated by using (3) and (4)
respectively for primary and secondary sides.

_ Viro, +Viro, + -+ Viro,

ViT0me = n (3)
Vme, + Vme, + -+ Vme,
VNM CaVE = n (4)

Total voltage in the system will be sum of Vo, and
Vmc,,,- After balancing operation cell voltages for each LTO
and NMC cell will be equal. New cell voltages for LTO and NMC
cells can be found by using equations (5) and (6).

Ny

Viropa = (Vitoge + Vinmcae) N, +N, ©)
N,

VNMCbal = (VLTOave + VNMCave) 1\]1 + N2 (6)

Balancing process is simulated in a 3 level system as shown in
Fig. 3. State of Charge (SoC) for each cell is set to 95%, 90% and
85% for both LTO and NMC cells. Corresponding voltages for
this charge states are Vy o, = 2.6166 V, V1o, = 2.5209 V and
Viro, = 2.4754 V. Average voltage level in primary side of the
system can be found V,7o_ . = 2.5376 V by using (3). Similarly

voltage values for NMC batteries are Vyyc, =
4.0283V,Vyyc, =3.9297V  and  Vyyc, =3.8776V  and
average voltage in secondary side can be found

Vmc,,, = 3:9452 V by using (4). Considering the turn ratio of
transformer as 2/3, from (5) and (6), voltage levels after balancing
are 2.5931 V and 3.9452 V respectively for LTO and NMC cells.
Results of this simulation is given in Fig. 5.

3.2. Discharge Mode

In discharge mode load is directly applied to LTO cells in
primary side. During this operation NMC cells continues
balancing duty if there is an unbalancing situation. Otherwise
NMC cells support LTO cells by maintaining voltage ratio of the
transformer.

Several simulations are performed in order to observe this
mode. At first fully charged three LTO batteries connected in
series, are discharged by using a load of 80 A in order to observe
the response of batteries without proposed system. The simulation
is repeated by using the system with fully charged NMC cells in
the secondary side. Results can be seen in Fig. 6.
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Fig. 5. Simulation results for (a) LTO (b) NMC cells.
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Fig. 6. Comparison of voltage signals of LTO cells under
80 A load.

It can be seen from the figure series LTO cells totally
discharged in 469 s. With proposed system this duration increases
t0 919ss.

Another simulation with same conditions but different cell
voltages for is done with LTO and NMC cells with different
voltage levels. SoCs of cells are set to 100%, 90%, 80% for both
cells. Where the cell voltages are Vyyc, = 4.21V,Vyyc, =
39297 and Vyyc, =3.8494V for NMC cells and
VLT01 = 25547, VLT02 = 2.2569 and VLT03 =2.1895V fOI’
LTO cells. The purpose of this simulation is to show that
balancing operation can continue during discharge. Results are
given in Fig. 7.
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Fig. 8. Balancing under variable load profile.

3.3. Charge Mode

Operation in charge mode is almost same with discharge.

Another simulation is done under variable load conditions.
The load profile consists of 50 seconds parts of 40 A charge, idle
mode, 40 A discharge and 80 A discharge repeatedly. SoCs of
LTO cells are 100%, 90% and 80% where all NMC cells are fully
charged. Cell voltages are, Vo, =2.9506V,V,rq, =
2.6529,Vy1r0, = 2.5854 where Vyyc = 4.218V.

4, Conclusions

The novel energy management system which is proposed in
this study provides a successful solution for both short driving
range and low performance issues of FEVs. The most important
feature of the system is simplicity of control. Energy management
approach is based on using power dense LTO cells as main energy
sources while supporting them with energy dense NMC cells. The
simulation results show that battery runtime is extended almost 2
times with the system. An effortless solution to battery voltage
imbalances is also obtained by zero voltage switching DC/DC
converter circuit, The validity of balancing scheme during both in
no-load and in charge or discharge operations is shown with
simulations either. Studies on implementation of the system is
still ongoing.

(1]
[2]

(3]

(4]

[5]
(6]
(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[18]

[16]

[17]

[18]

[19]

5. References

G.-A. Nazri and G. Pistoia, Lithium Batteries, Science and
Technology. Springer Science & Business, 2008.

V. V. N. Obreja, “On the performance of supercapacitors
with electrodes based on carbon nanotubes and carbon
activated material—A review,” Phys. E Low-dimensional
Syst. Nanostructures, vol. 40, no. 7, pp. 2596-2605, May
2008.

U. Koéhler, J. Kiimpers, and M. Ullrich, “High performance
nickel-metal hydride and lithium-ion batteries,” J. Power
Sources, vol. 105, no. 1, pp. 139-144, 2002.

M. Winter and R. J. Brodd, “What are batteries, fuel cells,
and supercapacitors?,” Chem. Rev., vol. 104, no. 10, pp.
4245-69, Oct. 2004.

Altairnano, “13 Amp Hour Cell, Nano Lithium-Titanate
Battery Cell Specifications.” pp. 1-2, 2011.

Kokam, “SLPB ( Superior Lithium Polymer Battery )
Technical Specification.” pp. 1-12, 2009.

N. J. Schouten, M. A. Salman, and N. A. Kheir, “Energy
management strategies for parallel hybrid vehicles using
fuzzy logic,” Control Eng. Pract., vol. 11, pp. 171-177,
2003.

B. M. Baumann, G. Washington, B. C. Glenn, and G.
Rizzoni, “Mechatronic design and control of hybrid electric
vehicles,” IEEE/ASME Trans. Mechatronics, vol. 5, no. 1,
pp. 58-72, Mar. 2000.

E. D. Tate and S. P. Boyd, “Finding Ultimate Limits of
Performance for Hybrid Electric Vehicles,” SAE Trans.,
vol. 109, pp. 2884-2889, 1998.

M. Back, M. Simons, F. Kirschaum, and V. Krebs,
“Predictive Control of Drivetrains,” World Congr., vol. 15,
no. 1, p. 1506, 2002.

C. Lin, H. Peng, J. W. Grizzle, and J.-M. Kang, “Power
management strategy for a parallel hybrid electric truck,”
IEEE Trans. Control Syst. Technol., vol. 11, no. 6, pp. 839—
849, Nov. 2003.

T. Hofman and R. van Druten, “Energy Analysis of Hybrid
Vehicle Powertrains,” in IEEE International Symposium of
Vehicular Power Propulsion, 2004, pp. 1-8.

G. Paganelli, G. Ercole, A. Brahma, Y. Guezennec, and G.
Rizzoni, “General supervisory control policy for the energy
optimization of charge-sustaining hybrid electric vehicles,”
JSAE Rev., vol. 22, no. 4, pp. 511-518, 2001.

A. Sciaretta and L. Guzzella, “Control of Hybrid Electric
Vehicles,” Control Syst. IEEE, vol. 27, no. 2, pp. 60-70,
2007.

V. Johnson, K. Wipke, and D. Rausen, “HEV Control
Strategy for Real-Time Optimization of Fuel Economy and
Emissions,” in SAE, Future Car Congress, 2000.

C. Lin, H. Pengl, and J. W. Grizzle, “A Stochastic Control
Strategy for Hybrid Electric Vehicles,” in American
Control Conference, 2004, pp. 4710-4715.

M. Koot, J. T. B. A. Kessels, B. de Jager, W. P. M. H.
Heemels, P. P. J. van den Bosch, and M. Steinbuch,
“Energy Management Strategies for Vehicular Electric
Power Systems,” IEEE Trans. Veh. Technol., vol. 54, no. 3,
pp. 771-782, 2005.

A. Kuperman and 1. Aharon, “Battery-ultracapacitor
hybrids for pulsed current loads: A review,” Renew.
Sustain. Energy Rev., vol. 15, no. 2, pp. 981-992, 2011.

A. Kuperman, I. Aharon, A. Kara, and S. Malki, “A
frequency domain approach to analyzing passive battery—
ultracapacitor hybrids supplying periodic pulsed current



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

loads,” Energy Convers. Manag., vol. 52, no. 12, pp. 3433—
3438, Nov. 2011.

M. T. Penella, S. Member, and M. Gasulla, “Runtime
Extension of Low-Power Wireless Sensor Nodes Using
Hybrid-Storage Units,” IEEE Trans. Instrum. Meas., vol.
59, no. 4, pp. 857-865, 2010.

R. A. Dougal, S. Liu, and R. E. White, “Power and Life
Extension of Battery — Ultracapacitor Hybrids,” IEEE
Trans. Components Packag. Technol., vol. 25, no. 1, pp.
120-131, 2002.

J. P. Zheng, T. R. Jow, and M. S. Ding, “Hybrid Power
Sources for Pulsed Current Applications,” IEEE Trans.
Aerosp. Electron. Syst., vol. 37, no. 1, pp. 288-292, 2001.

A. Khaligh and Z. Li, “Battery, Ultracapacitor, Fuel Cell,
and Hybrid Energy Storage Systems for Electric, Hybrid
Electric, Fuel Cell, and Plug-In Hybrid Electric Vehicles:
State of the Art,” IEEE Trans. Veh. Technol., vol. 59, no. 6,
pp. 2806-2814, 2010.

L. Gao, R. A. Dougal, and S. Liu, “Power enhancement of
an actively controlled battery/ultracapacitor hybrid,” IEEE
Trans. Power Electron., vol. 20, no. 1, pp. 236-243, 2005.
A. Govindaraj, S. M. Lukic, and A. Emadi, “A novel
scheme for optimal paralleling of batteries and
ultracapacitors,” in 2009 IEEE Energy Conversion
Congress and Exposition, ECCE 2009, 2009, pp. 1410-
1416.

M. Ortuizar, J. Moreno, and J. Dixon, “Ultracapacitor-based
auxiliary energy system for an electric vehicle:
Implementation and evaluation,” IEEE Trans. Ind.
Electron., vol. 54, no. 4, pp. 2147-2156, 2007.

M. B. Camara, H. Gualous, F. Gustin, and A. Berthon,
“Design and new control of DC/DC converters to share
energy between supercapacitors and batteries in hybrid
vehicles,” IEEE Trans. Veh. Technol., vol. 57, no. 5, pp.
2721-2735, 2008.

Z. Amjadi and S. S. Williamson, “Power-Electronics-Based
Solutions for Plug-in Hybrid Electric Vehicle Energy
Storage and Management Systems,” IEEE Trans. Ind.
Electron., vol. 57, no. 2, 2010.

Y. Gao and M. Ehsani, “Parametric design of the traction
motor and energy storage for series hybrid off-road and
military vehicles,” IEEE Trans. Power Electron., vol. 21,
no. 3, pp. 749-755, 2006.

S. Lu, K. A. Corzine, and M. Ferdowsi, “A new
battery/ultracapacitor energy storage system design and its
motor drive integration for hybrid electric vehicles,” IEEE
Trans. Veh. Technol., vol. 56, no. 4 |, pp. 15161523, 2007.
L. Solero, A. Lidozzi, and J. A. Pomilio, “Design of
multiple-input power converter for hybrid vehicles,” IEEE
Trans. Power Electron., vol. 20, no. 5, pp. 1007-1016,
2005.

R. M. Schupbach, J. C. Balda, M. Zolot, and B. Kramer,
“Design  Methodology of a Combined Battery-
Ultracapacitor Energy Storage Unit for Vehicle Power
Management,” in Power Electronics  Specialists
Conference, PESC, 2003, pp. 88-93.

Y. Zhang, Z. H. Jiang, and X. W. Yu, “Control Strategies
for Battery/Supercapacitor Hybrid Energy Storage
Systems,” 2008 leee Energy 2030 Conf., pp. 273-278,
2008.

L. Wang and H. Li, “Maximum fuel economy-oriented
power management design for a fuel cell vehicle using
battery and ultracapacitor,” in IEEE Transactions on
Industry Applications, 2010, vol. 46, no. 3, pp. 1011-1020.

[35]

[36]

T. Sarikurt and A. Balik¢i, “A novel battery system for
electric vehicles,” in Progress in Clean Energy, Volume 2,
Novel Systems and Applications, Ist ed., I. Dinger, C. O.
Colpan, and M. A. Ezan, Eds. New York: Springer, 2015,
p. XX.

G. Altemose, P. Hellermann, and T. Mazz, “Active cell
balancing system using an isolated share bus for Li-lon
battery management: Focusing on satellite applications,” in
2011 IEEE Long Island Systems, Applications and
Technology Conference, LISAT 2011, 2011.



