ZEBRA plus ultracapacitors: A good match for energy efficient EVs

Juan Dixon, Micah Ortazar, Eduardo Arcos and Ian Nakashima.

Abstract

ZEBRA batteries have demonstrated mature development, having reached almost 120 Wh/kg specific
energy. On the other hand, specific power has a good figure, but needs to be improved for fast
acceleration and good regenerative braking. With this purpose in mind, an ultra capacitor power system is
being included in an EV that uses a high temperature Sodium-Nickel Chloride battery (ZEBRA). The
ultra capacitor system has been connected to the ZEBRA battery and to the traction inverter through a
Buck-Boost type DC-DC converter, which manages the energy flow with the help of DSP controller.
Special control algorithms are being programmed for such a purpose. The paper shows the
implementation of the experimental vehicle with the location of all components, and some simulation of
the vehicle operation. Previous experimental results with lead-acid batteries demonstrated excellent
behavior and now, the tests with the ZEBRA battery are under way.
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1 Introduction

Ultra capacitors [1] are a very good solution for hybrid electric vehicles. However, they can also be useful
for pure electric vehicles that use batteries with low specific power (W/kg). Those kinds of batteries show
reduced acceleration and reduced regenerative braking capability. One example of this kind is the Sodium
Nickel-Chloride (ZEBRA) battery, which has excellent specific energy, only compared with lithium
based batteries. This battery also has a very large cycle life (more than 1000 cycles), good temperature
stability, excellent efficiency, and the capability of being discharged almost 100%. The low specific
power characteristic of the ZEBRA battery is compared with other typical batteries used in EVs in figure
1. As can be observed, the ZEBRA does not have a good specific power for braking and acceleration [2].
To improve this characteristic, a combined system with ultra capacitors is being implemented.
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Figure 1: specific power comparison between the most common secondary batteries for EVs.



2 Description of the System

The electric vehicle used for the experiment is shown in figure 2 [3]. It was implemented at the
Department of Electrical Engineering of Pontificia Universidad Catdlica de Chile, and is powered by a
53-kW brushless-dc traction motor [2]. It has a gross weight of 1,800 kg (Battery and ultra capacitors
included) and can carry 5 passengers. Its top speed is 120 km/hour and the efficiency is 4 km/kWh. To
manage the power flow from the ZEBRA battery to the ultra capacitors, a bidirectional DC-DC power
converter (Buck-Boost Converter) was implemented and installed in the vehicle. This device is water
cooled to reduce its weight and size. The water cooled implementation was not a problem because it was
already installed in the vehicle since both, the traction motor and the power inverter are water cooled
designs. Another characteristics of this vehicle are: 1) digital panel showing motor and inverter
temperature, battery voltage, battery current, rpm of the traction motor and torque; 2) mechanical
transmission, which normally works at third speed (to give a perfect match between motor rpm and
vehicle speed); and 3) an Ampere-hour meter and a special ZEBRA-Display to monitor the battery. There
is also a PC connection to get results during driving tests.

Figure 2: the EV Prototype.

To manage the power flow between the Zebra and the ultra capacitors, a DC-DC converter was designed
and implemented. This Buck-Boost converter uses IGBTs, and a special light weight inductor L, made
with aluminum coils. The figure 3 shows the block diagram of the electric power system and the
connection of the converter. The ultra capacitors operate between 100 and 300 Vdc and its nominal
capacity is 20 Farads (there are 132 devices in series, 2700 Farads each one, to reach 300 Vdc). The
energy stored in the U-cap bank can give more than 40 kW of power during 10 seconds, which is more
than enough time for a good acceleration (or deceleration) without detriment in the battery life. The
nominal power of the traction motor is 32 kW, and the peak power is 53 kW. During acceleration, the
IGBT T1 is commutated, transferring energy from the capacitor to the main battery. During regenerative
braking, the IGBT T2 is operated, moving energy in the opposite direction. The switching frequency of
the converter is 15 kHz, and is controlled by a DSP.
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Figure 3: block diagram of the power system to manage the energy flow into the vehicle

3 Physical location of components

The diagram of Figure 4 shows the location of each one of the main power components of the vehicle,
and the next paragraphs show some pictures of these devices.
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Figure 4: physical location of each main power component into the EV.

3.1 The Ultra Capacitor and Power Inductor.

Part of the U-cap bank is in front of the vehicle (two boxes), and three more boxes are at the rear of the
vehicle, under the floor, in an aluminum case protection. The figure 5 shows the location of the first two
U-caps boxes (only one is visible because the other one is at the bottom). This figure also shows the
Buck-Boost converter, which is uncovered to see the power components. The U-caps located at the rear
are shown in Figure 6.
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Figure 5: Ultra capacitor bank and Buck-Boost converter in front of the vehicle.
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Figure 6: Ultra capacitor bank at the rear, under the floor.



As was already mentioned, the inductor L of figure 3 was designed using aluminum coils. The coils were
made with flat plates, 0.5 mm thick and 120 mm width. In this way the skin effect and weight were
minimized. This inductor can sustain 100 Amps under steady-state and 200 Amps for two minutes. Other
parameters of this inductance are: L = 1.6 mH, R = .03 Ohms and m = 20 kg. It uses air core and hence no
iron losses or saturation problems are present. The figure 7 shows some pictures of the aforementioned
inductance. This element was also mounted at the rear under the floor and protected in a special plastic

case.

Figure 7: power inductor design
a) materials used for the inductor L, b) construction design, c¢) final implementation, d) with case

3.2  The ZEBRA battery

The ZEBRA Battery being installed is a pack that weights only 240 kg, but can store more than 24 kWh
of useful energy at 2 hour discharge. It compares in specific energy with the best secondary batteries
under investigation today. Because in practice this battery can be discharged almost 100% DOD (Deep of
Discharge), these numbers mean around 5 times more specific energy than lead-acid batteries. Other
excellent feature of this battery is the number of cycle life, which is more than 1000. Figure 8 shows the
736-371-ML3P-76 ZEBRA battery that will be used in the EV [4, 5]. Besides the problem of low specific
power (being solved with ultra capacitors), the battery has to work at high temperature (270 °C).
However, this problem is already being managed by a special Battery Management System (BMS) that
allows to use the battery under very different ambient temperatures (from -40 °C to +70 °C).



Figure 8: ZEBRA battery type Z36-371-ML3P-76 being installed at the rear of the vehicle.

3.3  Control System.

Figure 9 shows the control board of the ZEBRA-Ultracapacitor (Ucap) system. This control board was
implemented in a TMS320F241 DSP from Texas Instruments. Also a monitoring feature was
implemented in the DSP, which communicates with a portable PC. The monitoring program at the PC
allows real time plotting and storing all valuable data; also the Control program at the DSP can be
commanded from the PC to work in slave mode (user controlled currents) or automated mode [7].
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Figure 9: DSP control circuit board and connectors.

The figure 10 shows the block diagram of the DSP controller. Signals required to perform algorithm
calculations are: ZEBRA battery voltage, battery current, drive train current, ultra capacitor bank voltage,
ultra capacitor bank current, DC-DC (Buck-Boost) converter temperature, battery state of charge and



vehicle speed. Some of these signals are available from the main inverter microprocessor, which are sent
in analog format; the rest of the signals are acquired from specially installed sensors and an Ah counter
installed in the vehicle.

The control System final products are two PWM signals, which commutates the two IGBT’s in the Buck-
Boost DC-DC converter. The PWM values are calculated as part of a closed loop PI control, comparing a
preset current reference and the measured current from the DC-DC converter. The power transfer
algorithm calculates the preset current value for the current control, considering the battery state of
charge, the battery voltage, the ultra capacitor charge; the vehicle’s speed and the power drive system
current.
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Figure 10: control system layout
4 Simulation of the Overall System

Simulations of the system are still under way, but they promise positive results in the final tests of the
vehicle being tested next March 2005. The simulation in Figure 11 shows a simulation of the ZEBRA
battery at 80% DOD, during acceleration of the vehicle from 40 to 60 km/h in 4 seconds. Ultra capacitors
are not connected and it can be seen that the battery voltage is strongly affected by the current variations.
A serious problem arises when battery has to supply more than 150 Amps, because in this case the
voltage drops to values smaller than 250 Vdc. Under these conditions the control of the traction motor
reset the PWM of the inverter because of under voltage operation, and the current can’t go higher (the
simulation however, shows a condition in which the current still can increase and the voltage remains
unknown, because in fact the vehicle cannot work under these conditions). Similar behavior is observed
under 10% and 50% DOD, and it is nor worth to repeat the graphics.
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Figure 11: acceleration simulation from 40 to 60 km/h in 4 seconds, without ultra capacitors.

The simulation in Figure 12 shows a simulation of the ZEBRA battery at 80% DOD, during acceleration
of the vehicle from 40 to 60 km/h in 4 seconds. Ultra capacitors are now connected and it can be seen that
the battery voltage is not seriously affected by the current variations, because the ZEBRA current is now
limited to 70 Amps as shown this figure. Under this condition, the voltage never goes lower than 320

Vdc.
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Figure 12: acceleration simulation from 40 to 60 km/h in 4 seconds, with ultra capacitors.



The simulation in Figure 13 shows now a simulation of the ZEBRA during regenerative braking of the
vehicle from 40 to 0 km/h in 2.1 seconds. Ultra capacitors are not connected and it can be seen that the
battery voltage goes higher than 400 Vdc when the current reaches around -40 Adc. Under these
conditions the control of the traction motor reset the PWM of the inverter because of over voltage
operation (more than 400 Vdc), and the current can’t go higher (the simulation however, shows a
condition in which the current still can go to more negative values and the voltage remains unknown,
because in fact the vehicle cannot work under these conditions).
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Figure 13: regenerative braking simulation from 40 to stop in 2.1 seconds, without ultra capacitors.

Finally, the simulation in Figure 13 shows again the ZEBRA during regenerative braking from 40 to 0
km/h in 2.1 seconds. Ultra capacitors are now connected and it can be seen that the battery voltage never
goes higher than 400 Vdc because most of the current is now supplied by the ultra capacitors. In this
case, the regenerative braking works well because ultra capacitors take care of the currents, avoiding
battery voltage to go higher than 400 Vdc. It is important to mention that the control system can be
programmed according with the characteristics of the system. In this case, two important limits have to be
respected: the under voltage of 250 Vdc, and the over voltage of 400 Vdc. It is also worth to mention that
regenerative braking with only ultra capacitors do not work in large down hills, because they finally will
reach their maximum voltage, being unable to receive more energy. Under these conditions, the
regenerative braking has to be limited to the capacity of the ZEBRA to receive power without reaching
the voltage limit (400 Vdc). Other solution is to add power resistors for this situation.
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Figure 14: regenerative braking simulation from 40 to stop in 2.1 seconds, with ultra capacitors.
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5 Conclusions

The implementation of a power drive for an electric vehicle, based on Sodium Nickel-Chloride battery
and ultra capacitors has been described. The main idea is to improve the performance of the battery, due
its low specific power compared with other traction batteries. The paper shows the way each component
of the system is located, how some of them have been implemented, and what kind of control is being
used. Finally, simulations show the positive behavior of the system, which is in its last stage of
construction for tests in the near weeks.
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