30kW DC-DC Converters with Regenerative Mode for Electrical Cars 233

http://dx.doi.org/10.6113/JPE.2012.12.2.233

JPE 12-2-1

30kW DC-DC Converters with Regenerative Mode
for Electric Cars

Federico Ibafiez', Javier Vadillo”, Miguel Martinez-lturralde Maiza”, and José Martin Echeverria”

"Dept. of Electronics and Communications, CEIT, San Sebastian, Spain

Abstract

This paper presents a design of a 30kW 250V/530V bidirectional DC-DC converter to be used in an electrical car. A detailed
explanation of the design is given. The system uses two phase shifted half bridge (boost and buck) topologies to reduce the ripple
current in the output capacitor. The converter has an efficiency of 95% at nominal power. It works as a constant voltage in one
direction and as a constant current in the other to charge the batteries. Simulations and measurement are done at high power to

test the efficiency.
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I. INTRODUCTION

Nowadays, electric and hybrid cars are gaining importance
as well as the power electronics for these issues. All of these
systems require a voltage bus where each energy storage and
loads are linked [1], [2]. In general, the storage systems output
voltage can vary within a certain range so a DC-DC converter
is required to share the energy in the voltage bus at a constant
voltage.

These converters involve high power transfer in both
directions. As the converter is inside a car, the weight, volume,
efficiency and safety are important issues.

The present work is a part of an electric car which will
participate in a competition in Barcelona, Spain in 2011. It
consists of a design of a high power DC-DC converter. The
paper is a useful guideline to design DC-DC converters at
electric vehicle power levels.

The electrical diagram of the car, to control the motors, is
simple as can be seen in Fig. 1. There are four main blocks:
two batteries, two DC-DC converters, four motor drives and
the motors themselves.

The batteries are Lithium-ion Ferrous Phosphate Battery.
They have their own protection for temperature, overcurrent
and over/undervoltage. Both battery stacks have a voltage
between 280V and 240V in a normal condition.
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Fig. 1. Block Diagram of the car.

Each DC-DC converter energizes two motor drive stages:
one for a back motor and the other for the front one. The
nominal power of each converter is 30kW which is enough to
drive the motors. This DC-DC converter is not only capable of
powering the motors but also of charging the batteries at a
constant current mode, so the converter is bidirectional. If the
regenerated energy was beyond a certain limit, a resistor would
be directly attached to the high voltage DC bus to limit the
maximum voltage at 600V, which in turn protects the circuit.

The motor drive uses a vector control to adjust the torque
and speed of the motors. Finally, there are four motors in the
vehicle, two inside the front wheels and two for the back
wheels but fixed in the chassis.

For safety reasons, all power systems are fully isolated from
the control stage. It has a 24V source to supply the control
units; every sensor and actuator in the power stage is also fully
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TABLE |
SPECIFICATIONS FOR DC-DC CONVERTER FROM BATTERIES TO
LoAD
Parameter Symbol | Value | Unit
Output Voltage Vo 530 \V
Ripple Output Voltage Vo 5 %
Maximum Output Power Po 30 kW

Minimum Input Voltage Vin MmN 240 \/
Maximum Input Voltage VN Max 280 \/
Minimum Efficiency NMIN 90 %

isolated. In order to improve the safety, the main power can not
be linked to the motor drives until the control is fully operative.
Also many emergency buttons around the car immediately
disconnect the main power stage.

Il. OBJECTIVE

The objective is to build a bidirectional DC-DC converter
capable of transferring up to 30kW. In one direction, it has to
transfer the full power at a 530V constant voltage output and in
the other direction; it works as a fixed current source of 50A to
charge the batteries at the maximum current level indicated by
the manufacturer. The input voltage range, which depends on
the battery array, is from 240V to 280V.

The paper shows a quick and simple design methodology for
this type of converters, which focuses on the power losses as a
function of frequency.

I11. DC-DC CONVERTER DESIGN

The design begins with the specifications which are shown
in Table I.

A. Power Converter Topology

The topology selected is a Half-Bridge shown in Fig. 2. This
topology has reduced components and also the ratio between
the maximum and the average current in the switch is not too
high when working in CCM. Other topologies have reduced
switching losses but require a higher maximum current through
the switching devices [3]-[7].

In one direction, the whole converter powers the motors with
two 15kW phase shifted boost stages in parallel in order to
reduce the output capacitor ripple current. And in the other
direction a single buck stage is used to deliver battery charge
current.

B. Frequency Selection — Power loss estimation

The switching frequency was selected using the following
criterion. All power losses are quantified as a function of
frequency including losses in the semiconductor devices and
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Fig. 2. Half-Bridge Converter. In one direction it is a Boost and
in the other it is a Buck.

the inductor losses [8]. In the semiconductor both the
conduction (Pconp) and the switching losses (Psw) are taken
into account. In addition, the inductor losses are divided in
copper and core losses (Pcore). The copper losses are divided
again in DC (Pcy pc) and AC losses (Pcy ac). Then every loss
is normalized with the total output power. So if an efficiency
level needs to be guaranteed, a frequency range should be
selected.

1) Semiconductor Power Losses: The expressions which were
used to estimate the losses of the semiconductor devices are:

PCOND:IIN'D'VCESAT+]0UT'(1_D)'VF @
PSW = (EON + EOFF + ERR) f @

IIN 'VOUT

Where Iyand I,y are the average input and output currents
of the converter, Vyyris the output voltage, 1 is the switching
frequency, Eon Eorr, Err are switching energy losses for
turn-on, turn-off and recovery process extracted from the
datasheet as a function of the voltages and currents at the
switching time, D is the duty cycle, Vi rand Vi are the
voltage drop in the IGBT and diode forward drop respectively.
The expressions above are a rough estimation of the real losses
but give a first approach.

2) Inductor Design: The inductor losses depend on the
inductance value, the number of turns, the gap, the core
material and size and the copper section. In order to find the
inductor losses, a quick design is presented.

The first step is: (a) to select the core and to assume that the
core window area will be filled completely, (b) to limit a
maximum current density. In our case, the current is limited at
4A/mm?’ and the core used is EE10028 from Cosmos Ferrites.
The maximum current can be estimated by the average power
input and a ripple variation:

o _ayy

Py V]N_M]N 2
Where r; is the ripple in the inductor current which is
considered 30% for the first approach. Using the adopted

IL_MAX =
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current density and (3) the copper section is calculated (4¢y).
The utility window factor (ky) is the ratio between the
window area (4y) and the copper area (N*4¢y), normally it is
below 0.5 but it is even less if the coil uses Litz wire. However,
the benefits of using this kind of wire, the reduction in power
losses, justify the costs and the limitation in ky. In this
prototype the coil is not made in an industrial process so k& is
reduced again. In this design, due to our experience, only
ky=0.15 is set. This establishes the maximum number of turns.
_ Ay ok
Acy
Then, applying the Faraday law, the maximum variation in
the flux density is obtained ( A Byax):
AB, .y = NVHVA—Df (®)
M

Where A4,, is the core section. The maximum flux density is
given by:

N 4)

AB
BMAX = % + BDC < BSAT

So the static point of the magnetic flux density (Bpc) is
limited.

Then, i is obtained as:
_ Bpely
Hg =
Hoy 'IIN_DC N
Where 1), is the magnetic path; I,y pc is the DC current

(6)

flowing through the inductor and fz; is the equivalent
relative magnetic permeability.
Once the number of turns is selected in (4) and ¢ is

obtained in (6), using the material relative permeability, 1.,
the gap (g) and the inductance are obtained:

1 1
g=l (=)
Hg  Hp @)
N2
L=y ptp-——-4y
ZM
The inductance value is useful to calculate the inductor
ripple current (), thus to iterate and to adjust the design.

3) Inductor Power Losses: The losses are extracted from this
preliminary inductor design. The copper DC losses are now
calculated as:

2

Fev pe=Iw pc " Rpc (8a)
N -MLT
Ryp =— = (8b)
oAy

Where MLT is mean-length-turn and o is the copper
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Fig. 3. Losses on a Boost Converter. (a) Different sources of
losses for a Boost converter as a function of switching
frequency. (b) Total losses with different cores.

conductivity.
The used wire has a radius of one skin-depth length
(5o ]/\/7) so the chosen wire diameter, the 4y and the Rp¢

value are functions of frequency. In addition, the Ay is upper
limited by the maximum window area, hence R is lower
limited.

For the AC copper losses, the Fycpe= Ri/Rpc is calculated
based on Dowell method [9, 10]. Therefore the power AC
copper losses are:

2
PCU_AC = IIN_AC “Fieipe  Rpe 9)
I _ VIN i D
IN_AC 2-L-f-\/§
for a triangular wave.
Finally, the core losses are obtained using an empirical
formula where the coefficients depend on the material used.

PCORE = VNU 'kl 'fﬁ 'dBmaxy (10)

Where y=2.8, p=1.7, and Vyyis the core volume, and
k;=2.7 for CF196 material.
Fig. 3 is a plot for previously calculated losses in (1), (2), (8),
(9) and (10) as a function of frequency. The results show the
frequency range which minimizes the losses.
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Two different slopes for the inductor losses (Pcy 4c. Pcu pe
and Pcore) Can be seen. The (A) section shows constant DC
power losses and a monotonic reduction in AC and core losses.
The constant DC losses are due to a constant copper wire
diameter: the maximum current density and the input current
lower limit 4¢y, and thus, the window area in (4) limits the
number of turns so Ry is constant in (8).

Because of the constant value of &, the flux density variation
is monotonically reduced with the frequency (5) so the core
losses are also reduced as in this kind of losses the reduction in
the flux variation is more relevant than the frequency, » > g

(10). Finally, the reduction in AC losses is due to the reduction
in flux density variation, resulting in I,c. Rpc constant, Fycpc is
also constant if an adequate Litz wire for each frequency is
used, hence R is kept constant.

This section ends when the flux variation reaches the
minimum value imposed by the design (50mT). This value was
selected to achieve total minimum losses.

In the (B) section, the number of turns can be reduced, and
thus, the copper section can be incremented, so the DC losses
fall (8).

The AC losses also fall due to the reduction in Ry and the
constant value of F,cpc Finally, the core losses increase
because of the increment in frequency and the flux constant
value (10).

Fig. 3(a) is obtained particularly with two cores EE10028 in
parallel, increasing the core section and consequently, the
inductance. The switching times and the voltage drop are
extracted from the selected switch: the half-bridge IGBT
2MBI200SB-120 from FUJI. The figure 3b presents the total
loss using different cores. The reduction in the operative
frequency range when the core is reduced can be seen.

It is observed that for this topology the frequency range has a
higher limit imposed by the switching losses (zone 2 in Fig 3a)
and the lower limit (zone 1) is due to the saturation of the
magnetic flux (Bs,r). In this case, the operation range is
between 20 kHz and 40 kHz for minimum losses. So a
switching frequency of 20 kHz was selected. The results of the
inductor design are shown in Table II.

C. Capacitor Selection

The capacitor is selected in order to tolerate the current
ripple (Icap rus), the bus voltage (Vo) and it also should
guarantee that the output ripple voltage is within the limits in
Table 1. Normally the capacitance obtained from the voltage
ripple specification is much lower than the value derived from
the capacitor RMS current parameter. This way, a decrease in
the RMS current involves a reduction in the commercial
capacitor value and size.

In order to reduce Icp rus, two converters in parallel and
180° shifted are used [11]. This produces a minimum current
ripple for a single value of D, (D=0.5) in comparison with a

TABLE I
PARAMETERS OF THE INDUCTOR
Winding (Litz-Wire)
Diameter 0.5 mm
Number of conductors 75 -
Copper Section 14 mm
Number of turns 23 -

Core

Material CF196
Shape 2 x EE10028
Gap 7.5 mm

1 Boost

2 Boost
2.5+ ) . B
+ Simulations
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Minimum Inductance

15

IC RMéIO AVG

Dual Boost
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Duty Cycle (-)
Fig. 4. Ratio between ripple capacitor current and the DC
output current.

single boost and it also reduces the ripple around this minimum.
In this case, the duty cycle of the converter ideally varies
between 0.47 and 0.55 for different input voltages (240-280V).

Figure 4 plots the ratio between the ripple current and the
output DC current for several cases. It compares the ripple for
one boost with two 180° phase shifted boosts. In addition, each
case is plotted for the two limit conditions of CCM: infinite
inductance (constant inductance current) and, DCM and CCM
border inductance (triangular current). Any other case shall be
placed between these two particular cases. This way, two
operation regions, one for each topology, can be distinguished
in the figure.

In this design, two 15kW boost converters are designed to
reach 30kW. From Table I, an output current of 56A (Ioy7) can
be obtained. Hence, a current ripple between 0.5 and 0.65 of
Ioyr can be deduced from Figure 4, taking into consideration
the duty cycle mentioned before. So the maximum current
ripple is 36A.
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In the prototype, the inductance value should be high to
reduce the capacitor ripple current but; as the higher the
inductance, the higher the volume and weight of the device; so
a trade off exists. Also the limit in the capacitor current should
be imposed by the capacitor itself.

The capacitor to be selected could be electrolytic or
polypropylene type but either should tolerate the current ripple.
The BHC ALS30A472QH350 (4700 uF) capacitor is chosen
when considering the electrolytic solution. It can tolerate an
RMS current up to 26A but only 350V. At least four capacitors
are needed to build a 2x2 array that could support up to 52A
current ripple at the output bus in the dual boost topology. The
maximum current ripple in the circuit is below the capacitor
specification so this array can be used. In order to reduce the
volume of the whole converter the inductor should be selected
to achieve a maximum ripple of 26A (not 36A), thus a parallel
branch could be eliminated (simulations for this case are shown
in Fig. 4). The capacitor array requires a balancing network. In
this prototype a resistive balancing network is used because the
voltage between them is not critical. In another situation, a
more complex network should be employed [12], [13].

If the polypropylene alternative is chosen, the capacitance
value should take into account the voltage ripple. The
capacitance can be calculated using the current shape and the

maximum value of voltage ripple (C:AQ*/AVC ). For

example, if the voltage ripple is 5V, the capacitor should be
greater than 100uF. The current is considered the same as in
the electrolytic solution. The choice for this technology is a
parallel array of 4 VISHAY 700V/80uF/21Arus@85°C
capacitors reaching 320uF. This alternative offers a longer
life-time (x5) and that is the reason why the polypropylene
solution is more desirable.

D. General Control Stage

Fig. 5 shows a general diagram of the control stage. It
consists of: a main oscillator, a frequency divider, a trigger
pulse generator to synchronize each controller, both current
mode controller for boost operation, a common current
controller for buck operation, the power gate drivers and a
switch which selects the power flow mode. There is a brief
explanation of the stage in the following paragraphs.

The oscillator is a simple astable circuit; the T flip-flop uses
the oscillator signal to generate two 50% square wave shifted
180°. Then the derivative circuit produces short pulses with the
positive edge of each signal. These signals trigger the
current-mode controller and its compensation ramp.

The system can work in two modes: as a power supply of
530V, using the Boost controller (low side switch and high side
diode), or as a constant current supply in order to charge the
battery due to regenerative braking.

E. Power Flow Selector

This module selects the operation mode. It consists of a

single switch that can be controlled by a high level control
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L
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Fig. 5. General Scheme for the control stage.

(electronic control unit of the car) or by a control signal derived
from the out, or using the output voltage.

The first option could be used in a noisy ambient, so a high
level controller indicates when it is time to recover the energy.
In the second case, a comparator with hysteresis triggers the
buck controller when the output voltage reaches the normal
mode voltage limit. If the output voltage drops below the
buck-mode turn-off limit, the buck controller shuts down.

The lower voltage limit is above the operation voltage, i.e.
550V, so the buck controller is always turned off before the
buck starts its operation. The high voltage limit is set to 580V.

F. Boost Controller Stage (Powering)

The controller uses an LEM-LV25 and HAS-200 Hall Effect
sensors to capture the output voltage and switch current. It is a
PWM current-mode boost that requires a compensation ramp
in order to prevent sub harmonic oscillations so a ramp is
generated in the controller (TL3843) [14], [15].

The two converters need to work in parallel, so in order to
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TABLE Il

DuAL 180° SHIFTED BOOST SIMULATION RESULTS

Mode Parameter Symbol | Value | Unit
Input Voltage Vin 240 \
Output Voltage Vour 530 \%
Full Power Output Current lour 57 A
(30kw) Capacitor Current | lcrus | 246 | A
Mid Power Output Current Vour 29.5 A
(I5kW) | capacitor Current IcRms 181 | A
TABLE IV
RESULTS FOR MAXIMUM POWER TEST
Parameter Symbol | Value | Unit
Load Resistor R. 18 Ohm
Output Voltage Vour 528 v
Boost Inductance L 142 uH
Output Power Pout 15.4 kw
Efficiency N 95 %

Fig. 6. Photograph of the prototype.

equally divide the output current in each converter; one of them
measures the output voltage, compares it with a reference and
generates an error signal. This signal, shown with a dotted line
in Fig. 5, is shared by both controllers, so the first controller
has a voltage loop and a current loop, while the other controller
only has a current loop. This is a low-cost analog control; other
alternative is to use a DSP [16].

G. Buck Controller Stage (Regenerating)

In this case only one controller is required because the
charge current can be produced by a single boost (50A).

The Buck controller uses a ramp generated internally like in
a voltage-mode controller but measures the battery current and
compares it with an adjustable reference. This current is the
inductor average current, so the signal arrives at the controller

10

Polypropylene
Electrolytic

VBUS AC V)
o

Fig. 7. Output voltage comparison due to different output
capacitors at 15kW.
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Fig. 8. Switching at nominal power.

through a low-pass filter. The reference can be adjustable from
40A to 50A.

IV. SIMULATIONS

In order to study the current ripple, the dual boost is
simulated in PSIM. The results, shown in Fig. 4 with crosses,
indicate that the current ripple with the chosen inductance is
below the limit of 26A imposed by the capacitor selection. The
maximum Icgys and lg ave ratio is 0.43 (24A). Simulations are
achieved at two power levels, 30kW and 15kW, with the
following purposes: the first one is to predict the converter the
behavior at full power and the second one is to confirm that
simulation results are close to the real captures. The prototype
is tested at 15kW in phase shift mode. Table 111 summarizes the
results; the capacitor current for the same circuit at mid-power
level is 18A.

V. RESULTS

The prototype is shown in Fig. 6, where the two coils, the
switches, the capacitors and the control board can be observed.
The system is placed in a heat-sink with forced air cooling. In
order to test the system at nominal power, four different
experiments are carried out.

First, only one boost stage is tested at nominal power
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TABLE V

RESULTS FOR REGENARATIVE POWER TEST

Parameter Symbol | Value | Unit

Output Voltage Vour 285 \Y
Input VVoltage Vour 500 \Y

Output Current lgat 51 A
Input Current IRec 31 A
Output Power Pout 15.1 kw

Efficiency n 95 %
< 300G |
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Fig. 9. Load step at reduced voltage keeping the 18 Ohm load
resistor.

g
-
2
o)

o

(15kW) to measure its efficiency. Table IV shows the results.
The output load is an 18 Ohm 20kW resistor, and the power
supply is a 250V-80A source. Fig. 7 shows an output voltage
ripple comparison obtained from using electrolytic or
polypropylene alternatives. The ripple is increased using the
polypropylene capacitors but it is still within the initially
specified voltage ripple limits (Table I). Despite the ripple
increase, the longer life-time quality makes polypropylene
solution more desirable. Fig. 8 shows the switching waveform
at full load steady-state condition and shows a step in the load
to see the output voltage variation. It can be observed that the
voltage drops 10%. The test is carried out at a lower power due
to a limitation in our facility (5kW).

In the second experiment, both boost converters are linked
and tested at 15kW. The output current is now equally
provided by the two converters, so the power transfer for each
one drops to 7.5kW. This test shows the phase shifted parallel
mode. Figure 10 shows the current in each inductor.

Fig. 11 shows the current ripple in the output capacitor. It
compares the two topologies: the single boost and the dual
phase shifted boost, for the same output power. In both cases
the output current is 30A and the input voltage is 240V so the
duty is 0.55. The RMS current for the single stage is 31A
(1.037yy7) and in 19A (0.63/yy7) in the dual converter. The
reduction is considerable, and it is also close to the value

1st Boost
2nd Boost

Fig. 10. Inductor current in each converter.
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Fig. 11. Comparison between single boost and dual boost for
the same power (15kW).
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Fig. 12. Output waveforms in the regenerative direction.

predicted by the simulation (Table II1).

A third experiment is presented to validate the regenerative
mode of the design. The output voltage is reduced from 530V
to 500V because of equipment limitations. This restriction does
not compromise the design validation. The ripple, the
efficiency and the output current are measured. The output
values are shown in Fig. 12. The battery voltage reaches 290V
and the average inductor current is 51A, which is the average
battery current. The current ripple is reduced due to the
inductor and a capacitor in parallel with the batteries (input side
filter).

Fig. 13 shows the diode switching waveforms in this mode
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Switching Waveforms
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where the switching voltage spikes are reduced using a snubber
capacitor. Table V summarizes the regenerative mode test
results.

Finally, a mode change experiment is presented. A test
bench was constructed using a battery pack in the low voltage
side and a load in parallel with a power supply in the high
voltage side, as shown in Fig. 14. This test shows the power
flow in the two directions. In the normal mode the system
delivers 100A (~30kW) from the battery and, in the
regenerative mode, the high voltage bus charges the battery
with a current of 50A (~15kW). Fig 15 shows input and output
voltages and the battery current. The bus voltage does not
instantaneously recover after each mode. This is due to the
test-bench DC source soft-start (500V Bus), so it is not a
problem of the converter.

VI. CONCLUSIONS

A complete design of a 30kW bidirectional DC-DC
converter has been detailed based on a dual 180° shifted boost
converter. A prototype has been built and tested.

Firstly, the proposed design studies the frequency range
which predicts an efficiency of 96%. The actual efficiency has
proved to be consistent (95%).

Both modes have been tested at full power. The given results
show an optimum performance of the converter in both
directions. Furthermore, the waveforms that characterized each
mode have been observed and discussed.

The voltage and current spikes that appear in the switching
process can be seen in figures 8, 10 and 13. The voltage spikes
are reduced using a snubber capacitor.

The system is adjusted so that the total current is equally
split between the two converters (Fig. 10). This way, it is
assured that both converters always operate in the same
condition.

A phase shift topology has been used to reduce the current
ripple. This reduction is confirmed by the experiment results
and hence, a capacitor branch can be eliminated and the
volume reduced.

Finally, a load variation test has been achieved to analyze the
compensation control. It can be concluded that the designed
prototype dynamic response (Fig. 9) is within the output
voltage variation specification limit (5%).

The designed and implemented 30kW converter has proved
to show an optimum performance within the specifications.
This paper is not only an example but also a guideline for
power electronic design in electric vehicle applications.
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