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Abstract—This paper presents a modular switched-capacitor
(SC) dc-dc converter based electric drive system for battery
electric vehicles. In such a system, modularized lithium-ion
battery cell tied MOSFET SC converters are used instead of the
more conventional IGBT boost converter. Following the drive
train architecture, the modeling approach for each electrical
component, including the battery set, dc-dc and dc-ac converters,
ac machines, and their control is discussed. Emphasis is given on
state of the art lithium-ion battery models and SC converter
design. System level performance is analyzed based on simulation
results across drive cycles. Hardware including a three-cell
lithium-ion battery tied SC converter module is built and tested.
Application notes such as economic and spacing constraints are
addressed.

Index Terms—Switched capacitor dc-dc converters, electric
vehicles, lithium-ion batteries, ac motor drives

[. INTRODUCTION

witched-capacitor (SC) converters are being applied at

increasing power levels [1]. Because of the high energy

density of capacitors [2], SC converters can enable
improved power density compared to conventional
inductor-based power converters. This makes SC converters
attractive in space-constrained applications such as battery
electric vehicles (BEV). Recent technological advances in SC
converters [3-8] have greatly reduced their sizes and improved
efficiencies while increasing switching frequencies. High
power applications utilizing SC converters have also made
significant progress [9-11]. However, low-voltage high-current
small-sized modular SC converters tied to lithium-ion batteries
used in BEV motor drives applications have not been fully
explored. In [12], a simulation study on this topic was
developed. However, no hardware implementation was made,
and the system level efficiency analysis was not thorough in
particular regarding the impact of an unregulated dc bus voltage
on motor drive’s efficiency.

BEV powertrain systems often employ a boost converter to
provide a high bus voltage and tight inverter package. Typical
battery packs consist of many single-cell lithium-ion batteries,
usually 3.2-4.0 V each, depending on their state of charge
(SOC) [13]. They are connected in series to form a 300-400 V
source, which is boosted to around 700 V for the dc bus [14].
Instead of a single bulky IGBT boost converter between the
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battery pack and the dc bus, battery-cell-level modular SC
converters, based on MOSFETSs, were proposed in [12]. These
SC converters are connected in series and directly form a
600-800 V dc bus. Since the conversion ratio for a SC converter
is fixed by its circuit topology, this strategy yields an
unregulated dc bus.

Potential advantages for modular SC converters in the BEV
application include reduced volume and weight footprint,
improved thermal flows, flexible structures, improved battery
cell balancing, increased reliability, and fault bypass modes,
etc. However, many other factors are unknown, such as the
proposed system’s feasibility, efficiency, cost, and also its
impact on the motor drive. The contribution of this paper is to
design and simulate such a system and analyze its performance.
A state-of-the-art SC converter module tied with lithium-ion
batteries is designed, built, and tested to validate the concepts.
A comparison is made to a conventional boost converter.

II. BEV DRIVE SYSTEM WITH SC CONVERTERS

Figure 1 shows the electric drive system considered in this
work: the battery supplies a dc bus through a dc-dc converter
and then an inverter drives an ac induction machine. In the
proposed system, single or multiple battery cells form a module
with an SC converter, and the modules connect in series to form
a dc bus. This is illustrated in Figures 2 and 3, respectively.
Note that there must be multiple columns of modules in parallel
so that the current capacity meets the ac drive demand while
limiting battery cell discharge currents. A typical rating limit
for each battery cell is 1C, i.e., for a 2.2 Ah battery, the rating is
2.2 A.
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Figure 1. Existing battery electric vehicle power system structure.
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Figure 2. A single battery cell and an SC converter formed power module.
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Figure 3. Series and parallel structure for proposed battery-converter modules.

A 1:2 boost SC converter is chosen for the study. A 1:3 (or
2:5 or 1:N) boost SC converter may be also used to reduce the
number of series-connected battery cells. However, SC
converters with conversion ratios above 1:3 may be challenging
to implement in practice. This is because, although the number
of series battery cells is reduced, the number of parallel battery
cells is increased to match the total power output. The number
of SC converters remains the same as a result, but the number
of semiconductor devices increases in each converter as the
conversion ratio increases, which increases the converter cost
and potentially reduces the reliability.

The 1:2 SC converter topology is shown in Figure 4. It uses
four switches controlled by complementary gate signals (Q/
and 02), which have a duty ratio of 50% and negligible dead
time. In Phase 1, Q02 and Q4 are on, connecting V;, and Cc in
parallel. Thus the flying capacitor Cc is charged to V;,. In Phase
2, Q2 and Q4 are off, and QI and Q3 are on. V;, and Cc are
connected in series, resulting an output voltage of twice V.
The flying capacitor provides the intermediate voltage so that
Q1 to Q4 only need to be rated at V;, (as opposed to V,,, for a
conventional boost converter).
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Figure 4. A 1:2 boost SC converter circuit topology.

The battery model is based on the circuit in Figure 5 [15].
The second, minute, and hour based resistors and capacitors
predict battery cell dynamics in each of the corresponding time
frames. The transfer function of the battery terminal voltage is
then given as
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Figure 5. Lithium-ion battery model circuit.

The voltage source, resistors, and capacitors depend
nonlinearly on the battery state of charge (SOC). In [15], V, C,
and R values are modeled as sixth-order polynomials of SOC.
An improved set of 7, C, and R values adopted from [16] are
used in this paper, which address the fitted polynomial
instability issues. To remedy this, a logarithmic interpolation
equation

In(V,C,R) = ay +a, In(SOC) + ... + a; In® (SOC) = iak m*socy (@

k=0

is employed. The new method produces more accurate V, C, R
values and models the battery more robustly. The coefficients
of (2) are listed in Table I. The labels (C) and (D) indicate
coefficients for charging and discharging conditions. These
values are from the single-cell data that were extracted from
measurements of Panasonic CGR18650A 3.7 V, 2.2 Ah Li-ion
batteries [16-17].

The SOC is modeled based on

SOC(8)=SOC,y0 + [ Filichange (X gy (D)t + 3)
0

t
+ [ S lisenarge ON X dnarge (Dl
0

where the initial SOC is constant and defined prior to
simulation, i(?) is the instantaneous discharging or charging
current, and f'is a function of that current and modeled as a
lookup table. The relationships between f and i are given in
Tables II and III for the charging and discharging [16].

Table 1. Coefficients for functions used in Figure 5 and Equation (2).

a0 al az a3 a4 as a6
Voc 14222 02214 0.1829 0.0745 0.0145 0.0014 5%10-2
Rseries (D) | -2.9384 | -0.2328 | -0.2109 | -0.1294 0.0302 0 0
R s(D) -3.4883 | -1.2434 | -0.5619 | 0.0044 0.0348 0 0
C_s(D) -0.146 03731 16511 1.0513 0.1918 0 0
R.m(D) -3.1892 | -0.0486 | 14851 6.1491 7.0124 3.1645 0.4997
C_m(D) 69413 | -6.5951 | -29577 | -56.356 46 582 | -16991 | -22588
Rseries (C) | -2.8108 | 06011 0.8951 0436 0.07 0 0
R_s(C) -3.5637| 0.0016 34633 46412 22718 0425 00188
C s(0) 02737 | -3.4945 | -14.705 | -21.767 14113 | -4.1803 | -04632
R_m(C) -2.8744 | 1.1014 1.1243 0266 0.1345 -0.046 0
C_m(C) 69622 -0.447 2.896 45575 22427 03544 0
R h -5.6352 | 51517 12.006 6.1973 1] 1] 0
Ch 14622 | -6.2451 | -19818 | -11.446 1] 1] 0
Table I1. fand i relationship for the charging state in Equation (3).
i(charge) 0 0.0838 0.4386 1.0988 2.202
K] 1.34x10% | 1.3259%10% | 1.2581x10* | 1.2391x10* | 1.2192x10*




Table 111 f'and i relationship for the discharging state in Equation (3).

i (discharge) 0 0.0808 04389 1.0886 2.1603

S -1.4x10% | -1.3751=10% | -1.2727=10* | -1.3222=10* | -1.3928x10*

The induction machine (IM) is modeled in the classical d-q
reference frame [18]. A field oriented controller (Figure 6) is
implemented in the IM drive (Figure 7).
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Figure 6. Induction machine field oriented control diagram.
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Figure 7. Dc-ac inverter circuit tied to the ac motor.

II1.

A comprehensive simulation must be run for the integrated
system. It is important to evaluate performance under real-life
scenarios, which include the variations in battery SOC, output
powers, etc. Each of the system components mentioned in
Section II needs to be designed with realistic requirements. The
objective is to power a 460 V ac induction machine up to about
100 kW (134 HP) for automotive applications. For this
simulation study, without loss of generality, a converter rated
up to 10 kW (1/10 scale) will be developed. Higher power
requires more parallel battery branches and would slow the
simulation without adding insight. The power flowing through
each SC converter module is unchanged compared to a
full-scale system.

SIMULATION SETUP

One focus for this paper is the design of the SC converter. A
conventional SC converter design is chosen since advanced
topologies and techniques usually incur additional cost. The
efficiency of an SC converter is determined by the output
impedance of the converter. The output impedance at low
switching frequencies (slow switching limit, SSL) is

2
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The output impedance at high switching frequencies (fast
switching limit, FSL) is
Rpg, =2 ZRi(ar,i)z

switches

3

where a,; is the charge multiplier through each flying capacitor
C;, and a,; is the charge multiplier through each switch with
resistance R; [19]. An optimal design trades off the R, of the
switches, the flying capacitor C,. and the switching frequency
such that Rgg is similar to Rpg, and also such that the
conduction loss and switching loss are comparable.

For this particular application, 15 V 12 A MOSFETs are
used, which have Ry of 9.4 mQ each. A nominal switching
frequency of 500 kHz is selected. Hence C. is calculated to be
about 80 pF. The expression for the output capacitor is
determined by the output voltage ripple [19], such that

0517,

out — ﬂwAV

out

(6)

The targets here are 1.1 A (0.5C) of continuous output current
and a voltage ripple of 0.05 V for each SC converter module.
Hence C,,, is found to be 110 pF.

The 460 V ac induction machine requires a minimum 650 V
dc bus. In order to achieve this voltage, approximately 90
Panasonic lithium-ion batteries need to be connected in series.
In the proposed system, 30 SC converter modules, each
designed for 12 V to 24 V conversion (3 series cells at each
input) are used. At least 5 parallel branches need to be formed
to produce nominal power of 4.3 kW at 1C current. A current of
2.3C will be needed when 10 kW is required. For the
comparison study of a conventional dc-dc boost converter,
1200 V 50 A IGBTs and 10 kHz switching frequency are used.
The dc-ac inverter and the ac induction machine are held the
same for both SC converter and conventional boost converter
topologies.

IV. SIMULATION RESULTS AND ANALYSIS

To demonstrate the capabilities of the integrated system, a
transient followed by a steady state response is simulated in the
MATLAB/Simulink environment. Figure 8 shows the
acceleration of the induction machine from 0 to about 187
rad/sec (1780 RPM). The figure also shows the stator current
(the inverter output current). A steady-state torque of about 20
Nm indicates the output power is approximately 3750 W,
demonstrating nominal operation at approximately 1C (2.2 A).
Figure 9 shows the input and output voltage waveforms of the
battery-SC converter module as well as the battery output
current of a three-cell fully charged (1.0 SOC) battery pack.
These waveforms track closely as expected. Looking more
closely, it can be observed that the output voltage ripple is
about 0.05 V, consistent with the design target. Figure 10 shows
the input and output voltages of the inverter and the modulation
index required to operate the induction machine. The dc bus
voltage is well below 760 V initially because of the high initial
acceleration current pulling down the battery terminal voltage.
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the SOC is 1.0. The results show that the SC converter
outperforms the boost converter under light loads, but drops
above about 1.6C give the heavy-load advantage to the
conventional converter. In a typical transportation drive cycle,
time at high power is limited, so long-term operation will favor
the SC converter.

50 . . ‘ : . . .
L
5 :E Table IV. SC converter (left number) and boost converter (right number)
% o 0 efficiency at different battery SOCs and currents.
= i
[ 3
+50 T T T T T 1.0Aout | 20Aout | 3.0Aout | 40Aout | 5.0Aout
o 1.0 SOC | 93.2/81.6% | 96.3/89.5% | 93.6/90.4% | 89.8/92.1% | 87.2/92.7%
5o T T : : . . : .
E-,E 60 : 0.9 SOC 93.3/80.7% 96.3/88.9% 93.6/90.5% | 89.8/91.9% | 87.2/92.5%
08T g ke N
1]
E 3 20 0.8 SOC 93.3/80.9% 96.4/88.4% 93.7/90.5% | 89.9/91.9% | 87.3/91.6%
Q- 1 1 I 1 i 1 | 1 1
o o o ©h o 5= Uh 507 08 oy ; 0.7SOC | 93.3/81.8% | 96.4/87.3% | 93.7/90.7% | 89.9/91.9% | 87.3/91.6%
Time(sec) 0.6 SOC | 93.4/79.0% | 96.4/87.2% | 93.7/90.5% | 89.9/90.8% | 87.3/91.6%
Figure 8. Induction machine speed, current, and torque during acceleration.
0.5SOC | 93.3/78.4% | 96.3/87.5% | 93.6/90.6% | 89.8/90.9% | 87.2/91.6%
B g T T T T T T T
T '
28 1y .
E35 100.00%
0= 10
3 3 e 95.00% A
=) a000%
Se 74 g
E E a9 2 85.00%
g S & ——5C
0% o 80.00% Converter
8 ‘g‘ / ——Roosl
o 75.00% Converter
- 70.00%
E‘g’ 0 1 2 3 4 5
% E Lithium-ion battery current (A)
m 5
o
Figure 11. SC and boost converters efficiencies versus battery output currents.
Time (sec) ) . . .
Figure 9. SC converter input/output voltages and battery current. Although the ac motor drive is not the focus of this paper, its
performance is impacted in the SC converter system because of
. the variable dc bus voltage. This is not the concern for the boost
£ converter system since it can regulate its output. Figure 12
> . . .
£ shows the ac motor drive efficiency, computed as mechanical
3 output power divided by inverter input power, versus battery
(=]

1000

Dc-ac inverter
modulation index output voltage (/) input voltage (V)

Dc-ac inverter

0 i i i L i i i i i
0 01 02 03 04 05 08 o7 08 09 1
Time (sec)

Figure 10. Dc-ac inverter input/output voltage and its modulation index.

Table IV presents selected dc-dc conversion efficiencies
when battery SOC and output current change, based on the
simulation results. From the table, battery SOC has little impact
on converter efficiency, and SOC = 1 will be used for
remaining comparisons. Figure 11 shows the efficiencies from
the two dc-dc converters versus battery output currents when
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cell SOC in the SC converter power train system. This sample
lithium-ion battery technology varies from about 3.5 V to about
4.0 V per cell while the SOC is from 0.1 to 1.0, and the dc bus
varies only about 12%. The efficiency curve in Figure 12 varies
within only about 3%. The difference comes from the change of
modulation indices on the inverter and from power factor
changes in the machine.

The overall system efficiency, defined as the output
mechanical power divided by the output battery power, can be
found by combining the dc-dc converter and ac motor drive
efficiencies. Efficiency maps with battery cell SOC and current
as independent variables are drawn for the SC converter system
and the boost converter system in Figure 13 and Figure 14,
respectively. Both systems have preferred operation regions,
but the SC converter system is more efficient over a wider
range. This is supported by the efficiency difference plot (SC
minus boost) in Figure 15. Depending on drive cycles
encountered by the vehicle, energy savings will be several
percent with the SC system.
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Figure 14. System efficiency map for the boost converter power train.
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Figure 15. Efficiency difference map between two converter systems (SC
converter minus boost converter).

V. SC CONVERTER MODULE HARDWARE IMPLEMENTATION

A state of the art 12 V to 24 V SC converter utilizing fast
switching DrMOS (driver integrated MOSFET) has been built
[4]. A DrMOS module consists of a pair of half-bridge
connected MOSFETs as well as the necessary gate drive
circuitry in one IC package. A 1:2 SC converter needs two
DrMOS modules and can have significantly reduced
components count compared to a discrete solution. A complete
component listing is given in Table V.

Table V. Hardware cost comparison between SC and boost converters.

Component Part number Value
MOSFET 2 of CSD95379Q3M 20V 20A ha}f—brldge
plus driver
Flying 2 of
capacitor, Cc C3216X5R1E476M160AC 47uF 25V X5R
INPULEAPaCOn, | 31 6XSRIE476M160AC 47uF 25V X5R
Output 2 of
capacitor, Cout | C3216X5RIE476M160AC 4TuF 25V X5R
Level-shifter ADUMS5210 _
Microcontroller Piccolo 280F035 -
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One module of three-cell lithium-ion battery and SC
converter is shown in Figure 16. Figure 19 illustrates a
screenshot of the input/output voltage and current under the
nominal condition (2.2 A). The module’s efficiency, defined as
the output power to the dc bus divided by the power from the
lithium-ion batteries, is tested against a variety of loads and is
plotted in Figure 20. Note that the measured efficiency curve is
close to the simulation result in terms of shape and value.
Thermal images of the module under the nominal load (2.2 A)
and highest load (4.8 A) are shown in Figure 17 and Figure 18,
respectively. The temperature range indicates that no extra
cooling unit is required and that natural convective cooling is
sufficient.
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Figure 20. Measured SC converter efficiency under different loads.

One major concern is cost. The cost for all the SC converters
in a vehicle system is expected to be more than that of a single
boost converter based on system complexity and parts count.
This cost estimate depends on the power requirement of the
vehicle. Since the SC converters are not likely to need heat
sinks and can be integrated with batteries as modular units,
overall costs may be improved with an SC system. A more
complete cost study requires a defined drive cycle and
comprehensive implementation and is beyond the scope of this
paper. The modularity provides more flexibility and system
reliability in case of faults.

VI. CONCLUSION

A battery electric vehicle traction system utilizing
lithium-ion batteries, switched capacitor converters, an inverter
and an ac induction machine has been modeled and simulated
under various operating conditions, including transient and
steady-state analysis. A similar system with a conventional
boost converter is also simulated for comparison purposes. The
results show that the SC converter topology based system
yields higher efficiencies under nominal or light loads, whereas
the boost converter topology based system is more efficient at
heavy loads. A hardware test module was built for efficiency
verification and spacing, thermal, and economics analysis. The
SC converter reduces hardware space required and no
additional cooling equipment is necessary, leaving more room
for extra energy storage. From the economic perspective, the
SC converter costs more, but this may be traded off in the long
run. The trade off study will vary depending on user needs.
Future work on this topic includes regenerative braking and
battery charging and their simulation at the system level. In
addition, the SC converter can be integrated with a battery
management system for cell balancing.
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