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ABSTRACT This paper details a validated real-time emulation of a modular multilevel converter with
integrated energy storage sub-modules. The real-time emulated system is implemented using MicroLabBox/
dSPACE. A validation is carried out by constructing and testing a prototype of the converter with a reduced
number of voltage levels and integrated batteries. The real-time operation of the emulated converter is tested
under a range of loading conditions and compared to the prototype. Emulated results closely match the
physical prototype results. Based on this outcome, a converter that comprises a high number of sub-modules
is emulated and investigated when connected to a large scale motor. This research provided a seamless
extension of the model from a lower to a higher number of converter sub-modules with minor changes in the
emulation structure, the basic control and the sorting algorithm. This is a novel real-time emulation of the
converter that can be used for electric vehicle application using MicroLabBox /dSPACE .

INDEX TERMS Battery, electric vehicle, emulation, FPGA, HIL, modular multilevel converter, real-time,

state of charge.

I. INTRODUCTION

The modular multilevel converter (MMC) has beneficial fea-
tures due to its redundancy and scalability. These features
make the converter an attractive alternative for medium volt-
age drives [1], [2]. The MMC is also utilised in HVDC trans-
mission systems [3], and power quality improvements [4].
The number of voltage levels or sub-modules (SMs) in an
MMC arm varies according to the application. Typically
in the HVDC application, an MMC comprises hundreds of
SMs per arm [5]. An extended application of the MMC is
to replace the SM capacitor with a battery energy storage
system (BESS). The MMC-BESS topology has recently been
investigated as a centralised traction converter in electric
vehicles [6], [7]. A laboratory prototype of such a converter
gives insights into the expected behaviour of the MMC-
BESS system; however, it is not feasible to construct a full-
scale converter with a large number of SMs at early stages
of research. Therefore, researchers use simulation tools to
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analyse larger converter performance and to develop suitable
control methods.

Various simulation tools such as MATLAB, PSCAD, and
PLECS can be utilised to analyse MMC behaviour [8]. This
is very helpful during early stages of the research and devel-
opment phase; yet the fidelity of simulations is low as shown
in Fig. 1 [9]. Simulation can be regarded as tier 1 in fidelity
levels and physical prototype testing can be defined as tier 3.
A tier 2 in the fidelity levels is the hardware in the loop
(HIL) method [10]. HIL testing methods can be classified into
two categories; the controller hardware in the loop (CHIL)
and power hardware in the loop (PHIL). When a controller
is interfaced with an emulation platform that can process
the dynamics of a specific system in real-time, the HIL
testing arrangement is called CHIL. There are no physical
devices in CHIL. For the other category, the PHIL method-
ology implies that the emulation platform is connected
(via communication or physical I/Os) to external physical
components.

Considering their implementation environment or plat-
forms, real-time emulation of electrical systems can be
implemented using field-programmable gate arrays (FPGAs)
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or CPUs. Parallel operation of FPGAs enables a faster
calculation time compared to CPUs [11]. FPGAs can capably
emulate real-time systems down to the range of hundreds of
nanoseconds. However, the availability of FPGA resources
determines the complexity and scale of the designs that
can be implemented on the FPGA. For MMCs, real-time
simulation of the converter with a capacitor in each sub-
module was investigated in the literature [11], [12], [13], [14].
OPAL RT-LAB has been used to validate factory acceptance
tests of MMCs in HVDC applications [15], [16]. Commer-
cial HIL platforms from Typhoon HIL, dSPACE, RT Box,
and Speedgoat offer many products that can be utilised as
a HIL platform. RT Box and Typhoon HIL use the state-
space matrix representation to run the converter and appli-
cation real-time models [14]. The Mission Profile Emulator
of MMC-BESS was previously studied using a full-bridge
converter to emulate the arm current, without incorporating
the batteries model [17]. Another study proposed the real-
time operation of the MMC-BESS using the state space
model of the converter and a lookup table method [18]. The
study was presented concurrently with the preliminary results
of the work presented in this manuscript [19]. The current
work features a modular and generic sorting algorithm that is
easily extendable and is based on logic sorting rather than a
PI controller as proposed in [18]. The real-time emulation in
this paper, is a novel implementation of a CHIL emulation of a
MMC-BESS and an extension of our work presented in [19],
to validate motor real-time operation compared to a prototype
MMC-BESS.

In this research, MicroLabBox/dSPACE is used as the
emulation platform of the MMC-BESS control and motor
dynamics. MicroLabBox is typically used as a rapid proto-
typing controller for fast implementation of control systems
using Simulink/Matlab interface. However, no dedicated
physical library blocks (switches or batteries) are available
to implement the real-time emulation of the converter using
MicroLabBox. Thus, the converter dynamic model equa-
tions and batteries model are used to emulate the converter
performance in real-time. The Math library, Matlab func-
tions of Simulink, and real-time IO interfaces provided by
dSPACE are used to build the real-time application using
Matlab/Simulink. The Simulink Coder is utilised to gen-
erate C code for the real-time hardware, which is down-
loaded and executed on the MicroLabBox. The MicroLabBox
architecture includes a local bus that connects the DS1202
(real-time processor) and the DS1302 (FPGA) for processing
input/output signals, thereby reducing the calculation load on
the real-time processor and ensuring real-time implementa-
tion without any task overrun. The developed system is capa-
ble of emulating the dynamic performance of 80 SMs/arm
with a sampling time of 80 us. Switches are ideally rep-
resented to facilitate the extension of the converter to a
large number of levels without task overrun nor significantly
increasing the sampling time.
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FIGURE 1. Notional comparison between power testbed types [9].

Il. MMC MODEL DETAILS

The dynamic model of the converter here is fully detailed
in [19]. The equivalent circuit of a three phase MMC con-
verter is shown in Fig. 2. From the equivalent circuit, vy, ;
is the combined voltage of the switched in SM batteries
in one arm, where x is any converter phase. Here, u and [
refer to the upper and the lower arms of any phase, respec-
tively. In MMCs with an embedded capacitor in the SM, the
capacitor model is relatively simple to implement, whereas
in the MMC-BESS the battery model requires a considerable
calculation time. An accurately represented battery model can
be realised utilising the look up table method [20], [21]. Fora
higher number of levels per arm, including multiple look up
tables is a burden on the real-time processor and decreases its
performance. As a solution in this research, only one lookup
table, as shown in Fig. 3, is used per arm to represent open
circuit voltage, and state of charge (v, — SOC) relation in a
battery as described in (1).

Voc +va = f(SOC(, T)) + AE(T) ey

where SOC(i, T') is dependent on the discharge current and
temperature and v, is the dynamic voltage variations in the
battery. AE(T), is a correction voltage that is added to v, to
represent the variation due to changes in the battery temper-
ature with time. The SOC(i, T, t) can be calculated as

t

SOC(i, T, 1) = SOC (1;) — gb—’ / k1 (i) o (T (1)),
max Jt;

2

where 1y (T, (1)) is the coulombic efficiency of the battery
and Quqx(T) is the battery maximum capacity in ampere-
seconds. Correction factors k; and kp are used to describe
the variations of SOC due to current discharge rate and
temperature [21].

Lithium-Ion cell INR18650-25R discharge curves at 1C,
2C, 4C, and 6C, are shown in Fig. 4 [22]. The cell model is
simulated at the same discharge rates as the given manufac-
turer data. The battery simulated curves are almost identical
to the discharge data give by the manufacturer.
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FIGURE 2. Equivalent circuit of a three phase MMC-BESS.

TABLE 1. The state variables of a SM.

STATE
VARIABLES
VSM= VUbatterys
ibattery: Tarm
vsm=0,

ibattery= 0,

Vpattery= Unchanged

Sz Sa

1 0

An ideal representation of SM switching as used in the
converter is shown in Fig. 5. When a switch (S, or S,) is on,
the conduction loss of this switch is neglected; the off state
of the switch is considered as open circuit [23]. Therefore
the switching vector syy can be written as in (3). The SM
(the battery and the two switches) output voltage and current
are expressed by the battery state variables during on and off
status as listed in Table 1. Blocked status (both switches are
off) is not represented in this research.

Sx,1
s
Sx,n
The combined voltage of the series connected active SMs
is expressed using an insertion index i. The arm voltage of
switched arm NV}, can be written as

i=n
Vxu,l = st,ivb,i 4)
i=1

where s, ; € {0, 1}, N is the number of SMs per arm, and
vp 1s the battery voltage.

Individual battery current can be calculated using the
switching vector sy, multiplied by the arm current.
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The current vector of the SM battery current equals

ibattery, 1

. i
ip = batt.e}y, 2 (5)

Lbattery,n

From the voltage calculated in (4) and the equivalent circuit
in Fig. 2, the converter upper and lower arm voltage in any
phase x can be written as

Vdc dixu .
Vxu = 7 — vy —L di — TFxy
Ve dixl .
Vxl=7+vx_LE_”xl (6)
Also, the arm currents are
o =4 Ficira+ S i = iy . —
au = 73 cir,a 2 lal = 73 cir,a 2
. i . i i . i
lhy = % + leirp + jbv pl = % + leir,p — jb @)
. i . ic i . i
lew = % + lcir,c + jcv lel = % + lcir,c — jc
where icirx = @ and iy is the DC current that flows

between legs.
The DC voltage of the converter can be expressed by
adding the upper and the lower arm voltages in (6) as

d (ixu + ixl)
dt

Arm currents can be written in terms of the circulating
current iqr » and phase current i, as

Vae = vy +vu +L + (i + i) ()

Loy = Leire +

NS

Ixl = leirx —

Iy
2 9
2 €
Where iCir,x — W
The DC voltage can be expressed as [19],
dige
+ 2ri

dt dc

(10)

3Vie = Vau + Val + Vou + Vo1 + Veu + Ve + 2L

and the dynamic DC current equals

dig 1 .
= or | Vae— 2 Gutva) =2rige | (D)

x=a,b,c

The dynamic equation of the circulating current in phase a
can be derived as [19]

dicir,a _ 1

a a Z Vxw + Vi) = 3 Vau + var) — 6ricir,a

x=a,b,c

12)

similarly, the dynamic equations of the circulating currents in
phase b and ¢ can be derived. Equations (6), (9), (11), and (12)
are used to to model the converter transients in HIL system.
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FIGURE 3. Batteries model in one arm using a single look-up table (the OCV curve).
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FIGURE 4. Simulated and manufacturer battery, INR18650-25R, discharge
curves at 1C, 2C, 4C, and 6C [22].
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FIGURE 5. Submodule switching status.

Ill. VALIDATION OF THE CHIL REAL-TIME SYSTEM WITH
A LABORATORY PROTOTYPE

An experimental MMC-BESS prototype of five voltage
levels per phase is shown in Fig. 6. The converter com-
prises four SMs per arm. Each SM contains two MOS-
FETs (NTP6412ANG) switched by the isolated gate drivers
UCC?21520DWR. Only one PWM signal from the controller
turns ON the main MOSFET S, and turns OFF the auxil-
iary MOSFET S,. The default of the SM is to be bypassed
at low PWM input signal. Two packs of the battery block
INR18650-25R manufactured by ENEPAQ Ltd are connected
in series for each SM [24]. Both battery packs are identical
and were tested for any voltage discrepancy when charged
and partially discharged to confirm that the SOC of the

55038
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FIGURE 6. Laboratory prototype.

SM reflects the actual SOC of each battery. Current sensors
LEM HLSR 32-P are used to measure the arm currents.
The converter arm inductors minimise the circulating current.
The arm inductor has another important benefit which is the
limiting of transient short circuit currents in the converter
arms. The prototype converter arm inductor has a datasheet
value of 33 wH at 100 kHz [25]. The converter arm impedance
is dependent on the frequency due to inductor core properties.
As shown in Fig. 7, the arm inductor was tested at different
frequency values to evaluate the proper value of an equiva-
lent series RL connection that should be used during CHIL
implementation. At 2 kHz, suitable values of L = 41.2 uH
and R = 0.068 €2 are used to validate the proposed converter
dynamic model. The MicroLabBox CHIL is used to emulate
the converter operation when connected to both an RL load
and when connected to a motor.

A. CONNECTION OF THE MMC-BESS TO AN RL LOAD

The converter prototype was connected to a three phase
static RL load and tested for operational performance.
A full account of this test is provided in [19], and sum-
marised here. Table 2 details the converter and the RL load
parameters. The RL load is modelled using the following
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dynamic equation

B Ry (13)
dt L, L,

The modulation technique in this test is the Phase Shifted
PWM (PSPWM) [6]. A simplified sorting algorithm is used
to equalise the SOC of the arm SMs as shown in Fig. 8.
Equalising the SOC of the batteries is essential to reduce
the circulating currents that occur due to voltage differences
between the arms. Therefore, the SM with a battery that has
a higher SOC will be switched on when the current direction
is negative in the arm, and a battery in the SM with a lower
SOC will be switched on when the current is positive in that
arm. The SMs that should be switched on is a sub-control
algorithm of the main control, which is the terminal voltage
control. The terminal voltage controller generates the refer-
ence voltage, which is then modulated and passed through the
sorting algorithm. The output is a switching vector that deter-
mines which SMs are on or off based on their batteries SOC
and current direction. This sorting algorithm can be extended
to equalise the SOC of any number of SMs per arm. Balancing
controllers that are used to equalise the average SOC of the
converter legs and arms are not implemented in this test. The
converter has an open loop control reference voltage with a
modulation amplitude ratio of 0.8. The sampling time for the
prototype and the emulated system is 40 s and the test is
conducted for 3400 seconds. The current in the upper and the
lower arms of all three phases during experimental operation
of the prototype and real-time CHIL emulation are shown in
Fig. 9. The real-time CHIL converter dynamic performance
is very close to the prototype dynamics. The upper and lower
arm current waveforms are highly dependent on the arms
states of charge. These are difficult to match between the two
systems, and is the reason for the differences between the
emulated and experimental results.

The SOC of the batteries in the converter arms is shown
in Fig. 10 for the prototype and in Fig. 11 for the emulated
converter. As shown in shown in Fig. 10, the prototype con-
verter test was conducted with the SOC of the batteries in
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TABLE 2. The state variables of a submodule.

Variable Value
Nominal Battery voltage 72V

Arm inductance 41.2 uH
Arm resistance 0.068 2
Load inductance 5.32 mH
Load resistance 5Q
if 10
[~,i]=s0rt(S0C, 'ascend’);
M(i(1:N))=1;
M(i(N+1:4))=0;
else
[~,i]=s0ort(50C, 'descend');
M(i(1:N))=1;
M(i(N+1:4))=0;
end

FIGURE 8. Sorting algorithm, 4 SMs per arm.

the converter arms having different initial values. The same
initial SOC values were used in the emulated system. While
the operational characteristics are very similar, there are slight
differences at the end of the operation between the actual
and emulated batteries SOC. Reasons for these differences
include current measurement error and arm resistance differ-
ences. It is assumed that all arms have the same inductance
and resistance in the model, but this is not the typical case
for the physical hardware. Additional deviation is due to the
battery model. While the battery model is proven to be very
close to the actual batteries used, battery terminal voltage and
internal resistance is different from one battery to another,
in addition to the measurement error of the battery voltage
Sensor.

B. MOTOR OPERATION

A Permanent Magnet Synchronous Motor (PMSM) operation
in a real-time CHIL is compared to the prototype converter
motor loaded operation. The same experimental prototype
converter that has been used to test the RL load is used
with the motor load. The sorting algorithm is the same sort-
ing algorithm for the RL operation. However to control the
motor, field oriented control (FOC) is implemented [26].
A shaft encoder is used to measure rotor position. Modelling
equations of the motor for CHIL implementation can be
written as [26]

d . Va — Ryiq + Lypwpiy
iy =

dt Ly

d vg — Rsiy — Lgpwmiq — Afpw

_iq: q slg dPWmld f PPm (14)
dt L,

where d and ¢ are the reactive and active components of the
voltage and the current, As is motor flux linkage, and w,, is
the rotor mechanical speed. Motor parameters are detailed in
Table 3 [27]. Motor speed and current PI controllers are tuned
based on the motor transfer function. This was implemented
using the Matlab/Simulink PID tuner application. The motor
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The mechanical and electrical torque relation of the motor is

expressed as
instantaneous electromagnetic torque is given by

Te = 1.5 p [hpig + (La — Lg) iaig] (15)

d
T, - m_J% + Bop (16)
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TABLE 3. Small scale PMSM motor [27].

Variable Value
Stator Resistance, Rg 0.032 Q2
Stator direct and quadrature inductance, Lg and Lq 87 uH
No. of pole pairs, p 7
Flux linkage, A ¢ 0.01065
Motor inertia, J 590e-6 kg.m?
Current proportional gain 0.1
Current integral gain 0.32
Speed proportional gain 0.6
Speed integral gain 1.75

~
S
S

where J is the rotor moment of inertia and B is the rotor
friction coefficient.

Level shifted PWM is used in the motor FOC. An efficient
approach is implemented in this CHIL model by utilising a
global main carrier signal which will be used to determine
all carriers for all SMs. The triangular global carrier has an
amplitude of [1 (1 + %) 1] values at time values [0 0.5/F,
1/F.], where F, is the carrier frequency (Hz). According to
the SM number and the total number of SMs in the converter
arm, a value CS is subtracted form the global carrier to shift
all carrier signals in space from —1 to 41 as shown in (17).

n
N
2
where n; is the number index of the SM arranged
from 1 to N.

This approach minimised the required calculation time of
the real-time CHIL model as observed during testing. A com-
parison between the motor operation of the prototype and the
real-time CHIL is shown in Fig. 12 and Fig. 13 respectively.

CS = a7
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FIGURE 12. Motor operation in the prototype (a) rotor speed, (b) load
torque, (c) Leg a voltage, and (d) phase a reference voltage.

H

100
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The converter with motor is loaded using a dynamometer

50 PR J
1
0 . . 1 ) .
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T

T

while the speed is changing. In the prototype, the motor starts
from zero speed to follow the reference speed (114 rad /sec)
as shown in the speed variations in Fig. 12 (a). The torque
changes are shown in Fig. 12 (b). Leg a voltage is shown in
Fig. 12(c), where the leg voltage is almost constant at values
equal to NV, during the complete range of the operation.
Fig. 12(d) shows the reference voltage of phase a and the
mechanical rotor position. The rotor position is aligned with
the peak value of phase a voltage. The testing conditions of
the prototype operation are repeated for the CHIL converter
operation. It can be observed from Fig. 13 (a) that the speed
variation is almost the same as the prototype system, except
for a minor overshoot in the prototype during speed transient
changes. The load torque has the same profile of the prototype
as shown in Fig. 13 (b). Leg a voltage measured between the
positive and the negative bus bars is shown in Fig. 13 (c). The
FOC reference voltage of phase a and the rotor position are
shown in Fig. 13 (d)

FOC operation of the prototype is shown in Fig. 14. The
motor quadrature current component is shown in Fig. 14(a).
The current reference has a positive command to accelerate
the motor and has a negative command to decelerate the
motor. Fig. 14(b) shows the direct component of the motor
current which is controlled to be zero. Fig. 14 (c) and (d) show
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FIGURE 13. Motor operation in the real-time CHIL (a) rotor speed,
(b) load torque, (c) Leg a voltage, and (d) phase a reference voltage.

the motor quadrature current and the motor current in phase
a during a period of 0.1 seconds. Fig. 14 (e) shows the upper
and the lower arm currents in phase a. The current variation
of the CHIL is shown in Fig. 15 for iy, iy, phase a currents.
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Of note here is that the arm current values in the prototype
are slightly higher compared to the CHIL operation, this is a
result of the measurements errors and noise interference.

The SOC of individual batteries in each arm of the con-
verter is compared in Fig. 16 and Fig. 17. The initial SOC of
the batteries in the converter upper arms are lower than those
in the lower arms. Therefore, there is a slightly lower current
amplitude in the upper arm compared to the lower arm current
in phase a as shown in Fig. 14 (e). A first order low pass filter
with a cut off frequency = 400 Hz, is used to reduce noise
in the arm currents in the CHIL as shown in Fig. 15 (e). The
higher the arm current, the faster equalisation of the batteries’
SOC. Sub-figures (b), (d), and (f) in Fig. 16 and Fig. 17 show
the faster SOC balancing operation.

The general trend of the batteries SOC shows that the
sorting algorithm and the equalisation performance is a cred-
ible technique regardless the minor difference between final
values of the SOC which is highly dependent on the measure-
ment of the arm currents and noise.
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FIGURE 15. Motor operation in the real-time CHIL (a) quadrature current,
(b) direct current, (c) zoomed in quadrature current (d) current in phase a,
and (e) current in phase a upper and lower arms.

IV. EXTENSION OF REAL-TIME CHIL TO HIGH NUMBER
OF SMS PER ARM

The developed real-time CHIL model is validated in sec-
tion III. This gives confidence to further investigate the con-
verter operation, control methods, and the motor dynamic
behaviour. The sorting algorithm shown in Fig. 8 can be
seamlessly extended to 40 SMs per arm via changing the
maximum number of levels in the loop. The battery model
is based on vector representation, which enables extension
to any number of levels. However, this is limited by the
hardware capabilities of MicroLabBox/dSPACE to emulate
real-time operation of the converter without task overrun.
Here the CHIL utilises only one MicroLabBox/dSPACE to
eliminate the need for DIOs that are required between the
CHIL platform and the controller. Implementing the con-
verter, control system with the sorting algorithm, and the
motor dynamics in the same platform adds a burden on
the MicroLabBox/dSPACE real-time operation. Therefore,
a40 SMs/arm MMC-BESS system is emulated to test a larger
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FIGURE 16. Individual batteries SOC in the prototype converter at loading
condition, small scale motor: (a) upprer arm a, (b) lower arm a, (c) upper
arm b, (d) lower arm b, (e) upper arm c, and (f) lower arm c. (loaded
motor operation).
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FIGURE 17. Individual batteries SOC in the real-time CHIL at loading
condition, small scale motor: (a) upprer arm a, (b) lower arm a, (c) upper
arm b, (d) lower arm b, (e) upper arm c, and (f) lower arm c. (loaded
motor operation).

scale motor. The parameters of the motor under test are shown
in Table 4 [28].

The converter operation was tested under loaded motor
conditions and variable speed operation for 3700 seconds.
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TABLE 4. Large scale PMSM motor [28].

Variable Value
Stator Resistance, R 0.04 Q
Stator direct and quadrature inductance, Lq and Lq 03mH

No. of pole pairs, p 6

Flux linkage, A ¢ 0.125 Wb
Motor inertia, J 0.05 kg.m?
Current proportional gain 1.0
Current integral gain 20.0
Speed proportional gain 1.06
Speed integral gain 5.95
Motor Nominal Power 75 kW
Motor Nominal Torque 220 Nm
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FIGURE 18. Motor operation in real-time CHIL at different load torque
values (a) Rotor Speed, (b) load torque, (c) quadrature current, and
(d) direct current.

Motor speed change is shown in Fig. 18 (a). Changes
in quadrature (active) current component are shown in
Fig. 18 (¢) according to the torque changes in Fig. 18 (b).
Fig. 18 (d) is controlled to be zero during different load and
speed changes. Motor speed is shown to be very stable under
changing load conditions. In this test, the initial SOC of the
the converter batteries range from 50 to 90 % in phase a upper
arm as shown in Fig. 19(b). This very wide SOC range is used
to confirm the efficacy of the sorting algorithm. The average
SOC of the converter legs and arms were naturally balanced
during the motor operation. It is advised to control the SOC
of the legs and the arms by a dedicated method as presented
in [6] to minimise circulating currents. The emulated motor
terminal voltages of phase a, b, and ¢ are shown in Fig. 20(a).
The high number of SMs provides a close reproduction of
a sinusoidal waveform. The emulated motor voltage was
captured using an oscilloscope to show that the converter
dynamics can be interfaced in real-time devices for the pur-
pose of measurement or integration. The Motor phase current
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FIGURE 20. Motor operation in the real-time CHIL at different load
torque values (a) phase a, b and c voltage, (b) phase a, b and c current,
and (C) current in the upper and lower arms of phase a.

is shown in Fig. 20(b). Again, the high number of SMs results
in close reproduction of a sinusoidal waveform. Fig. 20(c)
shows currents in phase a upper and lower arms. Currents are
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captured when the SOC of the batteries in the upper and in
the lower arms were almost balanced, and circulating current
was small.

V. CONCLUSION

The real-time CHIL of the MMC-BESS presented its merits
regarding facilitating investigation of the converter dynamic
performance. While there are minor deviations between the
prototype and the real-time emulation system values, the
CHIL system is able to demonstrate high fidelity perfor-
mance during different loads and operational conditions. The
most important aspect of the proposed system is that it can
be easily extended and interfaced to any number of levels
without significant change in the converter basic structure or
the sorting algorithm arrangement. When it comes to inter-
facing of high number of 10s, Ethernet or Fibre connection
can be established to transfer the switching commands from
the controller to the hosting platform. Also, the system can
be connected to an EV emulator to test the dynamics of
the vehicle and the converter performance. Based on this
study, further investigation can be implemented by splitting
the converter and the control system. Ethernet connection
can be tested for high speed transfer of the data from the
controller to the converter. Various balancing approaches of
the converter average SOCs can be investigated using the
same converter emulation system. While not part of this study,
possible long term battery issues due to current ripple could
possibly be mitigated through use of capacitors or different
SM topology.
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