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Design and Control of Modular Multilevel
Converters for Battery Electric Vehicles

Mahran Quraan, Taejung Yeo, and Pietro Tricoli, Member, IEEE

Abstract—New advanced power conversion systems play an es-
sential role in the extension of range and life of batteries. This
paper proposes a new modular multilevel converter with embed-
ded electrochemical cells that achieves very low cell unbalancing
without traditional balancing circuits and a negligible harmonic
content of the output currents. In this new topology, the cells are
connected in series by means of half-bridge converters, allowing
high flexibility for the discharge and recharge of the battery. The
converter features a cell balancing control that operates on each
individual arm of the converter to equalize the state of charge of
the cells. The paper shows that the proposed control does not affect
the symmetry of the three-phase voltage output, even for signifi-
cantly unbalanced cells. The viability of the proposed converter for
battery electric vehicles and the effectiveness of the cell balancing
control are confirmed by numerical simulations and experiments
on a kilowatt-size prototype.

Index Terms—Battery electric vehicles (BEVs), modular mul-
tilevel converters (MMCs), state-of-charge balancing, traction
drives.

I. INTRODUCTION

HE private transport sector has been growing steadily over
T the recent years with about 20 million vehicles produced
in Europe in 2013 [1]. The technological improvement of tradi-
tional internal combustion engines does not seem to be enough
to solve the issues related to the carbon footprint of road vehi-
cles. Therefore, the long-term sustainability of mobility can be
ensured only if new technologies are effectively introduced into
the market. Battery electric vehicles (BEVs) are an attractive
alternative to conventional cars due to their zero emissions and
lower environmental impact. However, BEVs are a less mature
technology with still large margins for improvements, especially
in the area of energy storage devices and electric drives.
At present, the standard topology of the power train for BEVs
is based on a two-level inverter fed by a battery pack [2], [3].
Low-voltage battery cells (e.g. 2—4 V) are connected in series to
reach the voltage required by the inverter (e.g., 150-300 V). The
series connection implies the same current for all the cells, but
differences in leakage currents and in cell construction can lead
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to an inhomogeneous voltage distribution across the cells and
to an unequal state of charge (SOC). Therefore, some cells may
be completely discharged much earlier than others, preventing
any further use of the battery pack and effectively reducing the
distance range of the BEV. Moreover, the unbalancing of the
cells can cause premature failure of the pack over extended cy-
cling due to the over- or undercharging of cells. For this reason,
passive or active battery management systems (BMSs) are nor-
mally added to the battery pack [4]. Passive BMSs dissipate the
excess energy of the cells with higher SOC in shunt resistors for
equalizing the cells voltage. This technique has the advantages
of low cost and low complexity but presents high energy losses
and a slow balancing rate (about 1% of the SOC per hour). By
contrast, active BMSs redistribute energy between cells with
circuits containing controllable switches. Active balancing by
charge-shuttling elements employs flying capacitors that can
be selectively connected to the cells with switches. Thus, the
most charged cells are connected to the capacitors that act as
energy buffers and are subsequently discharged into the least
charged cells. Alternative active balancing circuits include cou-
pled inductors as energy buffer devices or dc—dc converters [5].
Generally, active balancing methods can provide a faster bal-
ancing rate and higher efficiency but increase the complexity
and the cost of the BMS [5].

Many traction drives for BEVs use a standard bidirectional
dc—dc boost converter to interface the battery pack to the dc-link
of the traction inverter; the main purpose of the boost converter
is to reduce the number of cells connected in series. However,
this boost converter uses an inductor rated for the full power of
the battery pack that increases the overall weight and reduces
the efficiency. Moreover, the inductor losses limit the operating
temperature [6].

These problems could be overcome by a new topology
for the traction drive based on modular multilevel converters
(MMCs) with embedded electrochemical cells. Unlike con-
ventional MMCs, the power sources are inside the submod-
ule (SMs). MMCs can be successfully used as motor drives of
BEVs because they offer a low total harmonic distortion (THD)
of output voltages and currents and high efficiency of the cell
balancing. Due to the high number of levels, MMCs do not
require a high switching frequency to supply nearly sinusoidal
currents, and the voltage endured by each semiconductor switch
is also significantly smaller than conventional converters. Mod-
ular concepts could improve converter’s performances by giving
more flexibility on the energy management and fault-tolerance
capabilities [7], [8]. The proposed MMC has dc busbars that
can be used for powering the auxiliary loads of the vehicles
and the balancing algorithm does not require the introduction of
zero-sequence components on the arms voltages.
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Fig. 1. System block diagram.

In this paper, a converter structure based on a double-star
half-bridge converter is examined; cell balancing is obtained
by a control strategy based on applying cluster, arm, and in-
dividual SOC-balancing controllers. Those controllers actively
equalize the SOC of the cells, thus embedding the function of
a BMS directly in the converter. Moreover, the converter can
potentially increase the vehicle availability since it can tolerate
failures even if they involve more than one module. In com-
parison with the cascaded H-bridge converter (CHB), which
is usually based on two sets of star-configured converters in
which the ac sides of multiple H-bridge cells are cascaded to
constitute each arm [9], the proposed converter has the same
number of switches, because each module is a half-bridge con-
verter instead of a full-bridge converter. In order to get the same
voltage across the motor, the number of modules of an MMC
is double than that of a CHB, but with one-half capacity of the
battery cells. Moreover, the MMC topology allows the recharge
of the electrochemical cells either from dc or ac power sources,
single-phase or three-phase, which is not possible for CHBs.
The converter is controlled by a carrier disposition—sinusoidal
pulse width modulation (SPWM), which is used to separately
control each phase-leg of the MMC and to obtain symmetric
three-phase output voltages [10]. When the converter is con-
nected to the ac mains, a phase-locked loop is used to estimate
the frequency and the phase of the grid voltage [11]. The con-
troller of the converter is also responsible for balancing the SOC
and all the battery cells and recharging the cells at nearly unity
power factor.

This paper presents the fundamental capabilities of the pro-
posed MMC used both as a traction converter and a BMS. A
first prototype of MMC with embedded lithium-ion cells has
been designed and tested to verify the validity of the theoreti-
cal results and the performance of the balancing algorithm. This
prototype has not been optimized to fit into a real car yet, and the
SMs have been designed with a natural air cooling. Future work
on a more compact converter will include a more advanced cool-
ing system and a thermal management of the cells. The thermal
management can be easily included in the proposed controller,
because the cells can be individually connected or disconnected
by the half-bridge converters if the temperature is outside an
optimal band.

II. CONVERTER STRUCTURE AND OPERATION PRINCIPLE

The block diagram of the traction system of BEV is shown
in Fig. 1. The MMC can be connected to the traction motor or
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Fig. 2. Layout of the proposed MMC with electrochemical cells.

an external ac power supply via an interlocked switch to enable
motoring of recharge operations. The layout of the proposed
MMC is represented in the schematic of Fig. 2, where the SMs
consist of a single electrochemical cell with a half-bridge con-
verter. Due to voltage level of SMs, low-voltage MOSFETS can
be used as power switches to reduce conduction and switching
losses of the converter. For this reason, fast switching antipar-
allel diodes are avoided and the body diodes of the MOSFETs
conduct only during the dead-time between the commutations.
The arms of the converter are connected by means of two un-
coupled buffer inductors. The buffer inductors limit the current
circulating between the legs of the converter. Alternatively, a
single coupled inductor could be used for the same function
[91, [12], [13]. With n SMs per arm, this converter generates
n + 1 levels of the line-to-line ac voltage. The voltage stress
across each switching device is limited to the voltage of one
electrochemical cell.

The operation principle of the bidirectional half-bridge chop-
per cell can be explained with reference to Fig. 2. When the
switch S, is turned ON, the output voltage V; is equal to the
cell voltage V... The battery cell is discharged or recharged
depending on the direction of the current 4,. If the switch S,
is turned ON instead, Vj is equal to zero and the SOC of the
cell is unchanged [14]. The maximum voltage on each arm is
Varm max = nVeell, being Veep the nominal voltage of a single
electrochemical cell and n the number of SMs for each arm. The
two arms of each leg are controlled complementarily in order to
keep constant the voltage between the positive and the negative
busbars. Therefore, the two reference voltages for the top and
bottom arms, vyef ¢ and vy xp, are

V;er ,max

2

_ thrm.,max _
Uref it = — —— — Uk, Uref,kb = + v,

thrm ,max

ey
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where v, is the phase voltage and k is the phase, i.e., a, b,
or c. Thus, the maximum amplitude value of phase voltage is
V}c.max — arm,max/2~

Due to the differences between the electrochemical cells,
the three legs may have different voltages even with the same
number of SMs turned-on and this would lead to uncontrolled
current flowing through the arms that create additional losses
and undesired harmonics [15], [16]. At the same time, circulat-
ing currents can be used to balance the cells without affecting
motor currents. For this reason, it is essential to control the cir-
culating current of the converter to maximize the efficiency of
the cell balancing and minimize the power losses. For the MMC
topology, the top and bottom arm currents of the phase k can be
expressed as
%k iy = —%k + Ceir k (2)
where iy, is the top arm current of phase k, iy, is the bottom
arm current of phase k, ¢, is the phase k current, and 4, , is the
circulating current that flows through the phase k. By solving
(2), the circulating current of the phase k can be expressed as

Tt = — + lcirk,

Teir,ky = 7 + = (3)

III. CONTROL STRATEGY OF THE CONVERTER

The controller of the converter has two main sections: the mo-
tor control and the SOC balancing control. The motor control
is based on a standard vector control with field orientation on
the rotor flux and produces the voltage references for the three
phases v;. These references are used by the sinusoidal PWM
modulator to generate the pulses for the switches of the MOS-
FETs within the SMs [10]. The modulation technique is based
on the carrier disposition strategy that uses n triangular carriers
with the same frequency and amplitude but with an offset of 2/n,
as Fig. 3 shows. In the figure, the voltage is normalized to the
voltage Vi max.

The SOC-balancing control of the cells per each SM is divided
into the individual balancing, the arm balancing, and the cluster
SOC-balancing control. These controls are explained in detail
in the following sections. Fig. 4 shows the block diagram of
both cluster and arm SOC-balancing controllers.

Cluster SOC Controller

soC + Livaes

Inner closed loop

Arm SOC Controller

Inner open loop
S

SOCw + e A[;H‘,l,k i Varm, ! cel
o e PR :
SOCx i

Block diagram of cluster and arm SOC controller.

Fig. 4.

A. Individual Balancing Control

The individual balancing control takes the responsibility to
keep all cells within the same arm at the same average SOC
by sorting and selecting the active SMs without closed-loop
controller. The reference SOC for the cells of the same arm is
the average of the SOCs, which are indicated respectively with
SOCy and SOCyy, for the top and bottom arm of phase . In the
individual SOC-balancing controller, the active SMs are sorted
on the basis of the estimated SOC of the electrochemical cells.
The sorting order is ascending or descending depending on the
direction of the current in the arm. If the current discharges the
cells, the active cells with the highest SOC are selected and
vice versa [17], [18]. The priority algorithm forces the cells to
balance because the active cells are always the outliers of the
arm. The SOC of each cell is estimated by using the Coulomb

counting method [18]-[20]
1 t
_— in e () dt
3600Q,0r (/to in.at (1) )

h=1,...,n, k=a,b,c

1 t
_— ; t)dt
3600Qmal' (/fo kb ( ) ),

h=1,...n, k=a,b,c, 4)

SOCh k¢ (t) = SOCy 1t (to) —

SOCh ks (t) = SOCh ks (t0) —

where SOCy, 1 (to) and SOCj, x5 (fo) are the initial SOCs of the
cell of top and bottom arms of phase , iy, ., (t) and iy, 1 (¢) are
the instantaneous currents flowing through the &th cell of the
top and bottom arms of phase k, and Q. is the rated capacity
of the cells. In practice, the estimation of the SOC based only
on the Coulomb counting method can lead to incorrect results
due to difference between the cells, such as different leakage
resistance, cell internal temperature, and aging. The proposed
controller can take into account these phenomena by modifying
(4) as follows:

1) The initial SOC values at time ¢, are updated by mea-
suring the open-circuit voltage (OCV) of the cell when
the electric vehicle is not in use; the relation between the
OCYV and SOC can be preliminary estimated according
to [21].

2) The battery current needs to be multiplied by the coulom-
bic efficiency to compensate for the energy losses occur-
ring during the recharging process. This efficiency is a
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function of the recharge current and can be preliminary
estimated according to [22] and [23].

3) The rated capacity of the cell is a function of the cell’s
temperature and can be preliminary evaluated according
to [22] and [23].

It is worth noting that not all the currents in (4) have to be
measured. Due to the series connection of the modules, the
current is the same in each SM of the same arm. Therefore, only
two current sensors per leg are necessary and the current flowing
in each cell can be calculated from the knowledge of the arm
current and the switching function of the half-bridge converter

ih,kt (t) :ikt, Sh, h: 1,...,n, k=a7b,c
ih,kb (t) :ik[,7 Sh, h: 1,...,77,, k:a,b,c
5 {1, Top MOSFET is ON
h —
0,

Top MOSFET is OFF.

The individual controller is flexible and can be improved by
adding a thermal management, which is essential when the con-
verter has to be fitted in areal BEV. In this case, the temperatures
of the cells are monitored to ensure that they remain within an
optimal band that minimizes the degradation of the cells. There-
fore, the cells with a temperature higher than a hot limit are
excluded from the sorting algorithm and cool off because not in
use. Once their temperature is below the hot limit plus a margin,
the cells are included again and balanced with the others. Simi-
larly, if the temperature is below a cold limit, the cells are active
all the time and warm up until they reach the cold limit plus a
set margin. This thermal control can be further accelerated by
adding a flow management of the cooling agent of the battery
cells.

(&)

B. Arm Balancing Control

The arm balancing control forces the cells of top and bottom
arms within the same leg to have an average SOC equals to the
average SOC of all the modules in the phase leg. The average
SOC:s of top and bottom arms of phase k are given by

SOCk: | 1 i SOCy, i
SOCy; n 4~ \ SOC, 1 |

h=1

(6)

Ignoring the switching losses of the half-bridge converters,
the instantaneous powers of top and bottom arms of each phase
leg can be expressed as (see the Appendix)

. dSOC
Pkt = Ukttt = anaxVE‘,cllTkt
t
nVee dige .
- ( 5 v L d];t) ke
. dSOC
Drb = Vkplikp = anachenka
t
(Ve digp \ .
= ( 5 + vk Ldt) Tkb (7)

where vy, and vy, are the arm voltages and L is the inductance
of the buffer inductors. The differential instantaneous power of

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 1, JANUARY 2016

each phase-leg is given by

Pk.dift = Pkt — Pkb
d (SOCy; — SOCyy,
= anax Veent ( ' )
dt
1 d (i .Cir
= 3" Veenty — 20gbcir ks — L%- (®)
Assuming sinusoidal voltage and current for the load
vp = Vpsin(wt), i = Ij sin (wt — @) ©)
expanding the circulating current with the Fourier series
o ¢]
eiess = Leirade s + Y Leirj i sin (jwt +6;)  (10)

j=1

substituting (9) and (10) into (8), and neglecting the alternating

terms, the differential power is given by

d (SOCy; — SOCyy)
dt

= —Videir, 1,k cOS 0.
1D

Equation (11) shows that only the fundamental component
of the circulating current is useful to balance the SOC between
the top and bottom arms. The reference for the amplitude of
fundamental component of circulating current, I, | ;. is given
by the output of the proportional controller that a{mpliﬁes the
difference between SOCy,; and SOCyy,.

In this paper, the calculation of the phase of the fundamental
component of the circulating current is open loop to simplify the
design and avoid proportional-resonant controllers. The output
given by the arm SOC controller is denoted by v}, ;. and rep-
resents the reference voltage drop across buffer inductor caused
by the fundamental component of the circulating current

d
il

= —wLIj ;sin (wt — g + 91) .

Pk, diff = N Qmax Veell

vt = L

arm,k

Ifir,l.,k sin (Wt + 91)]

12)

Assuming ¢ = 7/2 — 6, which is valid at steady state, (12)
becomes
Uarm,k = _Tlcir,l.klk = Alcir,l,klk'
k

13)

Fig. 4 shows a block diagram of the k-phase arm SOC-
balancing control, where v}, . is the voltage command ob-

arm,

tained from the balancing control

U;rm,k = K3 (SOCkb — SOth) ik. (14)
Rearranging (11)
d (SOCy; — SOC i
( i kb) = - Vk Slnd) Icir,l‘k: = BI(:ir,l‘kz
dt nVeell Qmax
15)
the transfer function of the arm controller is given by
SOC,, (s) —SOCy, (s) B B K3 (16)

SOCy: (s) —SOCyy (s) - BK3+As

which can be used to design the gain K.
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C. Cluster Balancing Control

The cluster balancing control is responsible for forcing the
k-phase average SOC, SOCj, to the average SOC of the three
phases [19]

SOC, + SOC, + SOC,

= 17
SOC 3 (17)
where
SOC(] n SOCh.at + SOCh‘ab
1
SOC, | = o Z SOCy, 5 + SOCy, 1y (18)

n
h=1 SOCy, o+ + SOChﬁcb

The cluster balancing control operates on the dc component
of the circulating currents only and it is not affected by the value
of the phase currents. As shown in Fig. 4, the reference for the
dc component of the circulating current of generic phase k is
obtained using the following equation:

:ir,dc,k =K (SOC - Sock) .

Using (7), the total instantaneous power of each phase-leg is
given by

19)

dSOC;,

Pk total = Pkt + Pry = 2n Qmax ‘/L’EHT

= —vptr +n Veenteir,y — L <Zktdtf + tkp dt) .

(20)

By substituting (9) and (10) into (20) and neglecting the
alternating term, the previous equation becomes

dSOCy,

al = 2n m XV' T
Pk total Q a cell dt

1
=0 Veenleir,de,k — §kak COS ¢. (1)

Equation (21) shows that the dc component of the circulating
current can be used to balance the SOC between the three legs
of the converter. Therefore, the voltage command obtained from

. S
the cluster control, vy, ., 5 IS given by

U:luster.k = K2 ( :ir,dc,k - Icir,dc,k)
= K, [K; (S0C —S0C;) — Liracs] - (22)
If D(s) is %Vkl & cos ¢, the closed-loop transfer function of
the cluster controller is given by
K [
—————S0C (s
K1+2Qmax3 ( )
1 1
nv;ell Kl +2 Qmax S

which can be used to design the gain K;. The closed-loop
transfer function of the dc component of the circulating current
is given by

SOiCk (8) =

D (s) (23)

I:ir.dc.k (S) . KQ
Icilx,dc#k‘ (S) K2 + Ls

(24)

which can be used to design the gain K5.

If the gains K, K5, and K3 are increased, the system re-
sponds faster to a change of the set-points and the steady-state
errors are smaller. However, both cluster and arm SOC con-
trollers generate a reference for the dc and fundamental com-
ponents of the circulating currents. Therefore, an increase of
the gains will result in a higher value of the circulating currents
that reduce the output voltage of the converter. Therefore, both
controllers have been saturated with an antiwindup to a level
producing a voltage output equal to 5% of the nominal voltage.

As aresult of the arm balancing control and the cluster control,
the reference voltages of both top and bottom arms of phase k
are obtained as

*

ok * gk nVeell
Vgt = vcluster,k + varm,k Uk + ‘

(25)

nVeen
5 -

ko 0k * *
vkb - U(:lllstel',k + Uarm‘k + Uk +

IV. CONVERTER RELIABILITY

Traditional two-level inverters have six power switches and
all of them are required to operate the converter. For simplicity,
the controlled switch and the diode are considered as a sole
element with the same reliability. If p is the static reliability of
a single switch [24], the reliability of the two-level inverter is
given by

R =", (26)

For the MMC, the fault of one switch does not compromise
the entire converter, because the faulty cell can be bypassed and
the faulty arm will have n — 1 levels instead of n. Therefore,
the converter can keep working with an unbalance of the out-
put voltages. Alternatively, the converter can keep working with
balanced output voltage but with lower amplitude, operating
all the arms with n — 1 levels. Therefore, the reliability of the
converter is a function of the power output required. In particu-
lar, if the nominal power of the converter is P, and the power
required is in the range (k — 1) P, /n < P < kP, /n, at least
k SMs must be healthy in the arm and each of them requires
both the switches healthy. Therefore, from the theory on partial
redundancy, the static reliability of the MMC is

(2 (1) o <1—p2>’”)6

The two reliabilities have been compared to understand the
effect of the presence of redundancies in MMCs, selecting a
number of level n = 45. The results are shown in Fig. 5 for a
value of p = 0.99.

The figure clearly shows that the reliability of MMCs is
greater than that of two-level inverters for a large range of the
output power. When the full power is required, all the levels must
be working, and therefore, the reliability of MMC is lower, due
to the higher number of switches. For a low value of switches’
reliability, MMCs are superior up to a power of 93%. For two-
level inverters, the reliability of the converter is strongly affected
by the reliability of the switches. For MMCs instead, the relia-
bility is almost the same irrespective of the value of p, at least
for a large range of the output power. Finally, it is worth to

27)
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TABLE I
CIRCUIT PARAMETERS USED FOR THE SIMULATIONS

Load active power P 65 kW
Load power factor cosp 0.848
Nominal line-line rms voltage Vi 100 V
Nominal rms current I, 442 A
Nominal frequency fn 50 Hz
Arm inductor L 60 nH
Nominal battery capacity Qmax 20 Ah
Nominal battery voltage Veell 37V
Control time step T, 100 ps
Number of cells per each arm n 45
Proportional gain of current controller Ky 25 A
Proportional gain of cluster controller Ky 0.5 V/IA
Proportional gain of arm controller K3 0.04 V

note that previous results have been carried out using for the
MMC only the minimum number of SMs to provide the nomi-
nal voltage of the converter. By adding more cells in each arms
than those strictly necessary, the reliability of the converter is
improved and it is higher than that of a two-level converter for
the entire power range when the redundancy is at least 9%, i.e.,
n = 49.

V. SIMULATION RESULTS

The operating characteristics of the proposed MMC with em-
bedded battery cells have been tested by means of numerical
simulations. Table I summarizes the circuit parameters and con-
trol gains used for simulation based on a MATLAB/Simulink
computer program. The initial SOC of the cells has been ran-
domly assigned with a maximum of 15% of unbalancing be-
tween the most and least charged cell.

The converter has 270 Li-ion cells, i.e., 45 cells for each arm.
Being the nominal voltage of the single cell equals to 3.7 V,
the maximum achievable phase voltage is 58 V rms, equivalent
to a line-to-line voltage of 100 V rms. In order to increase
the efficiency of the conversion system, a larger number of cells
should be used, allowing the connection of higher voltage loads.
Moreover, a larger number of cells would improve further the
voltage waveforms in terms of harmonic content.

The battery cells have been simulated as ideal voltage sources,
having their output voltages linearly dependent on their SOC.
Assuming a maximum voltage of 4.2 V and a minimum voltage
of 3.0 V, the actual cell voltages of top and bottom arms are
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Fig. 6.  Steady-state load voltages and currents.
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Fig. 7.  Circulating currents due to the balancing algorithm.
given by the following equations:

34+ 1.250C, it
3+1.2 SOC}I,J«}).

Ucell,h,kt =

Veell, b, kb = (28)

In order to take full advantage of the available levels, the
control time step should be less than or equal to the period
of the fundamental harmonic of the voltage over four times
the number of levels [25]. The reference voltages of each arm
are normalized by the nominal cell voltage V..;. The reference
voltages of the bottom arms lag the reference voltages of the top
arms by an angle of 180°. The nearest integer of the normalized
reference voltages of the arms is taken to determine the number
of active modules in an arm.

Fig. 6 shows the load voltage and load current in the discharge
mode of the cells. It is clear that the MMC produces output volt-
ages with a very small THD (0.76%) and negligible distortion
of the currents, due to the filtering effect of the load.
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The circulating currents are dependent on the level of unbal-
ancing of the cells and have been calculated using (5). At the
beginning of the simulation, the circulating currents are signifi-
cant, because the three legs have different initial SOC averages.
The cluster controller uses the circulating currents to balance the
cells across different legs, and as shown from Fig. 7, the three
circulating currents are not balanced. In steady-state condition,
the cells of the different legs are balanced and the circulating
currents are very small, as the same Fig. 7 shows. It is worth
noting that the load currents are always balanced regardless of
the SOC of the cells.

In Fig. 8, the SOC of all the 270 cells of the converter are
reported. It is clear that, in the first part of the cycle, the cells with
higher SOC discharge quicker, while the cells with lower SOC
are recharged until all the cells have very similar SOC. With
the proposed controller, all the cells are completely balanced
after 160 s.

To verify the performance of the proposed converter, the
equalizing time has been compared to the standard active cell
balancing proposed in [26]. For the purpose of the comparison,
the proposed converter has been tested with eight Li-ion batter-
ies (4.2 V/10 Ah) per arm with a highly inductive load of 10 A.
As in [26], the highest voltage of cell Cl1 is 4.17 V, the lowest
voltage of cell C8 is 3.17 V, and the voltages of the remaining
cells (C2—C7) are ~ 3.67 V.

Fig. 9 shows that the voltage difference between cell 1 and
cell 8 decreases from 1.0 to 0.5 V within 45.93 min compared
to 180 min necessary for the BMS proposed in [26]. The reason
of the very low equalization time of the proposed circuit is
because the balancing current can be up to the full load current
of the traction converter, without the limitations of the low-
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Fig.10.  SOCs of 48 cells, transient and steady-state load voltages and currents.

Fig. 11.  Prototype of a five-level MMC with embedded lithium-ion batteries.

power balancing circuits of standard BMSs (equal to 6 A for the
circuitin [26]). In the proposed converter, the circulating current
can be designed according to the desired recharge current of
the battery cells and the equalizing time. Fig. 10 shows that
the proposed controller equalizes the SOCs of all battery cells
without affecting the load voltages and currents.

VI. EXPERIMENTAL RESULTS

The proposed MMC has been experimentally tested on a
small-scale laboratory prototype. In order to reduce the com-
plexity of the circuit, a prototype with four modules per arm has
been constructed, where each module has a lithium-ion cell as
power source. A photograph of the five-level MMC built in the
laboratory is shown in Fig. 11.

The control system is based on a NI CompactRIO, which
combines an embedded real-time processor, a high-performance
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Fig. 12. Line-to-line voltage waveforms for different output voltages and
frequencies.

field-programmable gate array (FPGA), and hot-swappable I/0
modules. Both top and bottom arm currents are measured as
input signals to the ADC unit. The FPGA unit has the following
functions:

1) generation of the voltage commands vy;;

2) generation of the carrier signals with the appropriate car-

rier disposition SPWM technique;

3) comparison of v}, with the corresponding triangular carrier

signals to determine the number of active SMs;

4) execution of the SOC balancing control algorithm.

Basically, traditional active BMSs have large number of low-
current switches to balance the cells, typically 1-4 switches per
each battery cell. For the proposed MMC, there are two high-
current switches per battery cell. However, these switches have
the same type of driver and transistor—transistor logic control;
therefore, the controllability of the proposed converter has the
same degree of complexity of state-of-the-art method BMS.
On the other hand, modern FPGA can handle a large number
of synchronized digital output signals required to modulate all
SMs and achieve the SOC balancing for all battery cells used in
the proposed MMC.

The converter is designed to drive the traction motor of the
BEYV, and hence, the number of active levels is dependent on the
voltage amplitude required at the output terminals. Due to the
modular design of the converter, the number of levels is easily
adjusted by changing the modulation index and the voltage out-
put is regulated by a SPWM of the last level. When a variable
frequency is required, this control allows a quick variation of
the voltage level in a way completely similar to traditional two-
level inverters. In order to verify the experimental response of
the converter to a variation of the output voltage and frequency,
two tests have been made with a volt/hertz constant control at
two modulation indices equal to 0.96 and 0.48 with the ob-
jective to evaluate the quality of the output voltage waveform
in different conditions. The experimental tests have also been
compared with the simulations. In the case of 0.96 modulation
index, the switching frequency is 1 kHz and the fundamental
frequency is 50 Hz, while in the case of 0.48 modulation index
the switching frequency and fundamental frequency are 0.5 kHz
and 25 Hz, respectively. Fig. 12 shows both simulated and ex-
perimental line-to-line voltages for the two output frequencies:
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TABLE II
THD OF THE CONVERTER

N-level ~ THD[%](practical results) ~ THD[%](simulation results)
3 38.21 37.39

5 17.70 17.21

90.4

90.2

Efficiency [%]
©
S

89.8}

89.6

N-Levels

Fig. 13.  Motor efficiency for different number of converter levels. Note: in all
conditions, motor power 4 kW, voltage 400 V, frequency 50 Hz, speed 1430 rpm.

TABLE III
MOTOR ELECTRIC DATA

Nominal power Nominal Nominal motor Pole Nominal Speed

[kW] voltage [V] current [A] Pairs [rpm]

0.55 400 1.34 2 1435
TABLE IV

CONVERTER PARAMETERS USED FOR EXPERIMENT

Nominal battery ~ Nominal battery ~ Nominal converter Arm Switching
capacity voltage current inductor  frequency
[Ah] [Vl [A] [H] [kHz]
10 3.7 50 22 1.05

the larger number of levels, the smaller THD of output voltage.
Table II compares the results between the simulation and the
experiment based on THD. Both results show a close agreement
and highlight the small distortion attained with the proposed
MMC. Therefore, losses of traction motor are also significantly
reduced. In order to quantify the improvement of motor effi-
ciency with a higher number of levels, a simulation has been
carried out running an induction motor with the same voltage
amplitude and frequency and with the same torque. The result
is shown in Fig. 13, where it is evident that an increment of the
efficiency of about 0.8% has to be expected, with a significant
impact in the driving efficiency of the BEV.

The converter has been experimentally tested with an in-
duction motor, whose data given in Table III. A 10-V/400-V
1.2-kVA three-phase transformer has been used to boost the
converter voltage to the level suitable for the motor. Table IV
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SOCs of the 24 battery cells, output voltages, and currents at 950 and

summarizes the circuit and battery parameters used for experi-
ment. To fully validate the SOC balance capability of the pro-
posed MMC, the initial imbalance of the SOC has been set to
449%. Fig. 14 shows the output voltages and currents at nominal
motor speed. It is clear that the MMC produces output currents
with a very small THD, due to the filtering effect of the motor.
The small imbalance of the current is due to the asymmetry of
the windings of the induction motor. Fig. 15 shows the SOCs of
all battery cells and the converter output voltages and currents
measured at ¢ = 950 s and ¢ = 1900 s in order to demonstrate
that they are not affected by the balancing control. From the ex-
perimental results, it is clear that controller equalizes the SOCs
of all battery cells toward the same level even if the cells have a
large initial unbalancing.

VII. COMPARISON WITH OTHER BMSS

The proposed MMC has been compared with the most com-
mon active BMS topologies to highlight its potentialities for the

use with BEVs. Table V shows the hardware elements required
as a function of the number of battery cells and compares the
different BMSs in terms of size, cost, equalizing time, and effi-
ciency. As shown in Table V, the capacitor-based methods have
smaller energy losses in comparison with inductor/transformer-
based and converter-based methods, but they have longer equal-
ization time. The single switched capacitor method (SSC) has
the smallest energy losses and its equalization time is accept-
able compared with the switched capacitor (SC), double-tiered
switched capacitor (DTSC), and modularized switched capaci-
tor (MSC) methods [4].

On the other hand, multiwinding transformer (MWT) and
multiswitched inductor (MSI) methods have a smaller equaliza-
tion time than capacitor-based methods, but they are not suitable
for Li-ion cells because they are working on the voltage differ-
ence between the cells. Moreover, MWT and MSI use a high
number of windings and a bulky iron core, so they have large
sizes and high magnetic losses. However, the single winding
transformer (SWT) and single switch inductor (SSI) methods
have faster equalization time and lower magnetic losses, but
they require a more complex control. Additionally, the core of
SWT must be changed to add one or more cells. Filtering ca-
pacitors are needed for SSI when a high switching frequency is
needed. Buck—boost converter (BBC) methods have the smallest
equalization time with acceptable energy losses compared with
flyback converter (FbC) methods, Cuk converter (CC) methods,
and ramp converter (RC) methods [5].

One of the primary advantages of the proposed MMC is to
use the load current to balance the battery cells and using the
same converter to drive the traction motor. These characteristics
lead to balance the cells very quickly without extra energy losses
in the auxiliary hardware required for conventional BMSs. The
proposed topology do not use high-voltage and high-current
switches, and therefore, the cost is significantly reduced. In the
hardware design, each half-bridge converter and its driver is
mounted on the battery modules so that the power cables and
control wires are very short and light. As a result, the MMC
has the smallest equalization time, limited energy losses with
acceptable size and cost in comparisons with all the most com-
mon BMSs.

VIII. CONCLUSION

A new modular multilevel topology with embedded elec-
trochemical cells for BEVs has been presented in this paper.
This topology is based on a modular concept of multilevel half-
bridge cells, with the aim of integrating active BMS into the
converter structure. The results presented in the paper shows
that this topology actively equalizes the cells and, hence, im-
proves the battery life. The large number of levels of the output
voltages strongly reduces the THD of motor currents, reducing
power losses of the motor. The proposed converter is therefore
a suitable candidate to eliminate the balancing circuits of the
battery pack of electric vehicles enabling a new concept of bat-
tery cells directly embedded in the power converter. Numerical
simulations with data of a real city car and experimental tests
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TABLE V
COMPARISON OF THE PROPOSED MMC WITH DIFFERENT BMSS

Topology L C SW D 1C Size  Cost  Equalising Time  Efficiency
SC 0 n—1 2n 0 0 + + + +4++
DTSC 0 n 2n 0 0 + + +4 +++
SSC 0 1 n+5 0 0 ++ ++ + +++
MSC 0 n—1 2n + 2m 0 0 + + + +4++
MSI n—1 0 2n —2 0 0 + + +4 ++
SSI 1 0 2n 2n —2 0 + + ++ ++
SWT 2 0 n+6 0 1 + + + +
MWT n+1 0 2 0 1 + + + +
BBC 1 1 n+7 0 0 + + +++ ++4
CcC 2n — 2 n—1 2n —2 0 0 + + +4+ ++
FbC 2n 1 2n 0 n + + + +
RC nl2 n n n 1 + + + +
MMC 6 0 2n 0 0 + + +++ +++

L: number of inductors, C: number of capacitors, D: number of diodes, SW: number of switches, IC: number of iron
cores, n: number of cells, m: number of SMs. ++ + = Excellent, ++ = Very good, + = Good, & = Satisfactory.

on a laboratory prototype confirm the technical features of the
converter’s topology presented.

APPENDIX A
DERIVATION OF (7)

The current flowing into any battery cell can be expressed in
terms of the value of cell SOC and the cell capacity

dSOC
Ukt = QmazTh’kt, h=1,...n, k=ua,b,c
d W, kb
ih,kb - Qmaa:%v h = 17 -y 1, k= a7b7 C. (Al)

Considering ideal switches, the instantaneous active power
balancing on both sides of each SM of the top and bottom arms

yields
) ) dSOCy, i
Dhiet = UtV kt = h ket Veell = (Qmazdtl't Veenl
) . dSOCy, 1
Ph,kb = kbVh, kb = ’Lh,kbv;ell = (Q'rnawdtk Veell-

(A2)

The instantaneous power of each arm is equal to the summa-
tion of the instantaneous active power of each SM within that
arm

n
Pt = Z Dh kit

ikt Y Onkt = (Quaz Y 450G ke

- chell
h=1 h=1 h=1 dt
n n n
. dSOCy, 1y
Pkb = th,kb = kb th,k‘b = Qmuz‘ Z TL Veell
h=1 h=1 h=1
(A3)

By substituting (8) into (A3), the instantaneous power of each
arm can be expressed as a function of the average SOC for the

top and bottom arm of the phase k

n

. . dsoC
Tt Z Up kt = Ukt Ukt = anachchkt
h=1
R : dSOC
Qb Y Vnkp = ikt Ok = anachenka- (A4)

h=1
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