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Abstract—This paper evaluates the performance of modular
multilevel converters with integrated battery cells when used as
traction drives for battery electric vehicles. In this topology, indi-
vidual battery cells are connected to the dc link of the converter
submodules, allowing the highest flexibility for the discharge and
recharge. The traditional battery management system of battery
electric vehicles is replaced by the control of the converter, which
individually balances all the cells. The performance of the converter
as a traction drive is assessed in terms of torque—speed character-
istic and power loss for the full frequency range, including field
weakening. Conduction and switching losses for the modular mul-
tilevel converter are calculated using a simplified model, based on
the datasheet of power devices. The performance of the modular
multilevel converter is then compared with a traditional two-level
converter. The loss model of the modular multilevel converter is
finally validated by experimental tests on a small-scale prototype
of traction drive.

Index Terms—Battery electric vehicles, conduction losses,
modular multilevel converters (MMC), state-of-charge balancing,
switching losses, traction drives.

1. INTRODUCTION

N recent years, a wide diffusion of battery electrical vehi-
I cles (BEVs) is taking place, although customers have still
significant concerns regarding limited battery life, reduced ve-
hicle range, and long recharge time. For this reason, novel types
of batteries have been designed over the last years to improve
their performance. The battery cells for BEVs are normally se-
ries connected to meet the voltage requirements of the traction
converter [1]. However, voltage imbalance between the cells ap-
pears when the battery is charged or discharged several times,
because of the differences in leakage currents and chemical
characteristics of battery cells; this causes progressive damage
of battery cells and reduction of their service life time [2]. In
order to minimize this effect, a second dc—dc converter is used
for cell balancing and controlled by the battery management
system (BMS). For some BEVs, a third converter is used on
board for cell recharging from the ac utility grid. The functions
of these three converters could be brought together in one con-
verter only, as shown in [3]-[5]. This converter is a special type
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of modular multilevel converter (MMC) without voltage supply
on the dc busbars, in which each submodule (SM) is constituted
by an H-bridge converter connected to one battery cell. This
converter includes a BMS [4] and can be successfully used to
drive a traction motor [3] and to recharge the battery cells both
from single-phase and three-phase grids [5]. Since the THD of
the output voltage is very low, torque ripple is negligible and
motor efficiency is higher than that under two-level inverter-fed
operations [6], [7]. Additionally, the reliability of MMC is very
high if compared with two-level inverters [8].

One of the main drawbacks of MMCs for low-voltage ap-
plications is the increased conduction losses, if compared with
traditional inverters due to the high number of devices conduct-
ing in series. This is mitigated by the lower switching losses
and by an appropriate choice of the devices. In order to assess
the suitability of MMCs for traction drives, this paper under-
takes a thorough analysis of the power losses in the different
operating regions of the BEV. This analysis shows that, using
a proper modulation strategy, the switching losses of the MMC
are much lower than those of traditional inverters and the global
efficiency is comparable and even higher in some cases. The
comparison does not consider the power losses in the cell bal-
ancing converter used for the traditional inverter, so the MMC
is penalized. Moreover, the global efficiency remains almost
constant also at low speed/voltage and light loads, whereas the
efficiency of traditional inverters drastically decreases. When
the speed and the load of the traction drive is reduced for most
of the time, like the case of urban cycles, MMC traction drives
operate with higher efficiency, and, consequently, the vehicle
range increases.

The paper is organized as follows. Section II reviews the
MMC structure and its principle of operations; Section III de-
scribes the proposed control strategy that includes the cell bal-
ancing function; Section IV describes the proposed method for
the calculation of power losses for the MMC; Section V presents
the simulation results for the sample case of the new European
driving cycle (NEDC) and the comparison between the MMC
and the two-level inverter; Section VI validates with experi-
mental results the proposed method for the calculation of power
losses and the motor drive performance over the NEDC.

II. CONVERTER TOPOLOGY AND OPERATING PRINCIPLE

A schematic diagram of the proposed MMC is shown in
Fig. 1. The power converter drives a traction motor, which is
assumed to be a three-phase induction machine. Each phase leg
of the power converter is composed by two arms consisting of n
cascaded SMs. The converter arms are connected by means of
two uncoupled buffer inductors to limit the circulating currents
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Fig. 1.  Schematic diagram of the proposed MMC.

due to voltage mismatch between the phase legs [9], [10]. Each
SM contains a bidirectional half-bridge converter and a battery
cell. The cell voltage v.e11 depends on its state of charge (SOC)
and varies between 3.2 and 4.2 V. Since the maximum operating
voltage of each SM is the cell voltage, low-voltage MosFETs
can be used to reduce conduction and switching losses.

All the quantities referred to a phase are denoted with the
subscripts a, b, ¢ or with the subscript k when instead refer-
ence is made to a generic phase. Quantities associated to the
top and bottom arms are indicated with the subscripts ¢ and b,
respectively.

The number n of active SMs for each phase leg is constant,
resulting in a nearly constant sum voltage. In order to achieve
this, the two arms of the same phase leg are controlled comple-
mentarily, i.e., Nt + nky, = n [11].

The arm currents flow through the battery cells of the active
SMs and either charge or discharge the cells depending on their
direction. According to [11], the arm currents are defined as

1 1

Z‘kt - i(:ir,k + §ik’7 Z‘klo == icil\k - iik (1)

where 4., 1 1s circulating current of the kth phase. The arm
voltages can be expressed as

N Veell L dzk dicir.k‘
Vg = ———— — ) — —— — [
ke 2 ROt dt
N——
VL cir,k
N Veell L diy, dicir 1
- S g Qe 2
Ui 5 TS a dt @
N——

VL ,cir k

where vy, is the voltage of the kth phase, L is the buffer induc-
tance, and vy, cir; 1 the voltage drop across L due to ¢y 1.

The modulation technique of the converter is based on the car-
rier disposition with third-harmonic injection sinusoidal pulse
width modulation (THI-SPWM). The third-harmonic injection
effectively reduces the number of required SMs by 13.5%, lead-
ing to a reduction in converter size, cost, and losses. The modu-
lation index m in the hypothesis of balanced cells is defined as
(12], [13]

2 VNL

)
TV Ucell

0<m< 3)

m =

Sl

where V,,, is the amplitude value of phase voltage output of the
converter.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 3, MARCH 2017

The configurations based on two level inverters typically
include a BMS to balance the battery cells. The physical
implementation of a BMS involves the presence of additional
hardware components. However, in the proposed configuration
with MMC, this balancing function is embedded in the
converter. Thus, a fair comparison between configurations in
a cost, volume, or weight perspective should not be limited
only to the converters but account also for any added BMS. A
component count and a qualitative cost assessment between the
proposed MMC configuration and alternative configurations
with a two-level inverter and different active BMS topologies
are summarized in Table I [8].

III. CONTROL STRATEGY OF THE CONVERTER

The drive control presents three main functional blocks: the
traction drive control, the arm balancing control, and the cell
balancing control.

The traction drive control calculates the references for the
power converter to enable variable speed operations of the
induction motor. This control is based on a standard vector
control and no further details will be provided in this paper.
The arm balancing control uses the circulating currents to bal-
ance the electrochemical energy stored across the phases and,
within each phase, across the top and bottom arm. The balance
of energy stored across the phases is achieved by balancing the
average SOC of all the cells belonging to each phase. The energy
balance across the top and bottom arm of a phase is achieved
by balancing the average SOC of all the cells belonging to the
top arm and all the cells belonging to the bottom arm. The cell
balancing control activates the SMs with the logic appropriate
to balance the energy stored in each individual cell within an
arm. The details of the implementation of these two functional
blocks are described in the following sections.

A. Arm Balancing Control

The block diagram of the arm balancing control is shown
in Fig. 2. The circulating currents are controlled to include a
dc component %, qc,x and a fundamental component @iy 1
having amplitude %, .i, » and phase angle

Z‘cir,k = i(‘ir,dc,k + Z.m ,cir, k Sln(ak)

[0, 6y GC}T = [wt+ v, wt+ 7 —27/3 wt + 7. +27r/3}T N

The balance between the phases is achieved by controlling
the total active power generated by the battery cell in each
phase py. The balance between top and bottom arm within
a phase is instead achieved by controlling the difference of
the active powers generated by the battery cells of the top
and bottom arms of that phase pkA. Ignoring the device power
losses and according to [8], p% and pkA can be calculated
as

dSOCy,

21 Veen @ dt

P =

. 1
= T Vcell Leir,de,k — évm I’m COS¢
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TABLE I
COMPARISON OF THE PROPOSED MMC WITH THE TWO-LEVEL INVERTER FOR DIFFERENT ACTIVE BMSS [8]

Traction drive Active BMS topology L C SW D IC Cost

Two-level inverter ~ Switched Capacitor 0 N—-1 2N+ 6 6 0 ++
Double-Tiered Switched Capacitor 0 (3N —3)2 2N+ 6 6 0 ++
Single-Switched Capacitor 0 1 N+ 11 6 0 +++
Modularized Switched Capacitor 0 N—m 2N + 6 6 0 ++
Multiswitched Inductor N-1 0 2N+ 4 6 0 ++
Single-Switched Inductor 1 0 2N+6 2N+ 4 0 ++
Single-Winding Transformer 2 0 N+ 12 6 1 +
Multiwinding Transformer N+ 1 0 8 6 1 +
Buck-Boost Converter 1 1 N+ 13 6 0 ++
Cuk Converter IN-2 N—-1 N+ 4 6 0 ++
Flyback Converter 2N 1 2N+ 6 6 N +
Ramp Converter NI2 N N+ 6 N+ 6 1 +

MMC MMC 6 0 2N 0 0 ++

L: inductor, C: capacitor, SW: switch, D: diode, IC: iron core, N: number of cells, m: number of modules, + + -+ excellent,
++: good, +: satisfactory.

to the same arm. The algorithm estimates the SOCs and sorts
the cells in each arm in descending order on the basis of their
SOC. Due to the slow variation of SOC, this control loop can
be executed as low priority and has a running time of 1 ms.
The SOC of each cell is estimated by the Coulomb counting
approach. If the arm current is positive, the cells with the lowest
SOCs are activated; if the arm current is negative, the cells with
the highest SOCs are activated [14]-[16].

c
SOCss» 0 n L (A13) & (ALd)

IV. METHODOLOGY FOR THE CALCULATION
Fig. 2. Block diagram of a circulating current controller. OF CONVERTER LOSSES

The power losses of the converter devices can be divided into

N d L conduction losses P, and switching losses P, and separately
Pi = NUcen @ o (SOth - SOCkb) analyzed in the following sections. For simplicity, other losses
like gate drivers, magnetics, and auxiliaries are not considered

= —ViCk, Ck = % cir.kCOS ) .
V:m, ks k m,cir,k Vi ( ) in this section.

where Q is the cell capacity, SOC is the moving average of

the SOC, and cos ¢ is the load power factor. The relations in

(5) indicate that the energy balance across the phases can be The instantaneous conduction losses for each power MosFET

controlled by means of 4cir dc,k, While the balance across top  can be calculated using the equivalent drain-source on-state

and bottom arms can be controlled by means of i, 1.%. With  resistance Ras.on [17]

this choice of the components of the circulating current, the ) o

two controls are decoupled and can be implemented in two Pe,M = Vasta = Ras,on i ©)

separate regulators. The reference for the dc components of the  yhere vy, and i, are the drain-source voltage and the drain

circulated currents can be obtained directly from PI regulators;  cyrrent of the MosFET, respectively.

the reference for the first-harmonic component can be calculated Each SM includes two power MosFETSs but only one is on

from the formulae given in Appendix Al. at the same time, if dead time is not considered. Thus, the
The control system is implemented digitally in a field-  yymber of MosFETs conducting in each arm is equal to 7 and

programmable gate array (FPGA), so the block diagram in Fig. 2 the instantaneous conduction losses can be expressed as
needs to be converted into a discrete-time model as shown in

Appendix A2.

A. Conduction Losses

. . 1\?
Peckt = ans,()nZ}Q(t = ans,on (Zcir,k + 2”)
B. Cell Balancing Control

The cell balancing algorithm is based on the concept that,
when the arm current is positive according to Fig. 1, the cells of
the active SMs are recharged and their SOC increases and vice
versa when the arm current is negative. This approach ensures
a step-by-step equalization of the SOCs of the cells belonging

2
. . 1.
Pexb = ans.onZib = ans,on (lcir,k - 27fk> . (7)

Thus, the losses in each phase leg result in

. 1.
De.k = Pekt + Pekb = 2145 on <Zgir1k + 4ZZ> . (8
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Since the circulating current is normally few percent of the
nominal current and is present only during cell balancing, its
contribution to the conduction losses is negligible. Therefore,
(8) can be approximated by
©))

1
)
= §ans,on U

Assuming that the load current has only the fundamental
component and is balanced, the total MMC conduction losses
P, can be calculated as

Pe.k

P. = (10)

N ce

T

3
/pc,kdt - lnI;Rds,on
0

where [, is the amplitude value of phase current output of
the converter. Therefore, the total MMC conduction losses are
independent from the modulation index and the load power
factor.

B. Switching Losses

For this calculation, a linear approximation of the MosFET
voltage and current during the switching process has been as-
sumed. Thus, turn-on and turn-off switching energy losses for a
single MoSFET Egy on, Esw,off» are given by [17]

1 _ 1 .
Esyon = §'Ucellld(tri + tfv) = §'Ucellldton
1 . 1 )
Esw,oﬁ = 7Ucellzd(tﬁ + trv) = 7Ucellzdtoff (11)

2 2
where t¢,; and t are the current rise and fall times, ¢, and t;, are
the voltage rise and fall times. In (11), v.¢; and 74 are considered
at the initial instant of switching. Each change of the conduction
state of a cell corresponds to the turn-on of one MosFET and
the simultaneous turn-off of the other MosFET of the same SM.
Thus, at each change of the conduction state of the SM, the
energy dissipated is equal to

1
sw,on + Esw,off = §'Ucellid (ton + toff)- (12)

If for simplicity, the switching events are supposed to be regu-
larly spaced, each armis switched at Ty, , 215 , 3Ty, - - -, 214y,
where 7 is the total number of switching events in a fundamental
period 7 and it is given by

Esw —

T . fSW
T [
The total number of switching events is split across the SMs
of the arm, so that

13)

z =

n
2= =
h=1

where z;, is the number of PWM pulses of the Ath SM.

Fig. 3 shows an example of waveforms for the currents flow-
ing into the SMs of a converter arm in the case of 4 SMs/arm.

Suppose that the hth SM is switching at zp1 75w, 2poTiw,
2n3Towy - oy 2aanTsw, Where zp1, zn2, 2p3 ..., 2nzn are in
general unequal integer numbers. As long as THI-SPWM

(14)
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Fig. 3. Currents flowing into all switches within one arm (n = 4).

scheme is used, the others n — 1 SMs will remain in a con-
stant switching state. In this case, the ~ith SM currents at instant
of switching are

1
§Im |SiH(Z}I,1 WTéw ) |

1
51771 |Sin(2h2wI‘sw)|

5)

1
§Im [sin(zp3wTiy )|

1
§Im |Sin(zhzh wTS\V ) |

As a result, the switching energy dissipated in a SM, Fgy 1,
during a fundamental period can be expressed as

Zh

. 1
Esw,h - E:W Z |Sln(zhjw,-rsw)|7 E:w = 7'Ucclljm (ton + toI‘f)
j=1

2

(16)
and the switching energy dissipated in an arm FEgy »ym, during
a fundamental period can be expressed as

Z1 Z2
= B, Y lsin(z1;wli )| + B2, Y [sin(z0Tiy )|
j=1

Esw,arm
j=1
Zn
+ o B Y sin(z 0Ty )|
j=1
z z
= B, Y Isin(iwTiy)| = Ef, Y |sin(2ri/2)|
i=1 i=1
2z 27

= 2F; cot ~E [——-—]).
secot(n/2) = By (£ - 20

a7

Finally, the power dissipated in the converter due to switching
losses can be calculated as
f? )
fow )

Py = 6f Egy arm =~ 4E7, <3f o (18)
s
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TABLE II
MAIN DATA OF THE SIMULATED CONVERTERS
Variable Description Values
Two-level inverter Veeoo IGBT on-state zero-current collector-emitter voltage 0.921057 [V]
R. IGBT collector—emitter on-state resistance 3.59 [mQ2]
E1GBT on IGBT turn-on energy 5.3%x107% +2.9 %1074 +1.2x1077 ilz [J]
ErgpT.ott  IGBT turn-off energy 2.4 %107 + 1.4 x 1074, [J]
Vio Diode on-state zero-current forward voltage 1.03562 [V]
Ry Diode forward on-state resistance 2.09 [mQ2]
Epiode,rec  Diode recovery energy 6.8 x107% + 9.1 x 10774, — 9.1 x 107532 [J]
MMC n Number of SMs/arm 84
Veell Cell voltage 3.2-42[V]
L Arm inductor 50 [pH]
Ras,on MosFET drain-source on-state resistance 0.55 [m2]
tri MosFET current rise time 43 [ns]
ti MosFET current fall time 72 [ns]
[ MosFET voltage rise time 0.85 [ns]
tey MosFET voltage fall time 6.24 [ns]
The total MMC losses, P, are the sum of the conduction and :l ﬁ 11 /1 /1 /1 /] /] /‘
switching losses
VVVI/ V1V I/ | |
]Dl - P(f + PS\’V >
3f sSW ﬂ'f 2 3 9 g-
~ zvccll-[m ( - f ( on + toﬁ') + anm Rds,onv (19) “;D """ asyr;)c\};]r](\):ous ’
swW g synchronous
] PWM
H
V. SIMULATION RESULTS
In order to assess the suitability of MMCs as traction convert- ]
ers, the MMC efficiency has been compared with a traditional ’ » ° ey . " @
two-level IGBT inverter. Losses due to cell balancing are not
considered for the two-level inverter and are instead included in ~ Fig- 4. Illustration of the “gear changing” in SPWM.
the MMC, although this leads to a penalization of the MMC in
the comparison. Both converters are driven by THI-SPWM strat- 1
egy and connected to a 220-V 250-A 50-Hz 80-kW machine. s / .
Equal semiconductor ratings were applied for both converter ?06 / |
types using FZ300R12KE3G IGBT [18] for the two-level in- £ Twolevel inverer 1, =2 k512
verter and AUIRFS8409-7P power MosFET [19] for the MMC.  £o¢ Aot i
According to the technical literature, the conduction and switch- 2, o e MM =20kt
ing losses of an IGBT-based two-level inverter are given by [20] TR ey
'0 2‘0 4‘0 6‘0 8‘0 ll‘)O ]2‘0 li‘ll) 160

3 3
Rginverter - ;Im (‘/ce,O + Vf,()) 4 m (R + Rd)
3
+ Z(‘/ce,() - Vf,O)Imm CcOos (@) + ;(Rc - Rd)Im m cos ((,D)

6 : : ,
Psw,iuverter - f;ElGBTmn (Zl)+ElGBT,off (Zl)+EDiode,rec (Zl)

2
1, sin (ll) ‘ .
z

The definition of the symbols and their corresponding values
for the numerical simulations is reported in Table II. EtgpT on
and ErgpT,o are given in the data sheet and can be described
as a polynomial function of current ¢;. Furthermore, Table II
summarizes the main data of the two-level inverter and MMC
parameters used for simulation.

Fig. 4 shows the “gear changing” of the switching frequency,
fsw» with the fundamental frequency of the voltage output. At
low speeds where the effect of the difference in the number of

(20)

1 =

frequency [Hz]

Fig. 5.
current.

Efficiency for both topologies versus frequency at half full-load

carrier cycles per each modulation cycle is small, asynchronous
operation of the carrier frequency is applied. At moderate and
high speeds, the carrier signals and the modulating wave are
synchronized and the modulation frequency decreases in steps
as the frequency increases to keep their ration as a whole number
[21].

Fig. 5 shows the efficiency for both topologies versus fre-
quency when the motor is drawing half of the nominal current.
Both converters are operated at a maximum switching frequency
of 2 and 20 kHz. It is evident that for the MMC, the efficiency
slightly changes with the maximum switching frequency. At
maximum switching frequency of 20 kHz, the MMC efficiency
is higher than the inverter efficiency by 3%—-5% in the constant
torque region, and by 0.5%—1% in the constant power region. At
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TABLE III

EXPLANATION OF QUANTITIES OF (20) AND THE DATA

OF SIMULATED LI-ION CELL

Viis

Battery voltage during discharge process in [V]

Battery voltage during charge process in [V]

Battery constant voltage

Battery internal resistance

Battery current in [A]

Polarization constant

Extracted capacity in [Ah]
Low-frequency current dynamics in [A]
Exponential zone amplitude
Exponential zone time constant inverse

4.0252V
0.14375 mQ2

0.00026633 V/Ah

0.29595 V
4.7445 Ah~!

TABLE IV

MAIN DATA OF THE SIMULATED VEHICLE AND MOTOR

Transmission ratio

7.94:1

Battery capacity

Wheelbase

Curb weight

Maximum vehicle speed
Nominal motor power

Nominal motor voltage

Machine pole pairs

Nominal motor speed

Nominal motor current

Nominal motor electric frequency

24 kW h
2.7m
1525 kg
143 km/h
80 kW
220V

1

2730 r/min
260 A
50 Hz

TABLE V

MOTOR ELECTRIC DATA AND THE CONVERTER PARAMETERS USED

FOR EXPERIMENT

Nominal motor power

0.55 kW

Nominal motor voltage

Nominal motor electric frequency
Nominal motor current

Nominal motor Speed

Pole pairs

Number of SMs/arm

MosFET drain-source on-state resistance
MosFET current rise time
MosFET current fall time
Nominal converter voltage
Nominal converter current
Maximum switching frequency
Minimum switching frequency
Arm inductor

400 V
50 Hz
1.34 A
1435 r/min
2
4
0.8 mQ2
240 ns
93 ns
10V
50 A
2 kHz
1.2 kHz
22 nH
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maximum switching frequency of 2 kHz, the MMC efficiency
is lower than the inverter efficiency by 1%—4% in the constant
torque region, and by 1% in the constant power region.

Fig. 6 shows the efficiency for both topologies versus fre-
quency when the motor is drawing the nominal current with the
same maximum switching frequencies of the previous example.
At maximum switching frequency of 20 kHz, the MMC effi-
ciency is lower than the inverter efficiency by 1%—4% in the
constant torque region, and by 1%-2% in the constant power
region. At maximum switching frequency of 2 kHz, the MMC
efficiency is lower than the inverter efficiency by 3%—12% in the
constant torque region, and by 3% in the constant power region.
It can also be noticed that the efficiency of the MMC increases
when the load current decreases; conversely, the efficiency of
the two-level inverter increases when the current increases. This
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Fig. 10.  Converter switching losses, conductions losses, and efficiency.

Fig. 11.  Prototype of a five-level MMC with embedded lithium-ion batteries.
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Fig. 12.  Motor speed and SOCs of battery cells.

reflects the fact that conduction losses changes with the load
and are prevalent for the MMC; switching losses do not change
substantially with the load and are prevalent for the two-level
inverter.

Subsequently, the proposed control scheme for the MMC has
been tested in simulation by MATLAB/Simulink and compared
with the two-level inverter. The data for the BEV are taken from
an existing electric car (Nissan Leaf) [22]. In this simulation,
the MMC has 84 Li-ion cells (4.2 V/12.8 Ah) per arm, with
a maximum line voltage of 220-V rms. The initial imbalance
of the SOC of the cells has been assumed equal to 30%. The
battery cells have been modeled by a parameterized dynamic
model to take into account the variation of the voltage with the
SOC and the current [23]

. Q .
Viis = By — Ri KQ — q(t)l

q(t) + Ae B g

Q i
0.1Q + ¢q(t)

_Q
Q —q(t)

Vin=Fy— Ri— K

@ (t)q(t) + Ae7Bal) - x <0

- K >0

- K @21)

Q—q
where all quantities are defined in Table III.

The data of the simulated Li-ion cell is also given in Table III.
In this simulation, the load torque of the machine is given by a
load-speed curve as shown in eq. (22) [24]

dw,
Car
where dy, dy, d3 are calculated from the load characteristics
and J, is the equivalent vehicle inertia referred to the machine
shaft. The main data of the simulated vehicle and motor are
reported in Table IV.

The NEDC has been used as the reference speed cycle for the
electric vehicle. It combines the urban driving cycle (UDC)
repeated four consecutive times and the extra-urban driving

TL = dlwr + d2w3 + dSW:? + Je (22)
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cycle (EUDC) with maximum speed of 120 km/h. Fig. 7 shows
the motor phase voltages, phase currents, and converter circu-
lating currents during acceleration, cruising, and deceleration of
the car. The figure shows that the motor starts up from standstill
without producing any overvoltage or overcurrent and the MMC
drives the motor at low speed without exceeding the nominal
current. The circulating currents are dependent on the energy
arm/leg unbalancing of converter. Since the converter legs and
arms have different initial energies, the arm balance controller
injects the dc and fundamental components to the circulating
currents to achieve the balancing within the phases and the
arms. At steady state (¢ = 289.5 s), the battery cells are all bal-
anced, and the injected circulating currents are close to zero. It
is worth noting that the load currents are always balanced and
almost sinusoidal regardless of the SOC of the cells.

The dynamic of the SOC of all battery cells is reported in
Fig. 8 to show the action of the balancing controller. In the first
part of the cycle, the cells with higher SOC discharge faster,
while the cells with lower SOC are recharged until all the cells
have very similar SOC and all the cells are completely balanced
after 670 s. Fig. 8 also shows the reference and actual motor
speeds, demonstrating the good speed control obtained with the
MMC for the whole frequency range.

The results shown in Fig. 9 from top to bottom are the motor
electric frequency, active power, the rms value of motor voltage,
and current, respectively. The data of Fig. 9 have been used to
estimate the converter efficiency for the both topologies, MMC,
and the two-level inverter.

Using (18) and the data given in Fig. 9, the switching and
conductions losses are calculated for the UDC and EUDC to
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TABLE VI
POWER OF THE BATTERY CELLS, POWER LOSSES, AND EFFICIENCY OF ONE SM

Battery Power Experimental ~ Simulated
Electric cell losses efficiency efficiency
frequency power of one of one of one
[Hz] [W] SM [W] SM [%] SM [%]
10.89 19.00 4.19 77.95 78.85
16.99 15.60 2.42 84.49 85.14
32.46 15.33 2.52 83.35 84.98
49.06 12.11 2.32 80.84 82.04
66.23 12.96 2.15 83.41 84.53

obtain the converter efficiencies of both topologies, as shown
in Fig. 10. It is interesting to note that for these cycles, the
MMC efficiency is most of the time higher than that of the two-
level inverter. This is because the selected car never absorbs the
full load current to follow the cycles, and, according to theory,
the MMC is advantaged at light loads. As also expected from
theory, the MMC has switching losses lower than those of the
two-level inverter. This is because MosFETSs have lower rise and
fall times than those of IGBTSs and the switching losses of the
MMC are independent on the number of SMs per arm. In fact,
the total number of PWM pulses for all SMs of a MMC arm is
equal to the total number of PWM pulses for one device of the
two-level inverter. On the other side, the MMC has conduction
losses higher than those of the two-level inverter, because they
linearly depend on the number of SMs of each arm.

VI. EXPERIMENTAL RESULTS

The capabilities of following the NEDC and the model for
the calculation of losses have been experimentally verified with
a prototype of MMC with 4 SMs per arm, whose photograph is
shown in Fig. 11. Each SM includes a lithium-ion cell with 3.7-V
and 10-Ah capacity. The control system is based on a NI Com-
pactRIO, which combines an embedded real-time processor, a
high-performance FPGA, and hot-swappable I/O modules.

The induction motor used for the experiments has the data
given in Table V. A 10-/400-V 1.2-kVA three-phase transformer
has been used to boost the converter voltage to the level suitable
for the motor. Table V also summarizes the circuit and battery
parameters used for experiment. The 24 Li-ion cells have been
charged to different initial SOC values in order to test the SOC
control; the maximum SOC unbalancing between the cells has
been set to be around 40%.

The results shown in Fig. 12 from top to bottom are the motor
reference speed and the measured motor speed, and the SOCs
of all the battery cells. The traction control tracks the reference
speed accurately and the SOCs of all the battery cells converge
toward the same level in about 2500 s. This is in agreement with
the simulation result, since the converter nominal current used
for experiment is about five times smaller than that used for the
simulations.

To validate the calculation efficiency of the proposed MMC,
the switching and conduction losses have been measured for
one SM at different motor speeds during the whole NEDC. For
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trol system. (c) Circulating current control system.

this experiment, all the battery cells have been charged to the
same initial SOC value. In this case, the estimated efficiency of
one SM is approximately equal to the MMC efficiency, since
the converter has equal SMs. The drain-source on-state resis-
tance for the power MosFET of the prototype is 1 m(2. The
experimental switching process of one power MosFET is pre-
sented in Fig. 13, where the top figure presents the drain-source
voltage and the drain current and the bottom figure shows the
power losses, with a qualitative separation into conduction and
switching losses.

Fig. 14 shows the converter output phase voltage and current,
the SM instantaneous input power, and the corresponding instan-
taneous power losses at different motor speeds. The waveforms
of voltage and current shows that the MMC prototype produces
phase currents with a very small THD, even with only 4 SMs
per arm.

The experimental efficiency of a SM has been also compared
with the simulations carried out for the same number of SMs.
The result of this comparison is shown in Table VI that includes
also the average power of the battery cells and the average power
losses. Both simulated and experimental efficiencies at different
motor speeds show a close agreement, with a difference of 1%-—
2%, due to the additional dead time losses of the experimental
setup.

VII. CONCLUSION

This paper presents a detailed assessment of the performance
of MMC with integrated battery cells for the traction drive of
electric vehicles. This topology integrates the BMS in the power
converter, without the need of external balancing circuits. The
SOC of the battery cells is balanced by the arm and cell balancing
controllers that do not affect the waveforms of the motor current.
The proposed converter produces an extremely low distortion of
the motor current, with direct benefits on the motor efficiency.
An analytical method for the calculation of power losses of
the proposed MMC has also been presented and has been ver-
ified by numerical simulations and experiments. The losses of
the proposed converter has been compared with those of tradi-
tional two-level converters and have shown that the proposed
converter presents better efficiencies at light loads, since losses
are predominantly given by conduction losses. This suggests
that proposed converter is preferred for urban use of electric
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car, where the motor is mostly used below its full power. The
proposed converter has also been tested with simulations and
experiments to balance the battery cells and follow the NEDC,
showing a balancing time of 670 s for a 30% imbalance and
good capabilities of tracking the reference speed even during
cell balancing.

APPENDIX A1l
DERIVATION OF REFERENCE AC CIRCULATING CURRENTS

The zero sequence of the reference circulating currents has to
be eliminated by adjusting %, iy, and 7y
Z‘m,cir,aSin("‘) t+ ’Va) + Z'm.cir.bSin((‘d t+ Yo — 2”/3)
+im cireSin(wt + v, + 27/3) = 0. (A1.1)

Using trigonometric identities, (Al.1) can be rewritten as
i cir,aSIN(Ya) + G cir psin(yy — 27/3)
+ i cir,csin(Ye + 27/3) = 0.
i cir,aCOS(Va) + @ cir,pcOS(yp — 27/3)

+ i'rrz.cil'.(:cos('Y(: + 277/3) =0. (A1.2)

Recalling the output of the differential energy balance con-
troller

Z'm.,cir,kcos'yk = Ck- (Al3)

To simplify the computational time, the circulating cur-
rent phase 7, has been set to zero, and, then, solving for
Yoy Yer Umeir,as tmeir,b> AN Gy cir, e

vy = tan ! (M) ~e = —tan~! (M)

\/gcc ' ‘ \/§Cb

Cyp . Ce
T cir,e = ———-
Cos(q/b) b m,cir,c COS(’Y{/)

lm cir,a = Cay bm cir,b =

(Al1.4)

APPENDIX A2
DISCRETE TIME CALCULATING CURRENT CONTROLLER

From (5), the block diagram of the energy-based control struc-
ture in the discrete-time domain is presented in Fig. 15, in which
the phase-energy and arm-energy controls are combined with a
circulating current control. The closed-loop transfer functions
can be represented as

B (z+1)(z—a1) e~
SOC (2) —KlmSOCk(z)

asz? +bez + ¢
SOCi(z) — SOCxy (2)
SOCy.(2) — SOCy, (2)
Lie i (2) z+1
e (2) T T

where T denotes the sampling period of the digital system,
D(z) = 0.51,, V,,,cos(y), and the relation between the param-

(z+1)(z—a3)
3a32:2 + b3z + c3

(A2.1)
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eters given in (A2.1) and the control gains is

ky ko 1
K= 24 % e -
T e g PTG
mks  mky Tsks
Ky= —r=n——, K,= A2.2
3 .o 20 M™M= (A2.2)
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