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Abstract—This paper presents transformerless multilevel of a cascade inverter also allows the HEV drive to continue

converters as an application for high-power hybrid electric to operate even with the failure of one level of the inverter
vehicle (HEV) motor drives. Multilevel converters: 1) can gen- structure [2]

erate near-sinusoidal voltages with only fundamental frequency . . .
switching; 2) have almost no electromagnetic interference or ~ Multilevel inverters also have several advantages with

common-mode voltage; and 3) make an HEV more acces-respect to hard-switched two-level pulsewidth-modulation
sible/safer and open wiring possible for most of an HEV's power (PWM) adjustable-speed drives (ASDs). Motor damage and
system. The cascade inverter is a natural fit for large automotive failure have been reported by industry as a result of some
hybrid electric drives because it uses several levels of dc voltage . CoL. .
sources, which would be available from batteries, ultracapacitors, ASD  inverters high-voltage change ratedV{/dt), Wh'_Ch_
or fuel cells. Simulation and experimental results show how to produced a common-mode voltage across the motor windings.
operate this converter in order to _maintain e_qual charge/discharge High-frequency switching can exacerbate the problem because
rates from the dc sources (batteries, capacitors, or fuel cells) in an of the numerous times this common-mode voltage is impressed
HEV. .
upon the motor each cycle. The main problems reported have
Index Terms—Cascade inverter, hybrid electric vehicle, motor peen “motor bearing failure” and “motor winding insulation
drive, multilevel converter, multilevel inverter. breakdown” because of circulating currents, dielectric stresses,
voltage surge, and corona discharge [3]-[5].
|. INTRODUCTION Multilevel inverters overcome these problems because their

individual devices have a much lowéV /dt per switching and

ESIGNS for heavy duty hybrid electric vehicles (HEVs ) S .
that have large electric drives such as tractor traile ey operate at high efficiencies because they can switch at a

transfer trucks, or military vehicles will require advance5nuCh lower frequency than PWM-(_:(_)ntrplled mvert_ers.

power electronic inverters to meet the high-power deman slhree-, four-, and five-level rectifier—-inverter drive systems
(> 100 kW) required of them. Development of large electri&1at have useq some form of r_n_ultllevel_ PWM as a means to
drive trains for these vehicles will result in increased fuel eff2ontrol the switching of the rectifier and inverter sections have
ciency, lower emissions and, likely, better vehicle performan&gen investigated in the I|tera_ture [6]._[10]' Multilevel PWM
(acceleration and braking). as lowerdV'/dt than that experienced in some two-level PWM

Transformerless multilevel inverters are uniquely suited ffr' 'V?S t|)_|ecause swn_ch;]r_]g "T‘ betweend se\I/eraI smalllir voItage
this application because of the high VA ratings possible wi Ve S', ovaen/Er, switc 'ng ?S_Sesl aﬂ_ r\]/oftage tota farhmonlc
these inverters [1]. The multilevel voltage-source inverterg‘Stortlon ( ) are still relatively high for some of these

unique structure allows them to reach high voltages with Iowoposed schemes.

harmonics without the use of transformers or series-connecte(]—r:]'ShF_""‘rf)er prop}osgs usw(ljg Ifunda_mgntal frequ:e:jr?;y switching
synchronized-switching devices. The general function of t the higher amp |t.u e mo ulation indexes with di grent con-
{rol methods to maintain the charge balance on the inverter dc

multilevel inverter is to synthesize a desired voltage from sey K devi ALl litud dulation ind .
eral levels of dc voltages. For this reason, multilevel invertepQ JEeVICesS. Llower amp !tu € modulation indexes, a unique
ultilevel PWM technique is employed.

can easily provide the high power required of a large electrit
traction drive. For parallel-configured HEVs, a cascaded
H-bridges inverter can be used to drive the traction motor
from a set of batteries, ultracapacitors, or fuel cells. The useA cascade multilevel inverter consists of a series of H-bridge
(single-phase full-bridge) inverter units. The general function of
_ _ _ this multilevel inverter is to synthesize a desired voltage from
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Fig. 1. Single-phase structure of a multilevel cascaded H-bridges inverter. vai * —~
The ac output of each level’s full-bridge inverter is connecte
in series such that the synthesized voltage waveform is the s G aip Gain
of the inverter outputs. The number of output phase volta
levels in a cascade inverter is definedty= 2s + 1, where
s is the number of dc sources. An example phase voltage wa / V
. i ith fi ai
fprm for an 11 I_evel casc_ade_d inverter with five SDSCs ar v, | Cr n 32 an
five full bridges is shown in Fig. 2. The phase voltagg, = 0 D 1 . i
Vgl + Va2 + Va3 + Vaa + Vas5. Ve 10 ei: o : 0 lp—l!m—e .
With enough levels, using this fundamental switching tecl '
nigue results in an output voltage of the inverter that is almc (5 4|*————'— : O
sinusoidal. For the 11-level example shown in Fig. 2, tt %P :
waveform has less than 5% THD with each of the H-bridge 0 < n > 0
active devices switching only at the fundamental frequenc -

Each H-bridge unit generates a quasi-square waveform
phase shifting its positive and negative phase legs’ switchi G G ="0": Lower device on; "1": Upper device on.
timings. Fig. 2(b) shows the switching timings to generate _.

guasi-square waveform. Note that each switching device always (b)

conducts for 189 (or 1/2 cycle) regardless of the pulsewidth ofig > waveforms and switching method of the 11-level cascade inverter.
the quasi-square wave. This switching method makes all of the

active devices’ current stress equal. From (1), the magnitudes of the Fourier coefficients when nor-
For a stepped waveform such as the one depicted in Figmdlized with respect t&;. are as follows:

with s steps, the Fourier transform for this waveform is as fol- 4
lows: H(n)y=— [cos (n#1) + cos (nbs)
T
AV +---+Cos(n95)}, wheren =1,3,5,7,....
v(wt) =—2 3" [cos (n6y) + cos (nf) + - - - + cos (nf,)]
™ (2)

n

sin(nwt) The two predominant methods in choosing the switching an-
;wheren =1,3,5,7,.... (1) gles,6;,6s,...6, include: 1) eliminating the lower frequency
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dominant harmonics and 2) minimizing the THD. The more In comparing the two methods for a five-step inverter (11-
popular of the two techniques to reduce THD is to eliminatevel) and the same fundamental frequency magnitude, the THD
the lower dominant harmonics and filter the higher residual freainimization method yielded a THD of 7.26% and the harmonic
guencies. Using this method for the 11-level case in Fig. @limination yielded a THD of 8.48% without filtering. Because
the 5th, 7th, 11th, and 13th harmonics can be eliminated wite THD minimization method has only a slight improvement
the appropriate choice of the conducting angles. One degie¢he THD of the output waveform, the harmonic elimination
of freedom is used so that the magnitude of the output waveethod is preferred, because some small filters can nearly elim-
form corresponds to the reference amplitude modulation indievate most of the leftover high-frequency harmonics. Also, note
mq, Which is defined a¥7 / VL max, WhereV} is the amplitude the THD values shown above include triplen harmonics because
command of the inverter output phase voltage Bpg... is the the analysis was done for phase voltages. These triplens will not

maximum attainable amplitude of the converter, i1&,,,.. = appear in the line—line voltages and the THD would be below
s-Vy.. The equations from (2) for this case will be (3), as shows% in both cases.
at the bottom of the page. Note that the equations above have assumed the ideal case in

The set of nonlinear transcendental equations (3) can Wwhich the separate dc sources are all equal in magnitude and
solved by an iterative method such as the Newton—Raphdawariant. This may not be the case in a typical HEV. In the
method or by using trigonometric identities to expand th®llowing sections, a description of some control methods to
cos(nf) terms and then using the theory of resultants to solweaintain the dc sources to near the same value is described and
a set of polynomial equations [16]. The correct solution to (Znalysis for when the dc sources have small variations is also
means that the output voltage of the 11-level inverter will nahown.
contain the 5th, 7th, 11th, and 13th harmonic components.

The switching angles may also be solved to minimize the Ill. CASCADED H-BRIDGES STRUCTURE FORHEV DRIVE

THD. The THD for the voltage waveiorm may be defined as In the parallel HEV configuration, as shown in Fig. 3, the en-

[0(B)]snrs 2 ergy storage system, batteries or ultracapacitors, would provide
THD% = 100 - <W) -1 (4)  a “power assist” in addition to the internal combustion engine
HIRMS . by sending energy through an inverter driving a motor that is
where the rms of the cascaded multilevel wavefeit) with s mechanically coupled to a summing gear. This parallel config-

steps Is uration can be operated in three modes: 1) as a pure electric
N vehicle using the electric motor only; 2) as a conventional ve-
W()]rums = Ve, |2 — — Z (2k — 1) 0y, (5) hicle using only the internal combustion engine; or 3) using both

= the engine and the electric motor at the same time. The electric

motor can also be used as a generator where it supplies energy

s to the energy storage system with the cascade converter acting

o2 ()]s = Vac2v2 Z cos (61). (6) in rectificat_ion mode. Note that Fig. 3 also provides for ameans
0 of connecting the vehicle to an external charger and using it to

and the fundamental rms value @) is

k=1 .
To minimize (4), the partial derivative can be taken with respegﬂarge the batteries as well.

each switching angle and set to zero. A generalized formula jarfrf’”.‘ F(;gﬁ 2, nOt?ftTf.‘t the duty cycle fc:crdeach of :he yoltagg
be developed by substituting (5) and (6) into (4) and differentEelS 1S different. If this same pattern of duty cycles is use
a motor drive continuously, then the level-1 battery (or other

ating to determine the partial derivatives. This simplified general"
forn?ula was then founpd to be P g %DCS) is cycled on for a much longer duration than the level-5

STHD? s battery. This means that the level-1 battery will discharge much
——— =(2n-1) Z cos (6,) sooner than the level-5 battery. However, by using a switching
a0, =l pattern swapping scheme among the various levels every 1/2
" [2 Z (2 — 1) 6y — 7(32} sin (6,) = 0 (7) g%gggz)sgrc)\évhnag;g. 4, all batteries will be equally used (dis
wherer is the nth switching angle. Using (7) for a five-step The combination of the 180conducting method [Fig. 2(b)]
waveform produces five nonlinear transcendental equaticssd the pattern-swapping scheme (Fig. 4) make the cascade in-
with five variables whose solutions are the angles that minimizerter’'s voltage and current stresses the same and helps to main-
the THD. tain the batteries’ charge state balanced.

=bm, ®3)
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Fig. 4. Switching pattern swapping of the 11-level cascade inverter for balancing battery charge.

Fig. 5 shows the system configuration and control block di- =i
agram of an ASD using an 11-level cascade inverter. The duty- %
cycle lookup table contains switching timings to generate the Le_{ 3-Phase | =F
desired output voltage as shown in Fig. 2. The five switching .“@ et | 11-Level :—_‘r-
anglesf; (: = 1, 2, 3, 4, and 5), are calculated offline to mini- v ?:523:? —
mize harmonics for each modulation inde . {

A prototype three-phase 11-level wye-connected cascaded . L T
inverter has been built using MOSFETs as the switching [|*= L T Gate
devices. A battery bank of 15 SDCSs of 48 Vdc each fed the Signals
inverter (five SDCSs per phase). The control of the inverter X 3 Swgmﬁqg:;uit
was via a 32-bit digital signal processor. The switching timing | Motor HALE

Control b, ‘911 T T T Tes

anglesd; (i =1, 2, 3, 4, and 5), were calculated offline for A Duly-Cycle v,
the following modulation indexesy{, = 0.1,0.2,...,1.0). |_’ Look-Up Table
A table_of _ten switching pattgrns corresponding to these vz, [ Frame Tec B
modulation indexes was stored in the controller as 1024 states Vi | o it s Yot

. L pfTransfor-| 7Ly 'lq.....iP| i€y
per cycle. A constant voltage/frequency control technique was Vie | mation T Gy de

applied to the motor drive system. As a user interface, a

potentiometer was adjusted to apply an external 0—3-V sigma. 5. System configuration of an ASD using the cascade inverter.

to the controller. The 0-3-V signal mapped directly to a

0-60-Hz fundamental frequency for the gate signals sentttee various modulation indexes were mapped from the 0-3-V
the inverter. Also, the switching patterns corresponding txternal control signal.
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Fig. 6 shows experimental waveforms of the 11-level bat- R A
tery-fed cascade inverter prototype driving a 208-V three-phase N M,n“
induction motor at 50% and 80% rated speed using the afore- V\W%\‘ I ,,.M’W , M«‘t
mentioned fundamental frequency switching scheme. As can be el W’N
seen from the waveforms, both the line-line voltage and current ™ 1 G
are almost sinusoidal. Electromagnetic interference (EMI) and W
common-mode voltage are also much less than what would re-
sult from a two-level PWM inverter because of the inherently

low dV/dt (21 times less than a two-level drive) and sinusoid&lg. 8. Cascade inverter waveforms at 12-Hz fundamental frequency operation
voltage output (50 V/div, 5 A/div, 10 ms/div).

T

composed of the sum of the pulses from all five H-bridges.
While the switching frequency of each individual H-bridge is
At low modulation indexesrt,, < 0.5), use of V/Hz type of kept constant at 60 Hz, the effective switching frequency of
control and fundamental frequency switching may result in potive phase—neutral voltage is 300 Hz. This technique allows a
guality waveforms with excessive THD. At these lower modunultilevel cascaded inverter to achieve a quality PWM output
lation indexes, the use of multilevel PWM may be more apprevaveform at low modulation indexes without resorting to
priate [11]. When performing multilevel PWM at low modula-high-frequency switching.
tion indexes, this allows rotation of the pulses among the var-Fig. 8 shows the phase and line voltage and current wave-
ious physical levels (H-bridges) of the cascade inverter. A pulirms for the driven induction motor. For an amplitude mod-
rotation technique similar to the one used for fundamental fralation index of 0.2 (to run the motor at 1/5 rated speed), the
guency switching of cascade inverters described in [12] can ipgerter outputs a 12-Hz fundamental frequency voltage wave-
used even when a PWM output voltage waveform is desirddrm that has three levels line—neutradd,f) and three levels
Normal carrier-based PWM generates the switching signals, line—line (V,;). Fig. 9 shows the same waveforms for operating
prior to being sent to the gate drives of the active devices, thean amplitude modulation index of 0.3, or reference frequency
signals are sequentially rotated to a different level. The effectd$ 18 Hz. For this operating condition, the inverter’s line—line
that the output waveform can have a high switching frequenegltageV,; has five levels.
but the individual levels can still switch at a constant switching An important detail to ensure that all the batteries will be
frequency of 60 Hz if desired. equally charged/discharged when performing multilevel PWM
Example PWM pulses for this type of pulse rotation contra$ that the number of phase-neutral output voltage pulses for
are shown in Fig. 7. Pulsed/{;, V,2, and V,3) are shown each half cycle of the fundamental frequency waveform should
for three of the five H-bridges that comprise thephase notbe equal to an integer multiple of the number of H-bridges
of the inverter. The line—neutral voltage waveforfj,, is in one phase of the inverter. Otherwise, each H-bridge would

IV. MULTILEVEL PWM AT LOwW MODULATION INDEXES
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Note that the five voltage sources can be arranged in 120 dif-
ferent ways. For the example shown above, the lowest THD did
not correspond to the order shown in (8), which is what is de-
sired to help achieve charge equalization. A THD of 7.81% was
achieved using the voltages in the following order:

V,=[1.10 1.00 1.05 0.95 0.90]".

However, by arranging the voltages from highest to lowest
kept the THD within 5% of the value for the optimum (lowest
i THD) arrangement when this scenario was analyzed for several
" " 1 \ different combinations of voltage levels and fundamental
BN WO DO 7 OO S B ol I frequency amplitudes
o : Winy quency amplitudes. o
T The second method also uses the harmonic elimination
method, but recalculates the angles taking into account the
variances in each of the separate dc sources. Using this method,
Fig.9. Cascade inverter waveforms at18-Hzfundamentalfrequencyopera&!;'r? onver order harmonics are completely e.“m'natEd and the
(50V/div, 5 A/div, 10 ms/div). magnitude of the fundamental component will be exactly what
is desired. For the same example as used previously, the THD

generate the same pulsewidths every half cycle, which wouf one voltage phase waveform is 8.49%, which as expected
lead to different discharge (or charge) rates among the batterigsalmost identical to the THD found when the sources were
identical (8.48%).

V. VARIANT VOLTAGE-SOURCE CONSIDERATIONS In summary, if the voltage of the separate dc sources is con-
trolled such that the variation is small among the power sources,

In most of the present HEV applications, the primary enerqying the switching angles calculated assuming identical voltage
storage componentis the lead-acid battery. As shown earlier, grces is a viable option. In addition, if voltage or charge state
duty cycle can be rotated using a set pattern if the batteries hay&,ch of the separate dc sources is monitored, the control

equal magnitudes. However, practical batteries may not hawgstem should assign the highest duty cycle to the one with the
equal charge states even with the charge control scheme outligggk: charge and the lowest duty cycle to the one with the least
previously. In this case, the control would require monitoringharge_

each of the battery’s charge state separately and assigning the

one with the lowest charge the shortest duty cycle and the_one VI. CONCLUSIONS

with the highest charge the longest duty cycle. In this section, ] ] ]

an analysis of the voltage THD and harmonic content is done Multilevel cascade inverter with separate dc sources has

showing how to sort the order of connection of the separate Bgen proposed for use in HEV drives. Simulation and experi-

voltage sources (batteries), when the maximum variation of tiéntal results have shown that, with a control strategy that op-

voltages ist10%. This would mean that a nominal 12-V batter)FrateS the switches at fundamental frequenc_y, these converters

would be at 10.8 V in the nearly discharged state and 13.2 Vigve low output voltage THD and high efficiency and power

a fully charged state. Also, for the following analysis, it wa&cCtor. . _ .

assumed the separate dc sources had values as follows: In summary, the main advantages of using multilevel con-

_ _ T verters for hybrid electric drives include the following.
Va=[1.10 105 1.00 095 0.90]". (8) 1) They are suitable for large VA-rated and/or high-voltage
Two methods are considered for determining the switching  motor drives.

angles for each level. The first method determines and uses?) These multilevel converter systems have higher efficiency

the switching angles assuming the dc sources are all the same. because the devices can be switched at minimum fre-

Then, the sources are arranged such that the one with the highest quency.

voltage is turned on first and the one with the lowest voltage is 3) Power factor is close to unity for multilevel inverters used

turned on last, which is the same order as shown in (8). Even as a rectifier to convert generated ac to dc.

though using the harmonic elimination method, some harmonics4) No EMI problem or common-mode voltage/current

will still appear at the lower order harmonics because the angles  problem exists.

have not been optimized for the real values of the SDCSs. In5) No charge unbalance problem results when the converters

addition, the fundamental magnitude will deviate slightly from are in either charge mode (rectification) or drive mode

what it is assumed to be for equal SDCSs. (inversion).

Using this strategy with the voltage values shown in (8) and
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