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Electric Vehicle Applications
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AbstracDThis paper presents a cascaded H-bridge multilevel internal combustion engine of a conventional vehicle with a
boost inverter for electric vehicle (EV) and hybrid EV (HEV)  pattery pack and an electric motor to drive the vehicle. The
applications implemented without the use of inductors. Currently combination offers lower emissions but with the power range

available power inverter systems for HEVs use a dctdc boost d ient fueli f fi | " d di
converter to boost the battery voltage for a traditional three-phase &1'd convenient fueling of conventional (gasoline and djese

inverter. The present HEV traction drive inverters have low power ~ Vehicles. An EV typically uses rechargeable batteries and a
density, are expensive, and have low ef®ciency because they needlectric motor. The batteries need to be charged regularly.

a bulky inductor. A cascaded H-bridge multilevel boost inverter Both HEVs and EVs need a traction motor and a power
design for EV and HEV applications implemented without the erter to drive the traction motor. The requirements foe t

use of inductors is proposed in this paper. Traditionally, each - . - .
H-bridge needs a dc power supply. The proposed design usesPOWer inverter include high peak power and low continuous

a standard three-leg inverter (one leg for each phase) and an POwer rating. Currently available power inverter systems f
H-bridge in series with each inverter leg which uses a capattir as HEVs use a dctdc boost converter to boost the battery voltage
the dc power source. A fundamental switching scheme is used to for a traditional three-phase inverter. If the motor is rimgnat

do modulation control and to produce a ®ve-level phase voltage. low to medium power, the dctdc boost converter is not needed,

Experiments show that the proposed dctac cascaded H-bridge - . . .
multilevel boost inverter can output a boosted ac voltage without and the battery voltage will be directly applied to the ineeto

the use of inductors. drive the traction motor. If the motor is running in a high pow
+ .
Index Term®Cascaded H-bridge multilevel boost inverter, mode, the dcxdc boost converter will boost the battery gelta

electric vehicle (EV)/hybrid electric vehicle (HEV). to a higher voltage, so that the inverter can provide higberep

to the motor. Present HEV traction drive inverters have low
power density, are expensive, and have low ef®ciency becaus
they need bulky inductors for the dctdc boost converters.
ECENTLY, because of increasing oil prices and envifo achieve a boosted output ac voltage from the traditional

ronmental concerns, hybrid electric vehicles (HEVs) angverters for HEV and EV applications, the Z-source inverte
electric vehicles (EVs) are gaining increased attentioe @u s proposed, which also requires an inductor [10].

their higheref®ciencies and lower emissions associatibdive A cascaded H-bridge multilevel boost inverter shown in

development of improved power electronics [1][3] and moterig. 1 for EV and HEV applications is described in this paper.
technologies [4]£[9]. An HEV typically combines a smallemraditionally, each H-bridge of a cascaded multilevel itse
needs a dc power supply [4]t[6]. The proposed cascaded
Paper IPCSD-08-070, presented at the 2007 Industry Applications Socittybridge multilevel boost inverter uses a standard thege-I

Annual Meeting, New Orleans, LA, September 23+27, and approved fo{,erter (one leg for each phase) and an H-bridge in series
publication in the IEEE RANSACTIONS ON INDUSTRY APPLICATIONS by

the Industrial Power Converter Committee of the IEEE Industry Applicationdith each inverter leg which uses a capacitor as the dc power
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which is managed by UT-Battelle for the U.S. Department of Energy und8iodulation control and to output ®ve-level phase voltages.
Contract DE-ACr?s-oSOFszz?zs. Lab | Experiments show that the proposed dctac cascaded H-bridge
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I. INTRODUCTION
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Fig. 2. Single phase of the proposed dctac cascaded H-bridge multilevel ©
boost inverter.
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Fig. 3. Capacitor voltage regulation with capacitor charging and discharg-
To see how the system works, a simpli®ed single phagg (2) Overall output voltage and load current. (b) Capacitor discharging.

topology is shown in Fig. 2. The output voltage of this (c) Capacitor charging.
leg of the bottom inverter (with respect to the ground) is= 1+ 5, =0.0nthe otherhand, B, andS; are closed (so
either + V4. =2 (Ss closed) or Vy.=2 (Sg closed). This leg that , = Vy.=2) andSs is also closed (sothat = + Vy.=2),
is connected in series with a full H-bridge, which, in turg, ithen the capacitor is charging.[= i > 0; see Fig. 3(c)], and
supplied by a capacitor voltage. If the capacitoris keptgbdh = ;+ ,=0. The casd < 0 is accomplished by simply
to Vg =2, then the output voltage of the H-bridge can take oreversing the switch positions of the 0 case for charging and
the valuest V4. =2 (S; andS, closed), 0 §; andS; closed or discharging of the capacitor. Consequently, the methodistm
Sz andS, closed), or Vy.=2 (S; andS; closed). An example of monitoring the output current and the capacitor voltage,
output waveform from this topology is shown in Fig. 3(a)that during periods of zero voltage output, either the dveitc
When the output voltage= ;1 + ;isrequiredto be zero,oneS;, S4, and Sg are closed or the switcheS,, Sz, and Ss
can either set; =+ Vgc=2and , = Vy=20r ;= Vy=2 are closed, depending on whether it is necessary to charge or
and 5 =+ Vg.=2. discharge the capacitor. It is this “exibility in choosingva to
Additional capacitor's voltage regulation control det&@l make that output voltage zero that is exploited to regulage t
shown in Fig. 3. To explain how the capacitor is kept chargedapacitor voltage.
consider the intervaly , the output voltage in Fig. 3(a) The goal of using fundamental frequency switching modula-
is zero, and the curremt> 0. If S; andS, are closed (so that tion control is to output a ®ve-level voltage waveform, wath
2=+ Vyc=2) and Sg is closed (so that; = V4.=2), then sinusoidal load current waveform, as shown in Fig. 3(a)héf t
the capacitor is dischargingc[= i< 0; see Fig. 3(b)], and capacitor's voltage is higher thaw.=2, switchesSs and Sg
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are controlled to output voltage waveform, and the switches 90—
S1, S2, S3, andS, are controlled to output voltage waveform
2, shown in Fig. 3(b). The highlighted part of the waveform in

Fig. 3(b) is the capacitor discharging period, during which
inverter's output voltage is 0 V.

If the capacitor's voltage is lower thav.=2, the switches
Ss and Sg are controlled to output voltage waveform, and
switchesS;, S, S3, andS, are controlled to output voltage
waveform 5, shown in Fig. 3(c). The highlighted part of the
waveform in Fig. 3(c) is the capacitor charging period, when
the inverter's output voltage is 0 V. Therefore, the capaslit
voltage can be regulated by alternating the capacitor'sgihg
and discharging control, when the inverter output is O V.

This method of regulating the capacitor voltage depends

Switching angle (Degree)

I I
on the voltage and current not being in phase. That is, one : : s
needs positive (or negative) current when the voltage isipgs g 1 &8 ik LR 18 B R B 5
through zero in order to charge or discharge the capacitor. Modulation index

Consequently’ the amount of CapaCItOI_’ VOItage the scheme % 4, Switching angle solutions for proposed dctac cascaded H-bridge
regulate depends on the phase angle difference of outgapgeo! multilevel boost inverter control.

and current. In other words, the highest output ac voltagkeof

inverter depends on the displacement power factor of tf IOa‘l’herefore the relationship between the modulation inaex

and the output voltage inder, is
I1l. SWITCHING CONTROL OF CASCADED H-BRIDGE

MULTILEVEL BOOSTINVERTERWITHOUT INDUCTORS 4 4
ms= —mj:
There are several kinds of modulation control methods

such as traditional sinusoidal pulsewidth modulation (3PW
[15]%[19], space vector PWM [20], harmonic optimization or There are many ways one can solve (2) for_the_angles. Here,
selective harmonic elimination [21]+[28], and active haric the resultant method is used to ®nd the switching angles. A

elimination [29], and they all can be used for inverter moddpractical solu.tlon' set is shown in Fig. 4, which is continsiou
lation control. For the proposed dc+ac boost inverter entr T0M modulation index 0.75 to 2.42 [26]. .
a practical modulation control method is the fundamentd fr Although it can be seen from Fig. 4 that the modulation
quency switching control for high output voltage and spwhfdex range for the ®ve-level fundamental frequency swigch

control for low output voltage, which only uses the botton§"tro! mlethod can reach 2.42, Whiﬁh is double that of the
inverter. In this paper, the fundamental frequency switghi raditional power inverter, it requires the capacitorsitage to
control is used. be kept constant atyc=2.

The Fourier series expansion of the fundamental frequenCyTradmonally, the maximum modulation index for the linear

(staircase) output voltage waveform of the multilevel ige operation of a traditional full-bridge bilevel inverter ing
as shown in Fig. 3(a), is SPWM control method is 1 (without third harmonic compen-

sation) and 1.15 (with third harmonic compensation, and the
VAV 1 ] inverter output voltage waveform is an SPWM waveform, not
V(It)=—= —(cos(n 1)+cos(n 2))sin(nit): 3 square waveform). With the cascaded H-bridge multilevel
n=1:85: inverter, the maximum modulation index for linear openatio
@ can be as high as 2.42; however, the maximum modulation
The key issue of fundamental frequency modulation contrsidex depends on the displacement power factor, as will be
is choice of the two switching angles and ». In this paper, shown in the next section.
the goal is to output the desired fundamental frequencygelt
and to eliminate the ®fth harmonic. Mathematically, this loa
formulated as the solution to the following: IV. OUTPUT VOLTAGE BOOST

As previously mentioned, the cascaded H-bridge multilevel
inverter can output a boosted ac voltage to increase thaibutp
power, and the output ac voltage depends on the displacement

This is a system of two transcendental equations with tRPWer factor of the load. Here, the relationship of the bedst
unknowns 1 and ,, and m, is the output voltage index. & voltage and the displacement power factor is discussed.

cos( 1) +cos( 2) = My
cos(51) +cos(5 2) =0: (2)

Traditionally, the modulation index is de®ned as It is assumed that the load current displacement andle is
as shown in Fig. 5. To balance the capacitor voltage, the net
_ \ 3) capacitor charging amount needs to be greater than the pure
V=2 discharging amount. That is, to regulate the capacitoityge
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Fig. 5. Capacitor charging and discharging cases.
with a fundamental frequency switching scheme, the folhgyvi
must be satis®ed:
A
icharging d
0 0

z
()

i discharging d > 0O

The charging and discharging of the current with an induc-
tance load can be classi®ed into three cases. The fundamenta

of the inductive load current is given by

i=1Isin(lt ) (6)
and the displacement power factor is
pf =cos(' ): @)
The three cases are as follows.
1o 1
Z Z1 Z Z 2
jijd + id + id id > 0: (8)
0 1 2
2) 1<’ 2
Z1 Z Z 2
jijd + id id > 0: 9)
0 1 2
3) 2<’ =2
Z: Z Z 2
jijd + id id > 0: (20)
0 1 2

Combining (6)+(10), it can be concluded that, for
1

P o (11)
and, for | <' =2.
1 cos(2)
pf  cos tan sin( 1) (12)
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Angle (Degree)

Modulation index

Fig. 6. Minimum phase displacement angle.

Modulation index

Displacement power factor

Fig. 7. Displacement power factor and output voltage modulation index.

For practical applications, direct use of (11) and (12) is no
convenient. Using minimum phase displacement angles is a
more convenient way to use (11) and (12). That means that,
if the phase displacement angle is greater than the minimum
angle, the voltage can be regulated anyway.

Fig. 6 shows the minimum phase displacement angle com-
puted by (5)+(12). From the ®gure, it can be seen that, for mod
ulation index rangen < 1:27 (the inverter output is a ®ve-level
waveform, not a bilevel or square waveform), the minimum
phase angle displacement is zero, which means that theicapac
tor's voltage can be regulated for all displacement powetols
in this modulation index range. For modulation index range
m > 1:27, the required minimum phase displacement angle is
shown in Fig. 6. Fig. 6 also shows the two switching angles.

The phase displacement power factor versus the output volt-
age modulation index is shown in Fig. 7.

It can be derived from Fig. 7 that the highest output voltage
modulation index depends on the displacement power factor.
The inverter can regulate the capacitor's voltage with a dis
placement power factor of one if the modulation index is aelo
1.27; if the modulation index is above 1.27, the displacegmen
power factor must be less than a speci®ed amount. For @actic
applications, the highest output voltage is determinednihe
load is determined.

Therefore, the conditions for the fundamental frequency As mentioned previously, there are many methods to do
switching scheme to eliminate the ®fth harmonic and to e#gul modulation control for the proposed dctac cascaded H-eridg

the capacitor's voltage are (11) and (12).

multilevel boost inverter without inductors. The fundartsn

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE. Downloaded on June 19, 2009 at 13:01 from |IEEE Xplore. Restrictions apply.



DU et al: H-BRIDGE MULTILEVEL BOOST INVERTER WITH NO INDUCTORS FOR VHICLE APPLICATIONS 967

Fig. 8. (a) Five-kilowatt dctac cascaded H-bridge multilevel boost inverter prototype. (b) FPGA controller. (c) Block diagram of FPGA controller. (d) Bench
setup.

frequency method with regulatéd,.=2 capacitor voltage is converter has been built using 100-V 180-A MOSFETSs as the
only one of the possible methods to output continuous powswitching devices [shown in Fig. 8(a)]. A real-time variabl
The traditional SPWM method can also be applied to th@utput-voltage variable-frequency three-phase moteedron-
inverter to boost the output voltage with a lower maximuriroller based on an Altera FLEX 10 K ®eld programmable
continuous output power and high switching loss but bettgate array (FPGA) is used to implement the control algorithm
THD for a lower output frequency range. It is also possiblEor convenience of operation, the FPGA controller is design
to use SPWM for low output frequency low output voltagas a card to be plugged into a personal computer, shown in
conditions and staircase waveform for high output frequen€ig. 8(b), which uses a peripheral component interconnest b
high output voltage range to achieve optimal performandts wto communicate with the microcomputer. To maintain the ca-
maximum continuous output power, lower switching loss, amghcitors' voltage balance, a voltage sensor is used to ttec
lower THD. It can also be seen that accurate load inductanceapacitors' voltage and feed the voltage signal into the APG
not required for controller design, and the controller ibust controller. The FPGA controller will output the corresporgd
independent of the leakage inductance of stator windings. Bwitching signals according to the capacitor's voltage.5Ahp
HEV and EV applications, sometimes, only short period peakduction motor was used to load the inverter, and the motor
power is required. The modulation control can store enesgy was loaded to less than 5 kW in the experiments. The block
the capacitors by boosting the capacitor voltage to a highdingram of the FPGA controller is shown in Fig. 8(c). The
voltage, which could be higher thary. when the vehicle is whole bench setup is shown in Fig. 8(d).
working in a low power mode. When the vehicle is working The switching signal data are stored in a 121024-b on-
in high power modes, the capacitors will deliver much highahip RAM. An oscillator generates a ®xed frequency clock
power than the continuous power to the motor load combinsinal, and a divider is used to generate the speci®ed tontro
with the battery, fuel cell, or generator. This feature giktatly clock signal corresponding to the converter output fregyen
improve the vehicle's dynamic (acceleration) performance Three-phase address generators share a public switchiag da
RAM because they have the same switching data with only
a different phase angle. (Because the switching data are sym
metric, the switching data are only for one half cycle.) For
To experimentally validate the proposed control schemeach step, the three-phase signal controller controls dhe a
a prototype 5-kW three-phase cascaded H-bridge multilewiess selector to fetch the corresponding switching data fr

V. EXPERIMENTAL IMPLEMENTATION AND VALIDATION

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE. Downloaded on June 19, 2009 at 13:01 from |IEEE Xplore. Restrictions apply.
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) ) ) Fig. 11. Normalized FFT analysis of phase current.
Fig. 9. Phase voltage waveform, linetline voltage waveform, and current

waveform with 15-hp induction motor loadh(= 2 .03, andf =60 Hz).

Fig. 12. Load current versus modulation index with diffarundamental
frequencies.

Fig. 10. Normalized FFT analysis of phase voltage. . .
the highest output voltages. These were implemented by

using an R+L load bank and compared to a traditional
the RAM to the output buffer according to the capacitor'swerter.
voltage. For these experiments, tetl load was ®xed, the modula-
Fig. 9 shows the output phase voltage waveform, linezliion index was changed with different fundamental freqies)c
voltage waveform, and phase current waveform with an outparnd the load currents were recorded. The load current ctoves
frequency of 60 Hz. The modulation index of the output vadtagrequencies 60, 100, 150, and 200 Hz are shown in Fig. 12.
is 2.03, and the capacitors' voltage is regulated/{g=2. The Fig. 12 shows that, in the working range of the cascaded
phase voltage waveform shows that the output voltage has ®@wdtilevel boost inverter without inductors, the load antrand
levels, the linexline voltage has nine levels, and the phade modulation index are linear. This feature is similarhe t
current is a near-sinusoidal waveform. traditional inverter and allows easy implementation f@qgical
Fig. 10 shows the normalized fast Fourier transform (FFBpplications.
analysis of the phase voltage, and that the ®fth harmonérys v In this experiment, to achieve the highest output voltages f
low (below 1%). Fig. 11 shows the normalized FFT analysibe cascaded multilevel boost inverter without inductand a
of the phase current, which also has a very low ®fth harmortie traditional inverter, two steps were involved. Firkg toad
content of 0.3%. was connected to the bottom traditional inverter to outgsut i
The experimental results and their FFT analysis all veri®b@jhest voltage; second, the load was connected to thedmbca
the performance of the fundamental frequency switching coH-bridge multilevel inverter with the same dc power supply
trol. The modulation index in this experiment is from 0 t02.0 voltage. The output voltages for the two cases are shown in
which is much wider than the normal modulation index ranggable I.
0+1.15 for traditional standard three-leg inverters. Table | shows that the highest output voltage of the cascaded
To further test the cascaded multilevel boost inverter, eld-bridge multilevel inverter is much higher than that of the
periments with load current versus modulation indexes withaditional inverter. The voltage boost ratio is highemttiad for
different fundamental frequencies were performed to aehiethe whole testing frequency range.

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE. Downloaded on June 19, 2009 at 13:01 from |IEEE Xplore. Restrictions apply.
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TABLE | [6]
HIGHESTOUTPUT VOLTAGE FORTRADITIONAL INVERTER AND
CASCADED H-BRIDGE MULTILEVEL INVERTER(DC Bus1s40 V)
[7]
[8]
[0l
[10]

[11
Table | also shows that the highest output voltage of the
inverter is decreasing when the frequency is decreasiigigh
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L. M. Tolbert, F. Z. Peng, and T. G. Habetler, 2Multilevel converters for
large electric drives,?EEE Trans. Ind. Appl.vol. 35, no. 1, pp. 3644,
Jan./Feb. 1999.

C. B. Jacobina, E. C. dos Santos, M. B. de Rossiter Correa, and E. R. C. da
Silva, 8AC motor drives with a reduced number of switches and boost in-
ductors,9EEE Trans. Ind. Applvol. 43, no. 1, pp. 30+39, Jan./Feb. 2007.
L. Ben-Brahim and S. Tadakuma, @A novel multilevel carrier-based
PWM-control method for GTO inverter in low index modulation region,°®
IEEE Trans. Ind. Appl.vol. 42, no. 1, pp. 121+127, Jan./Feb. 2006.

L. Schuch, C. Rech, H. L. Hey, H. A. Grundling, H. Pinheirand

J. R. Pinheiro, 2Analysis and design of a new high-ef®ciency bidirectional
integrated ZVT PWM converter for dc-bus and battery-bank interface,®
IEEE Trans. Ind. Appl.vol. 42, no. 5, pp. 1321+1332, Sep./Oct. 2006.

M. Shen, J. Wang, A. Joseph, F. Z. Peng, L. M. Tolbert, and D. J. Adams,
aConstant boost control of the Z-source inverter to minimize current ripple
and voltage stressJEEE Trans. Ind. Appl.vol. 42, no. 3, pp. 770+778,
May/Jun. 2006.

] Z. Du, L. M. Tolbert, and J. N. Chiasson, 3A cascade nhell inverter

using a single DC source,® i@onf. Rec. IEEE APEMallas, TX, 2006,
pp. 426+430.

because the impedance of the inductor is decreasing. Anot

12] K. A. Corzine, F. A. Hardrick, and Y. L. Familiant, 2A ceaded multi-
€ level H-bridge inverter utilizing capacitor voltages soes,° in Proc.

issue is that the boost voltage ratio is decreasing when the IASTED Conf.-PESPalm Springs, CA, 2003, pp. 290+295.

frequency is decreasing; this is because the power factor

13 J. N. Chiasson, B. !zpineci, and L. M. Tolbert, 2Five-level three-phase

increasing for the ®xed+L load.
[14]
VI. CONCLUSION

The proposed cascaded H-bridge multilevel boost invertﬁg]
without inductors uses a standard three-leg inverter (egéadr
each phase) and an H-bridge in series with each inverteAleg.
fundamental switching scheme is used for modulation cdmtr!)l
to output ®ve-level phase voltages. Experiments show lleat t
proposed dc+ac cascaded H-bridge multilevel boost inveate [17]
output a boosted ac voltage with the same dc power supply,
which has a wider modulation index range than a traditiongh]
inverter. The application of this dctac boost inverter onvHE
and EV can result in the elimination of the bulky inductor of; g,
present dctdc boost converters, thereby increasing therpow
density.

6]
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