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Abstract DC link capacitor have been proposed in [4], [5]i [82].

This paper proposes a pv based bbokstvoltage/current  Varies types of modulation method have been proposed
source inverter using ape vector pulse width amplitude previously such as optimized puaddth-
modulation technique. For a voltage source inverter, themodulation[13],improved SpaééectorPWM control for
switching loss is reduced by 89%, compared to a conventionalifferent optinization targets and applications [L{]6], and
sinusoidal pulse width modulation (SPWM) method. For adiscontinuous PWM (DPWM) [17]. Different switching.

current source inverter, the switching loss isugsdl by 65%.

In both cases, the power density is increased by a factor of 2
to 3. In addition, it is also verified that the output harmonic
distortions of SVPWAM is lower than SPWM, by only using
onethird switching frequency of the latter one. AKW
boog-converterinverter prototype has been built and tested
using this modulation method. The mamum overall system
efficiency of 97.7% has been attained at full power rating. As
a result, it is feasible to use SVPWAM to make the buck
boost inverter suitabl for applications that require high
efficiency, high power density, high temperature, and low
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URRENTLY, two existing inverter topologies are u<ed n
for hybrid electric vehicles (HEVS) and electric vehicles 25kW Bi-directional
(EVs): the conventional thrgghase inverter with a high velt DC-DC Converter
age battery and a threase pulse width modulation (PWM)

inverter wih a dc/dc boost front end. The conventional PWM

inverter imposes high stress on switching devices and motor Figure 1. Typical configuration of a series PHEV.

thus |l imits the motorédés constant power speed range (CPS
which can be alleviated through theidc boosted PWM .
inverter. Sequencarrangement can also affect the harmonics, power

loss and voltage/current ripples [18]. DRWWhas been widely
Fig. 1 shows a typical adiguration of the series plig used to reduce the switching frequency, by selecting only one
electric vehicle (PHEV). The inverter is required to inject low zero vector in one sector. It results in 50% switching
harmonic current to the motor, in order to reduce the windingfrequency reduction. However, if an equalt-put THD is
loss and core loss. For this purpose, the switching frequencyequired, DPWM camot reduce switching loss than SPWM.
of the inverter is designed witha high range from 15 to 20 Moreover,it will worsen the device heat transfer because the
kHz, resulting in the switching loss increase in switching temperature variation. A double 120 flattop modulation
device and also the core loss increase in the motor stator. Timethod has been proposed in [6] and [7] to reduce the period
solve this problem, various sefivitching methods have been of PWM switching to only 1/3 of the whole fundamental
proposed [1][3]. Active switching rectifier or a diode period. However, these papers didt compare the spectrum
rectifier with small of this method with others, which is not fair. In addition, the

4016



International Journal of Applied Engineering Research ISSN-@862 Volume 13, Number 6 (2018) pi216-4025
© Research India Publicatian#ttp://www.ripublication.com

method is only specifietb a fixed topology, which caiot be the adjacent two setors. For example, in sector VI and |, phase
applied widely. leg A has no switching at all. The dc link voltage thus is

This paper proposes a novel generalized PV based SIOaCde|rectly generated from the output line to line voltage. In

vector pulse width amplitude moltion (SVPWAM) method Sector | no zero vectas seleced. ThereforeSl and<2 keep

for the buck/boost voltage source inverter (VSI) and currentconsmnt ON, an@3 and6 are doing PWM switching. As a

source iaverter (CSI). By eliminating the conventional zero result, if the output voltagis kept at the normal threghase
vector in the space véctgr modulatio% sthird and onahird sinusoidal voltage, the dink voltage should be equal to line

S P : ’ : to-line voltageVac at this timeTheregionin VSI, the device
switching frequency reduction can be achievedvisl and

CSI, respedively. If a unity power factor is assumed, an 89% voltage stress is equal to-tlck voltageVDC, and the current

switching loss reduction can be implemented in VS|, and astress is equal to output currémt Thusthe switching loss for

65% reduction can be implemented in CSI. AW boost each switch is

converter inverter system has been developed and tested based

on the S\PWAM method. A 90% power loss reduction I I i
compared to SPWM has been observed. The two stag 1| 0 M P Sz| ([ NP I S3l 2 o] ]

efficiency reaches 97.7% at the full power rating. The power & - — S S5_
volume density of the prototype is 2.3 kW/L. The total weight ~ $¢ ™ t—-+" I ™ L—0uo™ 82 7L

of the system is 1.51 Ib. Therefore hmh-efficiency, high s; 22 23
power density, highemperature, and lowcost kW inverter = = &
is achieved by using an SVPWAM method. v v Vi
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Figure 4. Vector placement in each sector for VSI.
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Figure 5. Theoretic waviorms of delink voltage, output
line-to-line voltage and switching signals.

whered ~ [0, /3] is relative angle from the output voltage
vector to the first adjacent basic voltage vector like in Fig. 2.
If the time period for each vector maintains the same, the
switching frequency will vary with angle, which results in a
variable induatr current ripple and multi frequency output
harmonics. Therefore, in order to keep the switching period

0.015

Figure. 3. DC-link voltage of SVPWAM in VSI. constant but still keep the same pulse width as the original
one, the new time periods can be calculated as

A. Principle of SVPWAM Control in VSI

The pinciple of an SVPWAM control is to eliminate the zero The vector tﬁce_mef?t W'th'.n one switching cycle n each
vector in each sector. The modulation principle of SVPWAM S€ctor is shown in Fig. 4. Fig. 5 shows the outputtkne

is shown in Fig. 2. In each sector, only one phase leg is doiny©ltage and the switching signalssif .

PWM Switchin; thus, the switching frequency is reduced by

two i third this impses zero switching for one phase leg in
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B. Inverter switching Loss Reduction for VSI The switching loss for a conventional SPWM method is

For unity power factor case, the inverter switching loss isPSW | =(2/ )- (ImVD C/(Vrefliref)) - ESR- fsw.

reduced by 89% because the voltage phase for PWM eéeééecéédh
switching is within {60, 60], at which the current is in the

zero crossing.

In result, the switching loss of SVPWAM over SPWM is

f = 13.4%. However, when the power factor decreases, the
switching loss reduction amount decreases because the

switching current increases as Fig. 6 shows.

original equations for time periofl andT2 are

T1=3 3/ 2 mb)i2ed(36/ 2 dmis i n (

As indcated, the worst case happens when power factor is
equal to zero, where the switching loss reduction still reaches
50%. In conclusion, SVPWAM can bring the switching loss
down by 5089%.

Psw=((2a 3) J . (DCIVref\ref)ESR/? fsw € ..(3)

whereESR, Vref, Iref are the references.

SVPWAM FOR CSI

0.t
A. Principle of SVPWAM in CSI

E;E”' The principle of SVPWM in CSI is also to eliminate the
23 zero vectors. As shown in Fig. 7, for each sector, only two
= %“ 3 switches are doing PWM switching, since only one switch in
-~ upper phase legs and one switch in lower phase legs are
- ;’;'(). conducting together at any moment. Thus, facheswitch, it
s A only needs to do PWM
w

0 0.5 1
Power factor
Figure 6. (SVPWAM power loss/SPWM power loss) versus
power factor in VSI.
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Since theSVPWAM only has PWM switching in two 80

sections, the integration ovef 2an be narrowed down into switching in two sectors, which is otigird of the switching

integration within two 69 period. Compared to SVPWM with single zero vector selected
in each sector, this method brings dowime switching
frequency by onthird.

PSW 1=(2a3)/ *(ImVD C/(vreflref)) Similarly, the delink current in this case is av6varied

ESR - fsw. (4) current. It is the maximum envelope of six output currdats:
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Ib,Ic,Tla,1lb,TIc, as shown in Fig. 8. For example, in

sector |, When compared to discontinuousV®BNM, if the half

Sl always keeps ONso the ddink current is equal téa . The switching frequency is utilized, then the switching loss of it
difference between dink current in CSI and dtink voltage becomes half of the result in (6). The corresponding switching
in VSI is delink current in CSl is overlapped with the phase loss ratio between SVPWAM and discontinuous SVPWM is
current, but ddink voltage in VSI is overlapped with the line shown in Fig. 11.

voltage, not the phaseNage.

The time intervals for two adjacent vectors can be calculate

in the same way as (1) and (2). According to diagram in Figfél:)ECTRl'WI ANALYSIS OF SVPWAM

7, the vector placement in each switching cycle for sixA fair compaison in switching loss should be based on an
switches can be plotted in Fig. 9. equal output harmonics level. Thus, the switching loss may
The SVPWAM is implemented on comt@omnal CSI through not be re_duced if the switching frequency heeds to be
simulation. Fig. 10 Shows the ideal waveforms of tre  noreased in order o compensate he hamonics. For example,
c_urrentldc , the output_phas_e ac current and_the SWitChingfrequency to achieve the same THD as continuous Png]\/I So
§|gnal_s_0f81 - The switching 5|gnal has_ two sections of PWM the switching loss reduction is much smaller than 56%
in positive cycle, but no PWM in negative cycle at all. Therefore, for the newly proposed SVPWAM, a spectrum.
analysis is conducted to be compared with other methods on
the basis of an eqluaverage switching frequency, which has
not been considered in paper [16].

In CSI, the current stress on the switch is equal to tHankic 1
current, and the voltage stress is equal to outputtditi@e

voltage, as shown the shadow area in Fig. 8 Thus, the

B. Inverter Switching Loss Reduction for CSI

switching loss for a singlenstch is determined by 5 WTHD =0.23%
2 — V3%4. - Vislpeak £
Psw_cs1 = —— ((1- i p_ — ESR fow- (6) é\’pn,l’l"l’l
i refdref
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A. Spectrum Comparison Between SVPWAM, SPWM, and
SVPWM

Figure 11.CSI switching loss ratio between SVPWAM and  1h€ object of spectrum analysis is the output voltage or cur
discontinuous SVPWM versus power factor. rent before the filter. The reason is that certain orders of har
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monics can be eliminated by sum of switching functions in
VSI or subtraction of switching functions in CSI. The
comparison is betven SVPWAM, DPWM, and continuous
SVPWM in VSI/CSI. The switching frequency selected for
each method is different, because the comparison is built o
an equalizedaverage switching frequency over a whole
fundamental cicle, in order to make the harmonics
conmparable at both low modulatioand high modulation
range. Assume that the base frequend® is

10.8 kHz. Thus, f® should be selected for
SVPWAM, andfO should be selected for continuous SVPWM
in VSI. In CSI, 30 , 2f0 , andf0 should be selected for
SVPWAM, discontinuous SVPWM, and continuous
SVPWM, respectively.

The modulation index selected here is the maximum-mod
ulation index 1.15, since the SVPWAM always only has the
maximum modulation index. Theoretically, the THD varies
with modulation index. The diink voltage is designed to be a
constant for SVPWM and an idear &nvelope of the output
six line-to-line voltages for SVPWAM. Thus, the harmonic of
the SVPWAM here does not contain the harmonics from the
ddi dc converter output. It is direct comparison between two
modulation methods from mathematics point of view.

Figs 121 14 show the calculated spectrum magnitude at first
side band of switching frequency range for three methods. |
can be concluded that the ideal switching function of
SVPWAM has less or comparable harmonics with SPWM and
DPWM.

B. Analytical Double Fouier Expression for SVPWAM

The expression of double Fourier coefficient is

(7)

Ann + B

WTHD =0.13%
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Figure 14. Spectrum of SVPWAM at switchindrequency.
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Table I: Integration limit for lineto-line voltageVa b )

faa
™
|5
|_.|

E =

[

wherey # [0, 2'] represents the fundamental cyote [0, 2]
represents one switching cycle. The double Fourier expression
coefficients can be derived as long as the rising edge of each
PWM waveform is known.

Vab(t) =Vdc(SL(t) T S3 (t)). (8)

So its doubleFourier equation is equal to the subtraction of
two double fourier equations for switching functions. The
voltage will be adopted during the motor start up as shown in
Fig. 16. Hence, the system will achieve optimum efficiency
when the motor is operatirgy little below or around nominal
voltage.
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Figure 15. SVPWAM-based boostonverterinverter motor
drive system.

Integrationlimits for Vab () is shown in Tables I. The coeffi
cients finally could be simplified into a closéam
expression in terms of Beel functions, which will not be
discussed here.

TOPOLOGIES FOR SVPWAM

Basically, the topologies that can utilize SVPWAM have two
stages: diodc conversion which converts a dc voltage or
currentinto a 6 varied delink voltage or current; VSI or CSI

for which SVPWAM is applied. One typical example of this

B. Voltage Constraint and Operation Region

It is worth noting that the SVPWAM technique can ohby
applied when the batteries voltage fati® the region

Vin 042Vl 1 | due to the stepp nature of boost
converter.

The constraint is determined by the minimum point of the 6
dc-link voltage. Beyond this region, conventional SPWM can
be implemented. However, the-tiick voltage in this case still
varies with 6¥ because of the small film capacitor we
selected. Thus, a modified SPWM with varyinglit

A ¢
onstant i
) : Constant power region
1k b= torque region
00 Variable Vnominal=230V
[~ Carrier ac Vdc_peak=325V
600 p= SPWM SVPWAM Vin=200V

400

Qutput Fower(w)

200

1 1 1 1 L1 1 1 1 1
02040608101214161820

structure is the boost converter inverter discussed previously Vi-Irms/Vin
However, the same function can also be implemented in a

single stage, such as Z/qu&¢iransZ source inverter [37]
[40].The front stage an also be integrated with inverter to
form a single stage. Take currdatl quasiZ-source inverter
as arexample. Instead of controlling the-tick currentipnto
have a constant average value, the open zero state duty
cycle Dop will be regulated iatantaneously to contropm to
have a & fluctuate average value, resulting in a pulse type 6
waveform at the real diink currentlpn , sincd1 is related to
the input dc currenin by a transfer function

==
Iy =— "B T 9
¥ B2l ©)
CASE STUDY

1-KW BOOSFCONVERTER INVERTER FOR EV
MOTOR DRIVE APPLICATION::

A. Basic Control Principle

The circuit schematic and control system for &W
boostconverter inverter motor drive system is shown in Fig.

Figure 16. Operation region of boosbnverterinverter EV
traction drive.

Figure 17.Variable carrier SPWM control in buck mode.

In SVPWAM control of boos mode, ddink voltage varies
with the output voltage, in which the modulation index is
always kept maximum. So, when-tilck voltage is above the
battery voltage, dtink voltage level varies with the output
voltage. The voltage utilization increased dhd total power
stress on the devices has been reduced.

C. Variable DGLink SPWM Control at High Frequency

When the output needs to operate at a relative high frequency,

15. 6¢ dclink voltage is generated from a constant dc voltagelike between 120 Hz and 1 kHz, it is challengingptdain a

by a boost converter,sing opeAoop control. Inverter then
could be modulated by a SVPWAM method. The
specifications for the system are PV input voltage is 200

V; the average dtink voltage is 300 V; output linto-line
voltage rms is 230 V; and frequency is from 60 Hz tdHz.

6y dclink voltage without increasing the switching frequency
of a boost converter. Because the controller does not have
enough bandwidth.

Furthermore, increasing boost converter switching frequency
would cause a substantial increase of the total switdbswy
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because it takes up more than 75% of the total switching lossand reducinghe size compared to traditional methods. The

The reason is because it switches at a completerent

picture of the hardware is shown in Fig. 18. It includes a DSP

region. Also a normal SPWM can not be used in this rangeéboard, a gate drive board, a boost converter, a -{ftrase
because the capacitor is designed to be small that it can natverter, heat sink, and a fan cooling system. The dimension is

hold a contant dc link voltage. Therefore, the optimaiption
is to control the dc link voltage to ber@&nd do a variable dc
link SPWM modulation, as explained in Fig. 17.

In this variable ddink SPWM control, in order to get ba&gr
utilization of the ddink voltage, an integer times between the

dclink fundamental frequency and output frequency is

preferred. When the output frequency is in [60 Hz, 120 Hz], a

6y dc link is chosen; when the frequency is in [120 Hz, 240

Hz], a 3 dc link is chosen; when the frequency is in [240 Hz,
360 Hz], a Z dc link is chosen

D.

Experiment Results

Boost IPM

T

BSP 28335

teink(Fan)

Figure 18.Hardware ture of the (kW SVPWAM boost
converter inverter.
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Figure 19. Output voltage and input current\sh = 20 V,Vd
cavg=60VVIrms=46 V,Po=40 W,fo=60 Hz,fs w=
20 kHz. order to demonstrate their merits in reducing power
loss

11 cmx 8 cmx 5 cm, am the total weight is 1.5 Ib.

The parameters used in the test are rated power: 1 kW; PV
voltage: 100200 V; rated line voltage rms: 230 V;-tiok
voltage peak: 324 V; switching frequency: 20 kHz; output
frequency: 60 Hizl kHz

2) SVPWAM Control at 60 HZ=igs. 1920 show the
output and input voltage, current waveform when PV input
voltage increases from 20 to 100 V, while keeping the boost
ratio constant. In this case, the output voltage increases
linearly with input voltage increase. The output power
increases in proportion to square of the input voltage.

Fig. 21 shows the efficiency test results by YOKOGAWA
WT1600 series power meter when the input voltage increases
from 100 to 200 V, while keeping the output power constant
at 1 kW. The output lingo-line voltage rms keeps at 230 V,
and the ddink voltage is a 8 varied waveform with 325 V
peak value. In the data record on the power méter,n6 ,

and Um nl represent the phase line voltages) s6, Irm
s4rm slrepresent ten times of phase currents, because ten
circles of wires have been wound on the curresmgsducer
core of
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Figure 20.Output voltage and input current\ah = 100 V,
Vd ¢ av g =300 WIrm s=230 V,Po=1 kW, fo=60 Hz,fs
w =20 kHz.
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Figure 21. Results of efficiency test at constant full power
rating 1 kW but different input Viage by YOKOGAWA
WT1600 series power meter. Wafggms from the top to
bottom: output lingo-line voltage beforelC filter, output

= 20 kHz.
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Figure 22. Results offficiency test at constant torque region

by YOKOGAWA WT1600 series power meter. Waveforms

from the top to bottom: output lire-line voltage beforéC
filter, output current. The input voltage keeps at 200

V constant; the déink voltage keeps at 300 &y voltage; the

current, input voltage, input current. The numbers displayedoutput voltage changes from 54 to 162 V, thus the power also

on the screen repent:Um n 6, Umn 1, Um n 4: RMS
value of output lineto-line voltage beford C filter, like the
first waveform showslr ms 6, Irms 1, Irm s 4 : ten times
of output line currenttJd ¢ 2 : input voltageld ¢ 2 : 10 times

changes from 280 to 850 W proportionally. When power is
equal to 1 kW, the voltage reaches at

nominal value 230 V. (a¥in = 200 V,Vd c av g = 300V,

of input current; F1: output power; F2: input power; F3: VIrms =162 Vo= 850 W fo

efficiency calculated from F1/F2; F4: total power loss:\(&)
=150 V,vd cav g =300 WIrm s =230 V,Po=1 kW, fo =
60 Hz,fs w = 20 kHz; (b)Vin = 200 V,vd c av g = 300 V,

VIrm s = 230 V,Po=1 kW,fo=60 Hz,fs w

= 60 Hz. (b)Vin =200 V,Vd c av g = 300 WIrm s =
54 V,Po =280 W,fo = 60 Hz.
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the power meterUdc2 is input dc voltage anitic2 is ten

E. Overall Efficiency and Power Loss Comparison Between

times of average input dc current. F1 and F2 are the measuré&avVPWAM and SPWM

output and input power, respectively. F3 is thecgghcy that

is calculated using F1/F2. F4 is the overall power loss. Fig. 2
shows the efficiency test results when the power increases i
proportional to output voltage below the maximum power .
while keeping the input voltage and-liitk voltage constant,
which is corresponding to the constant torque region in Fig.

16.

this waveform is shown in Fig. 21(b).

3) Output ThreePhase Voltage at 1 kHAWhen the
output frequency increases to 1 kHz, the measured voltag
and current waveforms and efficiency are shown in Fig. 23 a
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fig. 24 shows the measurefficiency when the pv input
Moltage increases from 100 to 200 V, all akW power
rating. The oveall efficiency increases as the input voltage
increases, because the efficiency of a boost converter
increases when the input valge increases. The maximu
efficiency at 1 kW reaches 97.7% at input voltage 200 V. Fig.
25 shows the joined results of the constant torque region and
constant power region in Fig. 16. It can be seen that the
maximum efficiency at constant torque region happens at its
Phaximum ouput voltage where the vedtge gain is equal to 1,
and the maximum efficiency at constant power region power
'’ happens at its minimum voltage gain point, which is also
equal to 1. At constant power region, the efficiency decreases
as the voltage increasesilehkeeping the power constant.

ig. 26(a) and (b) shows the power loss estimation (from the
oss model mentioned before) of the inverter when the power
Efficiency versus voltage gain results corresponding to Fig.
19. increases from 0 to full rating undévo methods. Since
the research target is only inverter, the test condition is based
on varying the output power by changing output voltage from
0 to 230 V. It is observed that in the SVPWAM method,
conduction loss accounts for 80% of the total power loss,
in the SPWM method, switching loss is higher than
conduction loss. The switching loss is reduced from 10 to 1.4
W from SPWM to SVPWAM. An estimated 89% switching
loss reduction has been achieved.
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Figure 24.Measured overall efficiency when input voltage (*

changes from100 to 200 V atkW power rating
Correspondinga Fig. 23 fo=60Hz fsw=20kHzVdcp e
ak=325VVd-Irms=230V).

150 V. The efficiency is around 84% for both cases, lower

than 60 Hz case.
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Figure 26.Comparison between inverter powesdes in the
condition that ddink voltage changes from 0 to full rating at
300 V: (a) SVPWAM, (b) SPWM.

CONCLUSION
He PV SVPWAM control method preserves the following ad

vantages compared to traditional SPWM and SVPWM

method.

1) The switching power loss igduced by 89% in VSI
and 65% in CSI, compared with the conventional

SPWM inverter system.
2)

The power density is increased by a factor of 2

[6]

[7]

[8]

[9]

[10]

becauseof reduced dc capacitor (from 40 tocF) [11]
and small heat sink is needed.
3) The cost is reduced by 30% because of reduced

passives, heat sink, and semiconductor stress.

High-efficiency, high-power density, higltemperature, and
low-cost 1kW inverter engine drive system has been

developed and $ted. The effectiveness of the proposed

[12]

method in redudion of power losses has been validated by [13]

the experimental
laboratory scale prototype
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