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Article Info ABSTRACT

. . A three-phase neutral point clamped (NPC) convéstpresented for power
Article history: factor correction and dc-link voltage regulatioeTadopted converter has
Received Jan 1?5 2012 simpler circuit configuration compared to threedeWM converters A
Revised Apr 1% 2012 simplified space vector pulse width modulation sohe (SVPWM) is
A ted A 2;? 2012 adopted to track line current commands. Using apléied SVPWM
ceepted Apr 27, algorithm, the calculate time for the time duratioh voltage vector is
reduced. The adopted NPC converter has less pavitehes compared with

the conventional three-level NPC converter. Onbheipower switches and

Keyword: four clamping diodes with voltage stress of ha#f tic bus voltage are used
neutral point clamped converter, in the circuit configuration. Based on the proposeditrol algorithm, a
space vector modulation, reference voltage vector is generated on the auirial for drawing the
power factor sinusoidal line currents with unity power factor.iuuter simulation results

based on MATLAB/SIMULINK are presented to verify thalidity and
effectiveness of the proposed control strategy
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1. INTRODUCTION

Diode or phase-controlled rectifiers are widelylizgid in the front-end converter for the
uncontrollable or controllable DC-bus voltage imustrial and commercial applications. However, low
power factor and non sinusoidal line currents aesvd from the AC source owing to a large electiolyt
capacitor used on the DC link. Power pollutantshsas reactive power and current harmonics result in
line-voltage distortion, heating of the transfornsere and electrical machines, and increased lossée
transmission and distribution line. To meet thevaht standards in Europe and America, severakiurr
wave-shaping solutions have been proposed to azhpewer factor correction and current-harmonic
reduction. Multilevel rectifiers and inverters haleen proposed for high power and medium-voltage
applications because they provide advantages sutihedow voltage rating of power semiconductorg an
low voltage harmonics. However, the disadvantageth® multilevel rectifiers are the large number of
power semiconductors in the circuit, a complex mdnscheme and the neutral-point voltage balance
problem. In industrial applications with a uniditiecal power flow, conventional multilevel convexdere
too expensive and complicated to implement. A tplease three-level AC/DC converter with fewer power
switches is presented to achieve almost unity pdaebor, to regulate the DC-link voltage and toiach
fast dynamic response. The circuit topologies oftiteuel inverters can be classified into neutralir
diode clamped (NPC) inverters [12-13], flying capmcclamped inverters [14—-15], and cascade futldp
inverters. Three-phase three-level NPC convertene wproposed in [18-20] to draw the sinusoidal line
currents in phase with mains voltages. The inpwvgrcfactor is close to unity. However, twelve power
switches and six clamping diodes are used in tleaiticonfiguration.
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2. PROPOSED EIGHT SWITCH NPC CONVERTER

Fig.1shows the circuit configuration of the adoptieee-phase NPC converter. Two NPC legs are
used in the converter. Each NPC leg has four p@sermiconductor switches and two clamping diodes.
Each power semiconductor has a voltage rating tff tha dc bus voltage. Three boost inductors are
connected to converter on the ac terminal. Thedactors are used to achieve boost operation and to
achieve line current filtering. The phase C is diseconnected to the midpoint of the split dc cafms.
Three valid voltage levels are generated on theemwinal voltages Vac and Vbc. Five voltage leais
generated on the voltaggnbased on the proper operation of two NPC legsc Aub voltage controller is
used to balance the power demand between the amesand dc load. A current controller is used ttawb
the reference control voltage vector of the corareiThe simplified space vector modulation is addgp
obtain the time duration of the selected voltageams. The time intervals of power switches coroesjing
to the selected voltage vectors are calculatedritee dhe converter. The control goals of the praubs
converter are to obtain a constant dc-link voltagejraw the sinusoidal line currents, and to aehienity
input power factor.
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Figure 1: Proposed three phase two legexer

A balanced three-phase three-line ac source isingbé adopted system. The sum of the
instantaneous three-phase voltages and currentsds

Xa ¥ Xp ¥ %, =0 (1)
Where x can be phase voltage or line current. fiteetphase voltages and currents in the steady
state are expressed as

VSa = VSm COth)
Vsb = Vsm COth - 277/3) (2)
v, =V, codwt +277/3)

isa = I sm COth)
isb =1 sm COth - 2”/3) (3)
i, =1, codwt+277/3)

Where Vsm and Ism are the peak source and peadntuf three-phase ac source, respectively,
@ is the phase angle between the source voltagérendurrent. From the voltage equations on the ac

terminal of the converter shown in Fig. 1, we have
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L dlia = sa ri sa _VaN

di .
Ld_?[b =V~ Mgy =Vin (4)
L% :Vsc - risc _VcN

dt

In the steady state, the reference control voltageshe stationary reference frame can be
calculated from (2)—(4) for the given source voitagnd the obtained line currents from the outpthe
control loop. The differential equation of (4) daa rewritten in the orthogonal coordinate and esged as

L4l =V, -rl -V (5)
dt
Where
H isa Vsa VaN
| -(IS"J-Ci v—(vs" =clv, | v=[ *|=cly (6)
s | - sb | Vs ™ v - sb |» - v - bN
¥ isc ¥ Vsc s VCN

For a unity power factor operation, the phase angbetween the line current and phase voltage is. zero
Fig. 2 shows the phasor diagram of the converterufuty power factor operation. For the rectifier
operation, the line current is in phase with phadéage. There is a phase lag between the soultageo
Vs and reference control voltage V. The magnitud phase angle of the reference control voltagaV

be calculated from (6) and expressed as

\'
V|= V2 +V5,6=tan* £ 7)
Va
> i, v,
h
wLi,
v
7

Figure 2: Phasor diagram of the converter for updwer factor operation

With the generated voltage vector in (7) on thaeaminal, the line currents are controlled to be
sinusoidal waves with nearly unity power factor Haer, the calculation time of trigonometric functio
and square root operation is too long. The higlioperance of digital controller is needed to obttie
reference voltage vector.

For the adopted three-phase NPC converter, eighepewitches, and four clamping diodes are
used.

The power switches Sxy and Sxx = a,b ; y = 1,2) are complementary to eachrmtihavoid the
short circuit in each converter leg. Three validitshing states are available in each convertertteg
achieve three voltage levels vdc/2, 0, -vdc/2 andh terminal. For example of converter leg a,uger
two power switches ;gand S, are closed to achieve voltaggo¥V.=Vqd2. In this operation state, line
current i, is decreasing becausgar Vsa- Vs <Vg¢d/2. If the power switches,8 and $, are closed to turn
on, the ac side voltaggoequals -y=2. For this operation state, line current isaseasing because,y=
Vea- Vsc > - Vgd2. A zero voltage level is generated on the veltaac if the middle two switches,.Sand
S,, are closed. For this operation condition, the phagrent 4, is increasing (or decreasing) if the line
voltage V. is positive (or negative). Based on the above rifgigins of three operation states in each
converter leg, there are nine possible switchinglmoations in the adopted converter to control lthe
currents.
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The voltages measured on the ac terminals depetiteasiates of power switches and can be
expressed as

-_— —_ Vdc
VaN - Vao + VoN - fa 7 + VoN (8)
- —_— Vdc
VabN - Vbo +V0N - fb 2 +V0N (9)
VcN = VoN (10)

where yy is the voltage between the dc bus midpoint o Aagobint N on the ac source, and f
and f, are defined as

1 if S, andS,, areclosed
f. =<0, if S,andS,,areclosed
-1, if S,,andS,, areclosed
1 if S,, andS,, areclosed
f, =40, ifS,, andS,, areclosed
-1, if S, andS,, areclosed

(11)

Applying (6) into (8)—(10), the ac terminal voltagi® the orthogonal coordinate system are given by

1 f, 1
v, —% fa _7 Vdc’V,G —2—\/5 fdeC (12)

Based on the combinations of the switching statesviches, there are nine valid voltage vectors.
The switching combinations can be represented éytHer sets [3 S S1, S, where §; = 1 denotes
that power switch § is closed, and ;3= 0 denotes that power switch Sal is open. Thees saotation
applied to power switches,5S,, and & The reference control voltages ®nd 4 in the orthogonal
coordinate can be obtained from the ac terminatagels y. and vy in the abc coordinate system by
applying (12). These voltage vectors are given by

TABLE 1: THE OPERATION STATES ANDCORRESPONDINGSPACEVECTORS OF THEPROPOSED

CONVERTER
vector (Sal’ Sa2’ Snl’ Soz) Vo Vs M
v, [0104] 0 0 000
Vl [ 1'1'0’1] E 0 E 0ao°
J6 J6
V, [1221] v vy vy
c c c D600
2./6 2.2 J6
v, [ 0111] vy vy Vg
G G c 1120
2.6 2.2 J6
Vv, [ 010’11] — 3, Va Vi
——do —de_ c 1150
2./6 2.2 V2
V, [0001] 7 0 7
—de —de 1180
J6 J6
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Figure 3: Space vectors and the sectors # plane

Fig 3 gives the nine switching combinations and the cpweding voltage vectors in tl
orthogonal coordinate. There is one zero voltaggorgV0), six small voltage vectors (V1, V2, V35)\
V6, V7), and two large voltage vectors (V4 and VBhe vectors Viand V5, V2 and V6, V3 and V7 a
opposite in direction. The small voltage vectorgeha length of '4V6 on the orthogonal coordinate pla
The other two vectors V4 and V8 are opposite in digtibut their vector length isq/V2. These nine
voltage vetors divide the whole circle into four sectorsctees 1, 2, 5, and 6) with © angle duration and
four sectors (sectors 3, 4, 7 and 8) with® angle duration. Fig. 3 and Table | show the deéinibf these
sectors.

2.1 Calculation of switching timesfor Reference Vector

The space vector modulation and the sequencindefselected switching vectors have b

proposed in [9]H1]. Based on the nine possible voltage vectoregded by the converter, there are e

sectors in the coordinatesystem. The reference control voltage vect” can be synthesized within o

cycle time of length T. The reference control vgéiavector \'can be expressed as
V* =m Vdc ej@

22

Where m is a modulation index. The PWM will achiglaess comnanded voltage. Based on 1
space vector technique, the reference control geltaector \ can be expressed by two adjacent voli
vectors

(13)

. T
v :vx%wy?y 14)

Where Tx and Ty are time duration of voltage vextéx and Vy, respectively, each sector. The
time durations Tx and Ty have the following coruti

T AT, +T, =T (15)

Where TO is the time duration of voltage vecte. The relationships between each sector ani
corresponding two adjacent vectors to composereference voltage vector as given in Table 2.
example, three voltage vector;, V,, and \4 are used to compose reference voltage vec'in the sector
1 (0*-60). The reference voltage vecto'is synthesized by
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. T T.
V' =V 1+Vv, 2 16
17 Ve (16)

By projecting the control voltage vector and twgeaént vectors onto the real and imaginary parthem.-
B coordinate system, one can obtain the followirgtiens
Vv = Ve b 1y Ve T2 . Vdc T,

V —<
/6T 26T F 206 T

The time durations of the selected switching vextgr V,, and \§ are easily calculated and expressed as

17)

Table 2: Time Durations of the Switching Vectorghe Corresponding Sectors

Time duration of power

S.No Sectors Time duration of adjustment voltagstors switches
Tsa: Tsa: stJ st:
1 1 T @V T —QV T T2 = ZﬁVﬂT T+T, T T, T
Vdc dc dc
2 *
2 2 T —ﬁv T +£V T T3 \/EV T + \/_V,BT T, T To+T3 T
Vdc Vdc Vdc Vdc

V6, 32 -6, 2

3 3 T,=—V, T +——V,; T T, = V, T +—V; T 0 TotTs TotT, T
Vdc Vdc dc Vdc
4 4 T, = 2\/EV[’;T T, = @v T+ 3\/5 0 0 T T
Vdc Vdc Vdc
To+T
5 5 Ty= —@V T +£V T T, = 2—\/EVIQT 0 0 T
dc Vdc Vdc
To
6 6 T,= —@VT—QVT T7—@VT—£VT 0 T#T; 0
dc Vdc dc Vdc
To
7 7 T, = @VT—?’\/E T-ﬁVT+£VT Te T 0
Vdc Vdc dc Vdc
— TotTy
8 8 T, = 2\/Evr;T T = 6 \/_V T TgTa T 0
Vdc Vdc Vdc

Sequencing of power switches within one switchiegqad T

Table2 give the sequencing of the power switcheseictors 2-8, respectively. The reference
voltage vectol" can be composed to control the line currents witity power factor. In the conventional
space vector modulation, the magnitude and phagle af the reference voltage vector must be given t
determine the sector location and to calculatdithe duration of adjacent vectors. This controloaiinm
is so complicated that it requires a long compatatime. To reduce the computation time of trigoetna
function and square root operation in (7), fouedrare defined to divide the whole circle into éiggrtors.
These four lines are

P,y =0,p,:y =+/3x
P :y:—\/§x,P4:y:—x/\/§

(18)
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Therefore, any point of reference voltage vectoriV the orthogonal coordinate system can
determine its location through these four equatior(d8). Table 3and Fig. 4 give the relationsthpswveen
the sector where the reference voltage vector & ilin and the values of variables P1-P4.

TABLE 3: RELATIONSHIP BETWEEN SECTOR WHERE REFERENCE VECTORES AND PL-P2

Sector

1 2 3 4 5 6 7 8

P1 1 1 1 1 0 0 0 0

P2 0 1 1 1 1 0 0 0

P3 1 1 0 0 0 0 1 1

P4 1 1 1 0 0 0 0 1
P1,PL,PL,P1 (1,011 (11,11 (1,101 (100.0(0,1,0,0) (0,0,0,0) (0,0,1,0) (0,0,1,1)

P4:v= —xh.g
Figure 4: Relationship between sector where reterenector lies and P1-P4

Variables P1-P4 are defined as
v, >=0(p, =1) v, <0(p, =0)
vy >=3v,(p, =1 v, <3v,(p, =0)
vy >=3v, (P, =1) v, <=3y, (p, =0)
Vg == v, /3(p, =1) Vg < -V, /3(p, =0)

Now we can use variables P1-P4 to determine thersebere reference vectdt* lies in and to

calculate the time duration of power switches. Mizwalation of trigonometric function and squaretroo
operation is needed in the adopted algorithm.

(19)

2.2 Proposed Controller
Control Block

s Vg 6}1“@
i* _ N —_— v*
" + voltage sd current 8* e
de _% controller controller - Tl SVPWM 5_13
v Vg @iy dqg—aff . (19-(27) —» 3?‘_
i* =0 — current ‘t{ - ¥ | & (29) .
et _% controller -
iﬂe
:;‘3 % iyd’ '!I.fq ivm"' v.e.q'
;i—,m PLL }—ﬁ abc/d-q ’—- abc/d-q
a
- e
i %
im’ is L isc v:a’ vsb' vsc

Figure 5: Block diagram of the proposed controbalhm
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Fig. 5 give the control block of the proposed cohélgorithm. A dc bus voltage controller is used
to balance the power demand between the ac sondcdaload. A current controller is used to obthie
reference control voltage vector of the converfdre simplified space vector modulation is adopted t
obtain the time duration of the selected voltagetams. The time intervals of power switches coroesfing
to the selected voltage vectors are calculatedritee dhe converter. The control goals of the praubs
converter are to obtain a constant dc-link voltagejraw the sinusoidal line currents, and to aahienity
input power factor.

The algorithm of the closed-loop compensatordhéndynchronous reference frame is used in the
control scheme. A voltage controller is adoptedhitain the line current commang i

For a unity power factor operation, the line cutreammand Si; is set to zero. The reference
voltage vector Y in the synchronous reference frame can be obtdiyethe transformation from-
coordinate system to synchronous reference frame

dlie .
Ve=Vi-rli-L dts —jwlL (20)

Isd Isa Vsd Vsa
5= “|=T|. Ve = =T
) Isq ISI? ) Vsq VSI?
v, v, cosfd sind
V= =T T= _
v, v, -sind cosd

If the voltage drop on the resistor r can be nagtbadhen the reference voltage on the ac terminal
in the synchronous reference frame is expressed as

where

(21)

di :
Vd = Vsd - L_Sd + Wls.q (22)

di :
vV =v -L—=+wi (23)
dt ‘

Three-phase line currents are measured and tramsfointo the synchronous reference frame.
Based on (22) and (23), the voltage command orathterminal in the synchronous reference frame are
calculated. Using the coordinate transformatiommfritne synchronous reference frame into the statjona

reference frame, the voltage commanlisand V; are achieved. The sector where the referencegelta

vector lies in can be obtained based on the valt®i—P4. Two adjacent vectors and the time duraifo
power switches in each sector can be calculated. sElquencing of power switches shown in Table 2 is
exported to the gate drive circuits. The referevami¢éage vector V can be composed by the properly two
voltage vectors in each sector

3. SIMULATION RESULTS

3.1 Simulation Parameters

Some simulation is presented to confirm the validihd effectiveness of the proposed control
scheme. Simulation was performed in the SIMULINKIbox of MATLAB. The power stage parameters
of the three-phase converter are

Dc link capacitance: 220QF, Power switches: IGBT IRG4PC40W, Boost inductormH,
Switching frequency: 20 kHz, The line voltage i401V, source frequency : 60 Hz, The dc link voltage
equals: 400 V, Resistive Load R :20 ohms, R-L Ld=l15 ohms, L=5mH

3.2 Simulation Outputs

For R Load, simulated results of power factor wsthntroller are shown in Fig 8 and without
controller is shown in Fig. 8 Simulated resultsA@ terminal voltages for 400V are shown in Fig 9.
Simulated results of capacitor voltages fg=%00, Vo=500 and 600 are shown in Fig 9. Simulated
results of values P1 to P4 are shown in Fig 10e fEguired gate pulses for power switches are shown
Fig 11.

For R-L Load, simulated results of power factorhadontroller are shown in Fig 12. Simulated
results of AC terminal voltages for,¥400V are shown in Fig 12. Simulated results ofacitpr voltages
for V=400 and DC Motor Load

Three Phase Two Leg Neutral Point Clamped Converittr output DC Voltage ... (B. Sirisha)



146 O ISSN: 2088-8694
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Figure 8: Simulated Capacitor Voltages for Vo=500¥0=600V
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Figure 8: P1-P4 simulated results & Switching aigrof power switches
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4. CONCLUSIONS

A simple PWM scheme based on space vector modalédioan eight-switch three-phase NPC
converter is presented to save the calculation, ttm@btain the time duration of power switches] &m
control the line currents with unity input powectar. The circuit configuration is simple companeith
the conventional twelve-switch three-phase NPC edwryv. Only eight power switches and four clamping
diodes are used in the converter.

In the proposed converter, the dc bus voltageaatgr than two times of line voltageq(¥2Vine).
The size of capacitor in the proposed convertewise larger than that in the conventional twelwgtshes
NPC converter to maintain the same voltage ripyléh the proposed control scheme, the sinusoidal i
currents with unity power factor drawn from the smurce and constant dc-link voltage are achieved.
Computer simulation results are presented to detragasthe validity and effectiveness of the proplose
control scheme.
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