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Relationship Between Space-Vector Modulation
and Three-Phase Carrier-Based PWM:
A Comprehensive Analysis

Keliang Zhou and Danwei Wand/lember, IEEE

Abstract—This paper comprehensively analyzes the rela- easy digital implementation and wide linear modulation range
tionship between space-vector modulation and three-phase for output line-to-line voltages are the notable features of space
carrier-based pulsewidth modualtion (PWM). The relationships vector modulation.

involved, such as the relationship between modulation signals . .
(including zero-sequence component and fundamental compo- The comprehensive relation of the two PWM methods

nents) and space vectors, the relationship between the modulation Provides a platform not only to transform from one to another,
signals and the space-vector sectors, the relationship betweenbut also to develop different performance PWM modulators.
the switching pattern of space-vector modulation and the type Therefore, many attempts have been made to unite the two
of carrier, and the relationship between the distribution of zero types of PWM methods [16], [17]. The relationship between

vectors and different zero-sequence signal are systematically t d fund tal dulati . | derived
established. All the relationships provide a bidirectional bridge Space vVeCIors and iundamental modauiation signais was aerive

for the transformation between carrier-based PWM modulators  in [18]-[21]. Reference [17] suggested the relationship between
and space-vector modulation modulators. It is shown that all common-node voltagezéro-sequence voltagand the space
the drawn conclusions are independent of the load type. Fur- vectors on the basis of a three-phase inverter with a symmetrical
thermore_, the |mplement_at|0ns of both space-vector modulation Y-connected load. However, the dependence on the load [17]
and carrier-based PWM in a closed-loop feedback converter are | . . L : .
discussed. hinders the universal significance of its drawn conclusions.

This paper aims to reveal the comprehensive relationship be-
tween space-vector modulation and carrier-based PWM. The re-
lationship between modulation signals and voltage vectors, the
relationship between zero-sequence signal and space vectors,

I. INTRODUCTION the relationship between the modulation signals and the vector

ULSEWIDTH modulation (PWM) has been studied exSectors, the relationship between the sequence of space vectors
Ptensively during the past decades. Many different Pwﬁlnd the type of carrier, and the relationship between the distri-
' tion of zero vectors and different carrier-based PWM mod-

ators are systematically investigated without dependence on
the load type. Furthermore, the implementations of these two
and easy implementation and less computation time. PWM methods in the feedback closed-loop converter are dis-

For a long period, carrier-based PWM methods [1] Weireussedwith.corresponding solutions. Simulation results are pro-
widely used in most applications. The earliest modulatio\ﬂded to validate the drawn conclusions.
signals for carrier-based PWM are sinusoidal. The use of an
injected zero-sequence signal for a three-phase inverter [2] Il. CARRIER-BASED PWM
initiated the research on nonsinusoidal carrier-based PW
[3]-[7]. Different zero-sequence signals lead to different
nonsinusoidal PWM modulators. Compared with sinusoidal A carrier-based PWM modulator is comprised of modulation
three-phase PWM, nonsinusoidal three-phase PWM can extesighals and carrier signal.
the linear modulation range for line-to-line voltages. The operation of PWM can be divided into two modes [22],
With the development of microprocessors, space-vector mdad3].
ulation has become one of the mostimportant PWM methods for1) Linear Mode—In the linear mode, the peak of a modu-
three-phase converters [8]-[15]. It uses the space-vector con- |ation signal is less than or equal to the peak of the car-
cept to compute the duty cycle of the switches. Itis simply the  rier signal. When the carrier frequengy. is greater than

Index Terms—Carrier-based pulsewidth modulation, space-
vector pulsewidth modulation.

methods have been developed to achieve the following aint?
wide linear modulation range; less switching loss; less total h
monic distortion (THD) in the spectrum of switching waveform

. Basic Properties

digital implementation of PWM modulators. An aptitude for 20x modulation signal frequency, the gain of PWM
G~ 1.
Manuscript received November 3, 1999; revised July 6, 2001. Abstract pub- 2) Non”near Mode-When the peak of a quUIaﬁon signal
lished on the Internet December 5, 2001. is greater than the peak of the carrier signal, overmodu-

The authors are with the School of Electrical and Electronic Engineering lation occurs withG < 1. The six-step mode marks the
N Technological Uni ity, Si 639798 (e-mail:ed tu. . .
egg_ﬁagr)]_g ecnnologieal TVErsty, singapore (e-malledwwang@ntu. ¢4 of the nonlinear mode. The THD of output switched

Publisher Item Identifier S 0278-0046(02)00933-4. waveforms increases.

0278-0046/02$17.00 © 2002 IEEE



ZHOU AND WANG: SPACE-VECTOR MODULATION AND THREE-PHASE CARRIER-BASED PWM 187

glecting high-order harmonics, the output line-to-neutral volt-
agesU;n (i = a, b, c) satisfy

: L
N - Uiv=Su (i=abo) 2)
whereN is the neutral point of the dc bus.
When overmodulation occurs, i.¢u(k)| > 1, (1) and (2) are
not satisfied.
1 B. Carrier-Based PWM
. A universal representation of modulation signalét)(i =
P N S R a, b, ¢) for three-phase carrier PWM modulators is as follows:
5 wit) = uf () + ei(t) 3
] k. = TS- t k+ wheree;(t) are injected harmonics, ang are called funda-
) [ b= mental signals that are three-phase symmetrical sinusoidal sig-

t=kTs t=(k+1)T, nals as follows:

ur(t) =msin wt

Fig. 1. Two-level carrier-based PWM.
N ) 2m
ug (£) =msin <wt + ?>

Eno \ 4 L 4 4
A~ s () =msin (w + 5 ) @)
Swai-’\ Swp*’\ ch-),~’\
¢ oU . wherem is the modulation index, angf, (¢)+u} (t)+u’(¢) = 0.
i ; | According to (2) and (4), the output line-to-neutral voltages
Ne | ¢ | ° U Uin(i = a,b,¢) (as shown in Fig. 2 ) are
= : | UeN E
VR | Uun(t) == [msinwt + e;(t)]
Swas SWb;,"\ St % 0
) = “r ‘
En o , l ; l ; Uyn(t) = 5 [msin(wt + 3 )+ ei(t)]

: ; E 4
| | | Uun(t) == [msin(wt + ) + i (£)]. 5
SWa| SWbi Swe. N(t) =5 [msin(wt + =) +ei(?)] (5)

The output line-to-line voltages,,,, U,., andU,, are

pw| [P“ M) pwn| Uy (£) =Unn (£) — Upne (8)
E
. . o Carrier zax/gm sin (wt + %)
L ou,
E . 5
o Uy Upe(t) :5\/§msm <wt+ %)
S uc
E 3
Uso(t) ==+/3m sin <wt + _7r) . (6)
Fig. 2. Three-phase PWM inverter. 2 2

o . _ . In the linear modulation range, (5) , (6), ahd| < 1 show
As shown in Fig. 1, in the linear mode, for carrier-based twehat output line-to-line voltages are equal to or less than dc-bus

level PWM modulators, we have voltageE. Therefore, the possible maximum modulation index
tog — to— =urTs TManax 1S 2/\/3 in the linear range, and we have
1
tk-i— 25(1 + uk)TS -1- U’Tnin(t) S el(t) S 1- U’Tnax(t) (7)
tr— :%(1 — U/k)TS (1 where U’;knin(t) = min(ul’;(t), U’Z (t)v U’: (t))’ and U’;knax(t) =

2 | ' max(u (1), u (1), w2 (1)),
wheret,.4 andt,_ are the positive and the negative pulsewidths ;i< clear that the injected harmonieg?)

in the kth sampling interval, respectively(k) is the normal- jine (6 jine voltages. Therefore;(#) is usually called agero

ized amplitude of modulation signal in thgh sampling in- sequence signdlL4], [21], ande;(#) can be calculated by
terval (u(k)| < 1); and the normalized peak value of the car-

rier signal is 1. Equation (1) is usually referred to as Hugial eilt) = l(ua(t) + up () 4 ue(t)). (8)
Voltage—Secongrinciple [14], [18], [24]. 3

Fig. 2 shows a three-phase PWM inverter without consid- ¢;(t) = 0 yieldssinusoidalPWM. In the linear range, from
eration of the load type. In the linear modulation range, né4) and (5) andu;| < 1, we havem,,,,x = 1 and the maximum

do notappearinthe
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modulation occurs.

_L
Whene;(t) # 0, nonsinusoidaPWM occurs. Where,;(¢) —
is a suitable signal, such ag(t) = m/6sin(wt) [2], all the 0 f 0 l/f 0 f Note:
tops ofu} () are cut bye; (). muyax iS 2/v/3 and the maximum ~ §o-g00 §1=100 §2=110 §3=010 o
output line-to-line voltages reach in the linear range. Dif-
ferente;(t) leads to different carrier-based PWM modulator:! L ! LL 1 L 1
for three-phase converters [4], [5] . It shows that suitab{e) a ,
can extend the linear modulation range of three-phase RSPV —c — —
modulators. 0 f f 0 ( 0 f ( 0 f
In terms of the switching characteristics, PWM schemes ci  $4=011 35=001 S6=101 §7=111
be divided into continuous PWM and discontinuous PWM in (@)
the linear modulation range. B
For continuous PWM schemesl — «f, (t) < e(t) < $3(010) . S2(110)
1—u*, (t) (m < 2/+/3). Therefore, in each carrier signal U3 U2
period, each output of the converter legs is switching betweent
positive or negative rail of the dc link, whereas, for discontinuot
PWM schemes, inthe linear modulationrange, the zero-sequel
componeng;(t) = —1 — v, (t)ore,(t) = 1 — uf . (¢). Ob-
viously, in each carrier cycle, one modulation signal will be equi
to “+1” and the corresponding leg is tied to the positive or negi 5
tive rail ofthe dclink without switching actions. Thus, fromanav:
erage view, compared with continuous PWM schemes, discont
uous PWM schemes can reduce the average switching freque
by 33% and cause less switching loss.

=

output line-to-line voltages ar¢/3/2E. Whenm > 1, over- ! LL k ! L k ! k

oo
oo
oo

1’'= EN2
’0’=-E/2

[el=a~]
oo

O

U4 ' 50(000)00
5401,

§7(111)07

Ill. SPACEVECTORPWM

For the three-phase two-level PWM inverter as shown i.. S5(001) Se(101)
Fig. 2, the switch function is defined by (9), shown at the (b)

bottom of the page. where= a,b,c; “1” denotesE'/2 at the Fig 3. space vectors. (a) Eight switching states. (b) Voltage vector space.
inverter output(a, b, ¢) with reference to poiniV; “0” denotes

—E/2; N is the neutral point of the dc bus. In one sampling interval, the output voltage vedtocan be
There are eight switch statés = (SW, SW, SW.), i = written as

0,1,...,7 (as shown in Fig. 3). The output voltages of the in- . 0.~ t - tr

verter are composed by these eight switch states. Define eight Ut) = EUO + iUl +-+ iU7 (11)
voltage vectorifo - [000]’ U7 = [111] corresponding to where to,t1, -+, 17 are the turn-on time of the vectors
theswﬂch stateso,--- S,,respectlvelx. Thelgngths ofvectorsU Uttt >0 27 t — T andT. is the
U7, -, Us are unity and the lengths éf, andl/- are zero, and ~*’ pllnglt]m(g Lrrm b = B Zui=0 % = e s

these elght vectors form the voltage-vector space as displayée e
in Fig. 3. The voltage-vector space is divided up into six sectoréi]ccord'ngjO (10) and (11), the decomposition Gfinto
R

U; has infinite ways. However, in order to reduce
In the vector space, according to the equivalence princip
e number of switching actions and make full use of active
the following operation rules are obeyed:

turn-on time for space vectors, the vectoiis commonly split
into the two nearest adjacent voltage vectors and zero vectors

Uj - U} Uy and U~ in an arbitrary sector. For example, in sector 1, in

Uy =—U; one sampling interval, vectdr can be expressed as

ﬁ3:_% — Tl—» TQ—» T7—» To—»

> = o U=—=U1+=Uy+ =U; + =U, 12

Up=U;=0 T, 1+T5 2+T5 /+TS 0 (12)
U+ Us +Us =0 (10) wherel, — Ty — T, = Tp + Ty > 0,1y > 0 andTy > 0.

S — 1, the upper switctt W, is on and the bottom switchIV; _ is off ©)
710, the upperswitctfW; is off and the bottom switcl§W;_ is on
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TABLE |
SPACE-VECTORMODULATION ALGORITHM
Sector I Sector II Sector IIT
0wl I<wt< I (& <wt<m)

g

Ty = ¥mT,cos(wt+ ) | To = LmT, cos(wt + 17) | T3 = BT, cos(wt + &)
Ty = BmT, cos(wt + &) | Tz = LmT, cos(wt + X&) | Ty = BmT, cos(wt + &)
To4+T =T, ~T,-Ty | To+Tr=To—Ty—Ts | To+Ty=T, T T,
Sector IV Sector V Sector VI
(rewt< ) (Fxut<®) (5 < wt < 2m)

Ty = BmT, cos(wt + Iy | Ty = LmT, cos(wt + 57) | Ty = BmT, cos(wt + Ly
Ts = @st cos(wt+ %) | Tg= @mﬂ cos(wt+ %) | T = ‘/Tngs cos(wt + “T”)

L+ =T,-T,-T; L+ =T, -T5 - T h+Tr=T,-T —

IS

Let the length of/ bem* E, then we have SeCtOé II
U
m* _ Tl 1 T2 1 (13) ‘\\ ZI_j
sin 2% T, sin(f —¢) T, sing’ ) \ Sector I
AP ector
Thus, /,/' \/§
Iy T 7r ¢ w3\ =2
Tt ot = ——m* 4 = AU
T \/gm Sln(3 wt) \/gm cos(wt + 6) 0\ l f .
1 2 L. . 2 (wt + 37r) 0.5 ; 1
— =—=M SIMWl = —=1 COS{W - P
T, V3 V3 2
To+17 =T, -1 — T 14
ot 7 =L —4— 12 (14) Sector IV \__ Sector VI
where2nr < wt = ¢ < 2nw + /3. \‘\\\ T Y
The Iength and angle ot/ are determined by _vectors T T
Uy, Uy, - -+, Us that are callecactive vectorsand Uo, U are 3 Sector V

called zero vectors Decomposition oft/ in all six sectors is
shown in Table I. Equations (12) and (13) are the Commonﬁg. 4. Modulation range for space-vector modulation.
used formulation of the space-vector modulation modulator.
It is shown that the turn-on timek;(i = 1,---,6) for active is S,-S5-55-5,-S5-S5-51-- - -[3]. Furthermore, it should be
vectors are identical in a different space PWM modulatopointed out that the trajectory of voltage vectdr should
The different distribution off; andZ*; for zero vectorgields be circular while maintaining sinusoidal output line-to-line
different space-vector PWM modulators. voltages. From Fig. 4 and (20), in the linear modulation range,
There are not separate modulation signals in each of tiwaen the lengthn*E of U = V3/2E, the trajectory oft/
three phases in space-vector modulation technique [3]. Insteleicomes the inscribed circle of the hexagon and the maximum
a voltage vector is processed as a whole [8]. For space-vedaplitude of sinusoidal line-to-line voltages is the dc-bus
modulation, the boundary between the linear modulation rangeltage £. [12], [15], providing several useful overmodulation
and the overmodulation range in vector sector | is strategies for space-vector modulation.

Moreover, for space-vector PWM, there is a degree of

Ts =T + 1> freedom in the choice of zero vectors in one switching cycle,
T =Tp = 0. (15) i.e., whethgon or U7 or both. ' '
For continuous space-vector schemes, in the linear modula-
From (14) and (15), we have tion range, botlt/; andl/; are used in one switching cycle, that
_ is, 7> > 0andTy > 0.
m* _ sin 3 (16) For discontinuous space-vector schemes, in the linear modu-
1 sin( 2; — @) lation range, onlyl/y or only U7 is used in one switching cycle,

that is, 7> = 0 or Ty = 0.
Therefore, the boundary between the linear modulation range

and the overmodulation range is the hexagon [3], [15] in Fig. 4.y RELATIONSHIP BETWEEN CARRIER-BASED PWM AND
The linear modulation range is located within the hexagon. If SPACEVECTOR PWM

the voltage vectof/ exceeds the hexagon, as calculated from
(14), T, + T> becomes greater thah and unrealizable. Thus, A~ Modulation Signals and Space Vectors

the overmodulation region for space-vector modulation is out- Comparison between the two-level carrier-based PWM and
side the hexagon. In the six-step mode, the switching sequettte space-vector modulation in sector | [18] is illustrated in
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E e Carrier Modulation signals E

P Ua(kTs) /\
N U,(kTs) i

S UgkTs)
~_

1 Note: *1’= E/2
UaN— ; : ; ; "0'=-E/2
0;—. E é g E v
P 1— — 5
UbN— : ! ! :
O P
P 1 T P
N e : : N
Ob————— S
S ot h Stat H 3 1 H H — 1 — 1 1
S;gu%nce e! So| 81 [% | S7 | $2] 51 _[30]
't T2y T2 (T2/2 T7 1 T2/27 TU2 | TO2:
t=1‘§Ts t=(k!+1)Ts
Fig. 5. Carrier-based PWM and space-vector modulation in sector I.
TABLE I
ZERO-SEQUENCEe; (t) AND SPACE VECTORS
Sector NO. | Space Voltage Vectors Zero Sequence e;(t)
I T,=T1+T+T+T |e(t) = (-2 - 1T + 12+ T1)
II Ty=T+T+Th+T7 | et) = (—j{-l—lﬁ—?,%-i-%)
il T=T+Ti+T+T [e(t) = (-R - 12 +31E+T)
v T,=T+T+Th+Tr &)= (-2 + 372 — 37 + L)
Y L=Ts+Te+T+T7 |et) = (-2 —iE +3: 2+ L)
VI |L=T+Ti+T+Tr [e@= (B4 LT

Fig. 5. Based on thEqual Voltage-Secongfinciple and Fig. 5,  The representations ef(¢) in the other five sectors are listed
we have in Table II.

_E, _E Equations (18) and (19) represent the relationship between
UanT, _E(ua +e)ls = E(Tl +h+ T~ 1) the modulation signals and the space vectors. Therefore, an ar-

_E, _F bitrary carrier-based PWM modulator can be easily transformed
Uon T _E(ub +e)l = E(TQ +Tr -1 - Th) into an equivalent space-vector modulation modulator. It seems
UnT, :E(U: +e)T, = 5(—T1 T 4T —T). that (19) is the same as the formulation for common-node

voltage in [17]. However, a symmetrical Y-connected load with
(17)  acommon node is connected with the inverter in [17]. Equation
Thus, (19) is independent of this assumption. Equations (18) and (19)
(T1 +Ts +T5 — Tp) are of universal significance.

U =
T . . .
(4T - Ty - T) B. Transformations Between Modulation Signals and Space
Up = T Vectors
(=T1 —To +T7 — Tp) 18) According to (6) and (17), we have
U = . E
Te l]ast I(lfa]\f — l[b]\f)TS = i(u: — uZ)TS = ETl
From (8) and (18), theero-sequencggnale; (¢) is calculated E
by chTs :(UbN - UcN)TS = E(uz - U/Z)Ts = ET2
1 TO 1 Tl 1 T2 T7 FE * «
ei:§(ua+ub +uc):_i_§i+§i i U Ty :(UCN—UQN)TS:E(UC—U,Q)TSI—E(Tl—i-TQ)

(19) To+T» =T, — T — Tp. (20)
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TABLE Il v, v L
FUNDAMENTAL SIGNALS AND SPACE VECTORS ua*
Sector I Sector I1 Sector ITI
* * __ 217 * ok . _ 213 * _ % _ 203
ua—ub—gql Uy — Uy = E;’L Uy uc—%
* * __ * * * * 4
Up —Ue = TE | U mUg = T | U — U =
Sector IV Sector V Sector VI o — ot
* ¥ 2 * x _ g * * _ 21 T i 7
ua—ub——g ua—ub—gf ub—uc——-%:“
* * * * __ * * __ 1
Thus,
ur — uy _2h ™
a b Ts
" . 213 Fig. 6. Relationship between vector sector and fundamental modulation
Uy — Ue = T (21) signals.

Equation (20) shows the direct relationship between the

line-to-line voltages and the space vectors in sector |. It alSOEquations (26) and (27) are the well-known 3/2 transforma-
indicates that the output line-to-line voltages are determined fiyn and 2/3 transformation, respectively. Because of the sym-

the active vectorsnot thezero vectorsEquation (21) shows metry of space sectors, the above transformations can be ex-
the relationship between the fundamental signals and the spgGfied to all other five sectors.

vectors in sector I. The relationships between the fundamental

signals and the space vectors in all six sectors are listeddn pmodulation Signals and Space-Vector Sectors

Table III. . . . .
From Table |7, andT5 are calculated as follows: The relationships between the modulation signals and the

. V3 o« space-vector sectors are displayed in Fig. 6 and Table IV.
— =—m sm(g — wt)

? \33 D. Distribution of Zero Vectors and Zero-Sequence Signal
?2 =5m sinwt For space-vector modulation, duefip+17 = T, — 17 — 13,
T+ T, =T, — T, — T) 22) there are infinite different ways to distributg andi~. Different

distributions ofl; and?% yield different space-vector modula-
tion modulators. A unified representation for the distribution of
o andT7 in sector | can be written as

wherey = wt is defined as shown in Fig. 3
Comparing (14) with (22) leads to the relationship betwe
length coefficientn* of U and modulation index: of the three-

phase carrier-based PWM as follows T7 =Ko(wt) Tyero
m* = gm. (23) To =(1— Ko(wt)) Tyero
As shown in Fig. 3, we have Loero =T =11 = T (28)
tan(y) :E wherel > Ko(wt) > 0; Ty > 0, T7 > 0; T1 andT>, are deter-
Ty mined by (22). Wherl > Ky(wt) = ko = const > 0, the cor-
Lo —m* cos responding space-vector PWM modulators have been discussed
T in [18], whereas, a carrier-based PWM modulator is determined
% —m”* sin . (24) ?g/r its(LtJ)nique zero-sequence signal and a unified representation
El C;
Thus, 77 andZ; can be expressed as . .
T1 _\/3 oo o T(y 1 TB G :KO(UJt)(]‘ - umax) + (1 - KO(UJt))(_]‘ - umin)
T, ~ ey e = - E =ho(L —ul) + (1= ko)(—1 —u?). (29)
T, V3 . 2 T3 ) With the help of (19), it is easy to find an equivalent zero-
.~ 2™ sin(wt) = T, (25)  sequence signal for an arbitrary distribution of zero vectors, and

Therefore, according to (21) and (25), bidirectional transfothe opposite is true. Here are some typical examples.
mations between fundamental signals in theb, ¢) plane and 1) Continuous PWM:e;(t) = 0 yields sinusoidal carrier-
active space vectors in tife,, 3) plane are derived as follows: based PWM with maximum modulation index,.x = 1 in

% 1/1 _% _% u‘i tgg Iintcaar mpdlflati%n rta.rg)gcte_ as (sﬁr:owndi; Eig. 7(?). ?c.:cording to
<§—f>:§<0 @ _§> Zi (26) (19), its equivalen IS;UIOI’] o and7% in sector | is
and ¢ To :75(1 —mcos(p))
w\ _af b 8\ E nehen b 60
u | = 3|72 % <& ) 27) _ e;(t) = m/6sin(3¢) I(_eads to third harmon_|cs injec-
uk _% _§ T tion PWM (HIPWM) [2] with maximum modulation index
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TABLE IV
SPACE-VECTOR SECTORS ANDFUNDAMENTAL MODULATION SIGNALS

Sector I Sector II

Sector ITI

Sector IV Sector V Sector VI

uy > up > up | ug > up > ul

up > up > u;

uy > up > up | up > oup > up | up > ur > uy

Modutation Signal

Modulation Signal

Modulation Signal

Fig. 7. Modulation signals of continuous PWNM:(= 1.0). (a) SPWM. (b

HIPWM. (c) SYPWM.

Mmax = 2/\/3 in the linear modulation range as shown ir}iC

Fig. 7(b). Its correspondingy and?* in sector | are

Ty =5 [1 = m(cos() — 5 cos(39))

To =T, — T, — Ty — Top.

(31)

Modutation Signal

Fig. 8. Modulation signals of discontinuous PWk: (= 1.0). (a) DPWML1.
(b) DPWMMAX. (c) DPWMMIN.

el(t) = 1/2(1 - U’;;lax) + 1/2(_1 - U’ilin) brings Symmet'
al PWM (SYPWM) [18], [20] with maximum modulation
indeXmumax = 2/+/3 in the linear modulation range as shown
in Fig. 7(c). Its corresponding, and?% in sector | are

1
Ty =17 = §(TS -1 —1). (32)
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Zero Voltage!
States H

Fig. 9. Transitions between different switching states.

Pattern I
So [31] &2 | 57 [ 2 [S1] %o
TOR2 T2 T2 T2 TR T2 T2 TOR
t=k Ts Ts 1=(k+1)Ts
Pattern Il
S 51 3 S1 S0
@ 50 [ 51 ] | $1]
072 T2 T2 | T2 TI2 TOR2
T
=k Ts s t=(k+1)Ts
S1] 3] 57 [ &2 [ &
()
T2 T212 T2 T2 T22 TI2
t=k Ts Ts t=(c+1)Ts

Pattern I

S0

[ 51 ]

52 |

S7

57 ]

2

| 51 ]

S0

™ T1 T2 7 7 ™ TI TO0
t=k Ts s t=(k+)Ts Ts 1=(k+2)Ts
Pattern [T
@ S0 [S1] & SEEN 5o
0 T T2 T TI TO
1=k Ts Ts t=(c+1)Ts Ts 1=(k+2)Ts
o [S1] %2 ] 37 57 [ &2 [ &1
T T2 hy] b, ™ TI
1=k Ts Ts t=(k+1)Ts Ts t=(k+2)Ts
Fig. 11. Equivalent switching patterns for single-edge carrier-based PWM.
LC Filter
O— a
Y PR
+ 3-Phase . /J ;
DCBUS E Immﬂ——J“NLJK;I_ |
Bridge ©
o i
SWi
*
u%ref .
Upyeef Controller & bf
x ¥ ‘u
U cref PWM Modulator | “ef
L "
Reference signals Feedback signals
Fig. 12. Instantaneous feedback CVCF PWM inverter.

Fig. 10. Equivalent switching patterns for double-edge carrier-based PWM.

2) Discontinuous PWM (DPWM)For DPWM1 [24] as E. Switching Pattern of Space-Vector Modulation and Carrier

shown in Fig. 8(a)¢;(t) can be expressed by
L 1- U’;kna.x |U’;knax| 2 |U’;knin|
“= { -1- U’;;nn |U’;§1ax| < |u;;1in| (33)
DPWM1’s equivalent distribution dfy, andZ*[14] in sector
| are

To=T, - T, ~TH(0< ¢ < %;T7:0)

T =T, - Ty — To(% < 53 Tp = 0). (34)
For DPWM withe; (t) = 1—u} ..., (DPWMMAX) its equiva-
lent distribution of zero vectorsi§ = 0Oand?l; =T, -1 15
in all six space-vector sectors [as shown in Fig. 8(b)].
For DPWM withe;(t) = —1—u* ,  (DPWMMIN), its equiv-

alent distribution of zero vectors®& = 0andiy =1, — 11 —
T in all six space-vector sectors [as shown in Fig. 8(c)].

Type

Whenthemodulationsignalswithfrequerf@andacarrierwith
frequencyf... aredetermined, acarrier-based PWM modulatoris
determined. The main performance ofa carrier-based PWM mod-
ulator is determined by its modulation signals. However, a carrier
affectsthe superior performance ofthe modulator, too.

The main function of the space-vector modulation strategy is
to determine the pulsewidth for active vectors within each sam-
pling interval (i.e., voltage-second average over that interval)
which contributes fundamental components in the line-to-line
voltages. The optimal sequence of the pulse within the sampling
interval leads to a superior-performing space-vector modulation
modulator. In this section, the relationship between carrier type
and switching pattern of space-vector modulation is discussed.

The leading feature of DPWM is that the switching actions Fig. 9 shows all the possible transitions between different
of a DPWM modulator are 2/3 as much as those of a contidwitching states, every single arrow representing one switching
uous PWM modulator with identical carrier frequency. Feweiction only. For example, a transition from st&teto S, needs
switching actions leads to less switching loss. The maximuswitching action of at least one bridge leg, while the transition

modulation indexmn .« for all DPWM modulators i§/\/§ in
the linear modulation range.

from S to S, needs at least three switching actions [3], [17] . It
shows that the switching pattern of the space-vector modulation
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PWM with a carrier frequency /7. The typical carrier for

A the double-edge carrier-based PWM is the triangle carrier. In
pattern I, there are six switching actions for the three legs of the

inverter during one sampling interval. In pattern I, there are

(b) four switching actions in one sampling interval. The number of

Fig. 14. Closed-loop feedback PWM modulator implementation. (&), j: . . 0
Nonsinusoidal carrier-based PWM modulator. (b) Space-vector F,V\%NltchmgactlonsforpatternII|sonly67/oofthatofpatternI.

modulator. Fig. 11 shows the equivalent switching patterns for the
back-to-back single-edge carrier-based PWM with a carrier
in one sampling interval does affect the number of switching atequency1/T. The typical carrier for the single-edge car-
tions. Fewer switching actions leads to less switching loss. Aler-based PWM is the sawtooth carrier. In pattern |, there are
transitions between arbitrary two successive space vectorstfmee switching actions for the three legs of the inverter during
the optimal switching pattern need only one switching actiame sampling interval. In pattern Il, there are two switching
(as shown in Fig. 9). actions in one sample action. The overall switching frequency
In Figs. 10 and 11, two kinds of optimal switching pattern obf pattern Il is only 67% of that of pattern I. It shows that, at the
space vectors in sector | are displayed. Pattern | which adop#sne sampling frequenay7Z, the switching actions of pattern
both S, and S; in one sampling interval is corresponding td (or Il) in Fig. 11 is 1/2 as much as that of corresponding
continuous PWM. Pattern Il which uses only one zero switchirgattern | (or II) in Fig. 10.
state, eithesS, or Sz, is corresponding to discontinuous PWM. Furthermore, the center-pulse switching pattern results in
Fig. 10 shows the equivalent switching pattern of space-vectamimization of the harmonic distortion of the inverter currents
modulation for the center-pulse double-edge carrier-basgq, [26] .

Ut
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V. CLOSED-LooPFEEDBACK PWM MODULATOR [3]

All the modulators discussed open-loop PWM modu- 4]
lators. In a closed-loop feedback PWM system as shown

in Fig. 12, the fundamental components(¢) of modu- [
lation signalsw;(¢) are generated by the sum of reference
signals wj.¢(t), up, (1), uh(t) and feedback voltages [g

Uay(t), w s (t), uey(t). Fig. 12 shows a closed-loop feedback
constant-voltage constant-frequency (CVCF) PWM inverter. In
this inverter, nonsinusoidal PWM modulators, such as HIPWM, [
SYPWM, etc., cannot be implemented as shown in Fig. 13,
otherwisem,,,.x Of the linear modulation rangg 2/\/3. The [8]
carrier-based PWM modulators should be implemented as
shown in Fig. 14(a). Its corresponding space-vector modulation[g]
modulator should be implemented as shown in Fig. 14(b). In
Fig. 14(b), Table Il is used to locate the space vector sector,
and Table IV is used to compute corresponding active spadédl
vectors. Therefore, the appropriate modulation signals or space
vectors can be generated. [11]

Fig. 15 shows the simulation results of the conventional
implementation and feedback implementation of an SYPWM12]
modulator. Fig. 15(a) shows that overmodulation occurs (i.e.,
modulation signat> 1) with modulation index» = 1.0 and  [13]
the modulation signal is distorted; Fig. 15(b) shows modulation
is inside the linear range withh. = 1.0 and the modulation
signal waveform is the same as the modulation signal as showH!
in Fig. 7(c)

From a practical viewpoint, it is more important to study [15]
the closed-loop feedback PWM. The essence of the problem is
how to generate the zero-sequence signal or zero vectors pro[gé]
erly. It should be highlighted that the maximum index,.. in
the linear modulation range for closed-loop feedback PWM is
2/+/3 with a suitable zero-sequence signal or zero vectors. 171

VI. CONCLUSIONS
. . . . (18]
In this paper, the relationship between the carrier-based

PWM and space-vector modulation was comprehensively
investigated. The relationships between the modulation signa[%gl
(include fundamental signals and zero-sequence signal) and
space vectors, between the modulation signals and space-vector
sectors, and between the switching pattern of space-vectiol
modulation and the type of carrier were discussed and estab-
lished. All the relationships provide a universal platform not
only to implement transformation between carrier-based PWMp1;
and space-vector modulation, but also to develop different
performance PWM modulators. All the analyses are indepen-
o : . r{lzz]
dent of the load type. It indicates that the possible maximu
modulation indexm,,., for all PWM modulators is2/v/3
in the linear modulation range. Furthermore, the problem of23]
feedback PWM was highlighted with corresponding solutions.
Simulation results were provided to support the claims. [24]
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