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A Unified Carrier Based PWM Method In Multilevel Inverters
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ABSTRACT

This paper presents a systematic approach to study the carrier based pulse width modulation (PWM) techniques applied

to diode-clamped and cascade multilevel inverters by using multi-modulating patterns. This method is based on the

description of controllable redundant parameters in the modulating signals. A unified mathematical formulation is

presented for carrier based PWM methods, which obtains outputs similar to the corresponding space vector PWM. A full

and separate control of the fundamental voltage, vector redundancies and phase redundancies can be obtained in the carrier

based PWM.

In this paper, the proposed PWM method and corresponding algorithm for generating multi-modulating signals will be

formulated and demonstrated by our simulations.

Keywords: Multi-carrier, Multilevel inverter, multi-modulating patterns, Multi-modulation

1. Introduction

The two most common multilevel inverter topologies
are the diode-clamped and cascade inverters as shown in
Fig.]1 and Fig.2. For their control, the carrier based
unipolar PWM (CPWM) and space vector PWM
(SVPWM) methods have been used the most in practice
B3] The SVPWM is implemented based on a vector
diagram and highlighted for its control flexibility. The
implementation at higher level inverters still remains
sophisticated.

The CPWM technique is implemented using carrier
waves and modulating signals. For the diode-clamped
inverter, the multi-carrier phase disposition technique
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(PD) shows a proper solution. For the cascade inverter, the
PD discontinuous PWM would give similar performance!*.
Even though the previous PWM methods have been
developing in practice for years, the correlation between
them has been accepted based on somewhat heuristic
investigations™. The concept of vector redundancy, which
presents a flexible character of the SVPWM technique,
has not been presented in the CPWM methods. The
modulating pattern(MP) method has appropriately
clarified the vector character of the SVPWM-CPWM
correlation”. The vector redundancy is presented by
related redundant factors in the zero sequence function.
Recent studies'®’”) have shown that if more active
redundant vectors in the smallest triangle area are
involved in the sampling period (Fig.3c), better regulation
of the dc neutral point voltage can be obtained. However,
the unipolar PWM is not available for this purpose. The
cascade multilevel inverter has its phase redundancies.
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A-phase leg circuit, carrier waves and modulating
pattern diagram of a five-level diode-clamped
inverter

The problem is that the phase redundancies are hidden
from the vector diagram and the unipolar PWM can not
distinguish the phase redundancies. In several methods, to
utilize the phase redundancies, modified modulating
signals or modified multi carrier wave systems have been

RN RN

introduce However, a unified mathematical

formulation would be needed to represent vector
redundancies and phase redundancies in the reference
modulating signals.

The previously described problems can be solved by
using carrier-based multi-modulation, which has several
modulating signals per phase and represents vector and
phase redundancies by corresponding multi-modulating
patterns(MMP). The proposed multi-modulation is able to
implement a maximum number of active redundant
vectors and fully control the phase redundancies in
cascade multilevel inverters.

This paper describes MMP, multi-modulation equations
and introduces an algorithm to generate multi-modulating
signals. In a three-phase multilevel inverter the
fundamental voltage, vector redundancies and phase
redundancies can all be controlled separately in the PWM

modulator. This makes the control more flexible.

2. Basic Terminology

The multi-carrier phase disposition (PD) technique will
be selected as a unified carrier wave system in the

proposed method as shown in Fig.4.
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Fig. 2 Circuit diagrams of a five-level cascade inverter

Vector analysis has been used effectively to study the
SVPWM control of multilevel inverters. In the abc

coordinate system, the reference vector

~. _
vV =[va,vb,vc]r can be analyzed as a linear

combination of three pivot vectors U,,U, and U, as

follows:
K +K, +K; =1;
0<K,,K, Ky <1 @

The reference V" consists of an active component
Vi =[v,, ,Vblz,Vm]T and a zero sequence component
V, =v,[L1,1]". Let’s define a fundamental modulatin

0 oLlsds g

function (V,,1y»V,s(1y>V,eqy) in relation to the voliage

vector amplitude and argument, and dc voltage as

Ve = o0
Vdc /(n - 1)
- (3)
Vo = mcos{@ 27/3)
Veey = —/(—cos( 0 +2x/3).
dc

Let’s define functions Maxand Min the largest and

smallest values from among (v, ),V,50y5 Vo) @nd

function Mid as the value between the Max and
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Min values. The parameters K, , K, and K; are
proportional to the switching time durations 7,7, and

T} of the three pivot vectors and they can be calculated as

follows P1:
T— I | =
I =

LA B ved

]
;j k 1032 ZEI [ 1

i

3

r T T T 1 r T ¥ T l'o- 2y T T T T 110-3
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time 5] time fg] - time [g]
a) b) c)
Fig. 3 Different sequences of voltage states va0,vb0 and vc0

with a) three switching states, b) four switching states
and c) six switching states

K, =1+ Int(Max— Min) — (Max— Min)

for TVMINR- areas
K, = —Inf{ Max— Mid) + (Max— Mid)
K, =1+ Int(Mid — Min) —(Mid — Min)
K, =1+ Int(Max— Mid) — (Max— Mid)

K,=1-K, —K, 4)

} for TVMAXR-areas

where the conditions for TVMINR (two vector with
minimum level of redundancy) and TVMAXR (two vector
with maximum level of redundancy) areas are:

§ = Inf Max— Min) — Inf Max— Mid) — In{ Mid— Min)
S s 0 for TVMINR - areas (5)
R for  TVMAXR - areas .

Under consideration of the existing redundancies of
three pivot voltage vectors, a complete expression of the
reference vector can be performed as follows:

V= K, (510010 +4 101 pFet é:l,/rll_jl,m )+
K, (520(720 +&, 1021 Tt é:z,/rz (72,1r2 )+ (6)
K, (§30U30 +& 1031 ot é:3,/r3 U3,1r3 )

where the parameters / + » corresponding to the vectors

Uj, j=123 termed as levels of vector redundancies

are determined for an n-level inverter as follows:

l,, =n—1—In{Max— Min)
l,, =n=2—In{ Mid- Min)— In{ Max— Mid) (7)
lr3 :lr] _1‘

The distribution of the switching time durations of
Sk o

following

redundant vectors defined by the parameters
j=123 ; k=0,12

conditions as

[ . satisfies the

20 ;:'/

Sjotépn+sptatd =136, 20. (8

Three vectors Uyg,U,p and Us, termed as vectors
with zero redundant factors (ZRF) satisfy the condition as

UnotUs0+ U0 <Upg +Ujp0 +U 20 <Ussg FUj30+U509)

Any of the redundant vectors U jO,U U i = 1,23
can be expressed through ZRF vector as follows:
Uy, =U, +kV, (n-1)1 (10)

i =[I,1,1]T is a unit vector and parameter kK is a

redudant factor.
Modulating pattern (MP) is defined as a set of three
small phase signals, corresponding to voltage vector

U and derived from the dc-voltage source ¥y as

follows:

ﬁjk = Ujk (n_l)/Vdc - [P ijkan//( ]T (11)

ajk >

Each component as Pajk,By.k and P presents a

cik
phase modulating pattern (PMP). All the MPs are
presented in an MP vector diagram (Fig.1c). Three MPs

with the lowest zero sequence Pj0 can be determined as

follows:

[P

a

P

T T
IO’PblO’BlO] Z[Pmin’ min’Pmin] +

(1030, — M) ey, Min), I, g, — Min}
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[R::()’tho’ezo]r =[P, PhlU’le()]T +

ally»

. . . T
{[.fma\u ’ fmax ho ./maxv ] for
. . T .
[.fmidu d .fmidh ? -flllidL ] f()r

T T
[Pa,’»()’ Ph}()’ R-}o] = [Pamv Phl()’ Pz'l()] +

S=0
S=1

(it + S Soiar  Frsis Friae + Frnax 1
(12)
where
p :{I Jor v, =Max ; x=ab,c 03
0 else
_ 1 for v,,=Mid ; x=ab,c
St = {O else (9

The value P,;, is constant and equal to the smallest

PMP components in the MP diagram. For odd level n,
P

min

=—(n-1)/2. From (10) and (11), any MP p/.k

can be expressed through the corresponding ZRF MP and
redundant factor as follows:

P, =Py +kl;0<k<I,, j=123 (15)

Example |: For arca 2 in Fig.1, the parameters can be
determined as follows:

$0; [, =3 and I,=1,=2: P, =[-1,-2,-2]",

P, =[0-2,-2]", P, =[0,~1,-2]". It is satisfied, for
instance: B, =[1,0,0]" =[~1,-2,-2]" + 211} = B, + 2]

3. Correlation between the multi-carrier
multi-modulation and SVPWM

3.1 Multi-modulating pattern
In multi-modulation, each phase voltage is performed
by a set of p-modulating signals, p>1. Each modulating

signal is used to control N switching pairs. If N =1,

there arc p=(n-1) signals per phase and the
corresponding PWM is defined as a full multi-modulation.
For 1<p<(n-1), the system is simpler- termed as partial
multi-modulation (see Fig.4b), however its redundant

capability is appropriately decreased. Unlike the unipolar

PWM, which requires a limit modulating signal for
producing the corresponding phase voltage (or PMP), the
multi-modulation needs a p-modulating signal set for
producing a PMP. Each standard p-modulating signal set
for determining a phase voltage output is termed as a
(PMMP).  The
combination of three PMMP makes up a multi-modulating

phase  multi-modulating  pattern
pattern (MMP), which generates a voltage vector.

The MMP can be considered as an extension of the MP,
where vector elements in a CPWM equation are replaced
by corresponding matrices. In a full multi-modulation,
each MMP has a dimension of 3x(n-1) and fully
determines the switching states of a multilevel inverter.

The matrix MMP [kaJ is defined as follows:

Qajkl >Qajkz s s Qajkp l<p<(n-1)
[0, ]=1 Qs Qiaseris Oy |5 K =01,2,0,2,  (16)
chkl > QCij LR Qq’kp ] = 172,3

where ( Qajkl s Qupa o Doy ) (thkl ) ijkz rees
ijkp) and (Qq'kw iz reo> chkp) are three PMMP

sets, corresponding to three PMP s as P> Py and
P

Gk *
Full multi-modulation —in a five-level inverter, a full
multi-modulation requires four modulating signals per
phase. For instance, four

A-phase signals as

vV .,V .V and Vv

ral® " ra2?

which vary in the

ral rad

corresponding ranges of (1,2),(0,1),(-1,0), and (-2,-1),
respectively are shown in Fig.4c Intersections between

these signals with the carrier waves u, (1< U, < 2),

u (0<u,,<1), u (—1<u,;<0), and

p2 p3

Ups (—2<u,, <=1 ) will determine the switching
states of the corresponding switching pairs S,,S,,,3,,

and S,, (see Fig.1 and Fig.2). For instance, to obtain the
A-phase voltage equal to V. /2 (PMP=2), the states of
the switching pairs will be S,=5,,=S,,=S,, =0ON.

This can be satisfied by a PMMP set consisting of 4

signalsas v, , =2,v_,=1Lv ,=0 and v, =—1,0r

ra?
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in short PMMP (2,1,0,-1). Similarly, the other PMMP s
can be deduced and filled in Table 1a.
For a diode clamped inverter, there is only one set of

PMMPs.

] AT U

10 1o

0571 051

059 051 vra2

101 101
28 20
1 1 T 1

0 5 10 5 2% 510 15
a) fime b} fime

Fig. 4 Five-level inverter: the diagrams of carrier waves and
A-phase modulating signals of a) unipolar PWM, b)
partial multi-modulation, ¢) full multi-modulation.

Table 1 Five-level inverter: the PMMP sets for multi-
carrier multi-modulation
a) For diode clamped inverter
PMP -2 -1 0 1 2
PMM (1,0,-1,-2] 1,0,-1,-1 | 1,0,0,-1 |1,1,0,-1 [2,1,0,-1
P set
b) For cascade inverter
PMMP 11,0-1-2 | 2.0,-1,-2 | 1,1,-1,-1 | 2,0,0,-1 |2,1,0,-1
L1,-1,-2 | 2,002 12,1,-1,-1
1,0,0,-2 [2,0,-1,-1 | 2,1,0,-2
1,0,-1,-1 [2,1,-1,2 | 1,1,0,-1
1,1,0,-2
1,0,0,-1
Set1 [1,0,-1,-2 { 1,0,-1,-1 | 1,0,0,-1 | 1,1,0,-1 {2,1,0,-1
Set2 [1,0,-1,-2] 2,0,-1,-2 | 2,0,-1,-1| 2,0,0,-1 (2,1,0,-1
Set3 |[1,0,-1,-2 1,1,-1,-2 | 1,1,-1,-1 [2,1,-1,-1 |2,1,0,-1
Set4 {1,0,-1,-2( 1,0,0,-2 | 2,0,0,-2 | 2,1,0,-2 |2,1,0,-1

For the cascade inverter, in a similar process, all
possible PMMP s can be described in Table 1b. For
example, there are four PMMP s for generating the
PMP -1 .The MP [-2,1,2]" can be generated by one

of four MMP s described as follows :

1,0,-1,-27 [1,0,~1,-27 [1,0,~1,-27 [1,0,~ 1,2
2,001 || 2,1-1,-1],| 2,0,-2 ||| 1,,0,-1
2,10,~1 || 2,,0~1 || 2,L,0~1 || 2,1,0,-1

The PMMP set would be selected so that each

t—element (Q ) increases once while the PMP

xjkt
varies from minimum to maximum (from -2 to 2 in Table
1b). Therefore, four sets in Table 1b are applicable.

3.2 Correlation between the SVPWM and multi-
modulation
The reference modulating signals in a multi-modulation
can be expressed as follows:

W=Yklelodsloleo)  an

where the reference modulating signals and MMP are

expressed in matrix forms as

v v 1%

ral® " ra22°°*> “rap

[Vr]: vrbl’vrbZ""’vrbp >

v v v

rel® Tre22°0 Vrep

Ot Qs Qo

[ij ]: ijkl > ijkz CRIER) ijkp ;

_chkl > quz seers chkp

J=123  k=012,.1, (18)

(P, tn—-1-0<v, (P, +n—1t),t=1,2,.p.

in

The combinations (V,,;,V,,, Ve ) (Vo5 V2 Yoy )

and (v _,,V ) are three reference p-modulating

rel? Vve2 "'vrcp
signal sets, corresponding to the A-, B- and C- phase
voltages. For full multi-modulation, a maximum of

U, +1,+1,+3)

sampling time period. The meaning of (17) is that: the

states can be Involved in a

reference modulating signals produced by (17) will
generate the output voltages in a sequence of the related

redundant vectors as U, Uy, Uz Uy, Usypse.. to

Unwly, » Us,, for TVMAXR areas and

U ) Ir27U 3Jr3,(7 1 for TVMINR areas. Their switching

time durations are proportional to the corresponding
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coefficients as K&, K,&,0, K850, K &1, K, Ep s

o KiGim>  KiSrpa
andK,¢, ,,, K;&5,,3.K,&,,,, for TVMINR areas.
The validity of (17) can be illustrated for area 5 (Fig.1)

K&, for TVMAX areas

with the assumption that five MPs RO,PZO,P30,P and

P, are in a switching sequence. Their corresponding
time duties are subsequently K&, K50, Ki&so Ki& 5
and K,&,,. From the given sequence and MP diagram in

Fig.1, the related MP components P, ,P,, and P,
can be derived. Let’s suppose that PMMP set 2 from Table

1b is selected, the PMMP diagrams as Qajkl....Qajk 4 in

relation to the MPs Pajk can be deduced. The reference

modulating signals can be derivedas v, =2,v, , = -1

and

Vear = K8100,100 + K38200 0000 + K38300,302
+ K1§11Qa112 + K2§21Qa212 = Kz‘:gzl

Viay = K1§10Qalo3 +K2§20Qa203 +K3§30Qa303
+ K1§11Qa113 + K2§21Qa213 = _Klélo

3.3 Characteristics of muliti-carrier multi-
modulation
From the definition of MMP, a phase MP can be
derived from MMP components as

p
ijk = ijkl + ijkZ +..+ ijkp = Zijkt X =a, b’c
t=1

(19)

The common mode of pattern can be evaluated by :

CMpy, =(By+ By +Py)/3=( Y ZQ,gk,)/3 (20)

x=ab,c t=1

The effective modulating signal V .. ,x=a,b,c

which is proportional to the phase of the dc-neutral point
voltages V o, that is V ,=v_JV, /(n—1); can be

determined from the correspondmg p-modulating set as

follows:

P
Vo = (Vo V.0, +--+erp) =va . 20
1=1

From (17)-(19) and (21), the signal v _, can be

expressed through modulating MP and redundant factors
as

(et Py (22)

3
=D K, (0P +&,,
=1

In (22), the condition (8) is satisfied. The effective zero
sequence function, proportional to the zero sequence
voltage, can be derived as follows:

P
ere = (vrae + vrbe + vrce )/3 = ( Z Zvrxt)/3 (233)

x=a,b,c t=1

3
=P - MimZKj(fﬂ+2§j2+...+l,j§j,,rj) (23b)
=

yral

2.0

1.5
101 Q10
0.51 vraz

vrad,/”
vrad/

Q20

0.0
0.5
-1.04
1.5
-2.07

Q30

Q40

Qsjki—» 2
Qsjk2—» 0
Qajk3—-1
Qajkd— 1

Pajk
2 /——L

=Rl o]

-1
2l

1
-

r

24 \/P_CLk [

Klém Kzfgn Kby K§11 Koy [xTs]

Fig. 5 Tllustration of multi-modulation equation for area 5 in
Fig. 1
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4. Examples, simulation results

For the demonstration, the first PMMP set in Table
1b can be applied to both inverter topologies, consisting of
the following PMMP s as (1,0,-1,-2), (1,0,-1,-1),
(1,0,0,-1), (1,1,0,-1) and (2,1,0,-1). The remaining PMMP
sets can be applied only for the cascade inverter.

Example 3: SVPWM control with the smallest zero
sequence

The SVPWM method can be performed by directly
putting the redundant parameters into (17). In this case, it
is required to set &p=¢&; =05 and &g=&g =1,
corresponding to a switching sequence of the vectors

U,O,Uzo,ljm and U;,. Two active redundant vectors

010 and U“ are centered in a sampling period.

Reference modulating signals are determined as

[v'r]: 0.5K, ([Q10]+ [Qn ]) +K, [Q20]+ K, [Q30] (24)

Parameters K|, K,and K, are determined using (4).

To determine the matrices [QO],[QO] and [an]’ first, one

must calculate the related MPs as éo:ﬁzo and P30,

using (12). Then the transformation }3<—->[QJ can be
implemented by Table 1b. The A-phase modulating

signals are shown in Fig. 6.

Example 4: Vector redundancy control- Multi-switching
states

From the vector diagram in Fig.1, it can be deduced that
for m<0.75, more than 7 switching states can be obtained
in a sampling period. For demonstration, the parameters
$10 =611 =620 =421 =05 and &3 =1,

corresponding to a switching sequence of five vectors as

are set as

Ui9,U11,Uz,U, and Usg. From among them, two
pairs of active redundant vectors are U 10,0 11 and
Usy9,Uz; . The reference modulating signals can be

determined as follows:

[]=03K(Q.]+a ) +05K,(a ] Ha D +Kla,] @5)

m=1

vral 2

1.0
vra2 " va

LA

0.0 / < o

0.5+ 0

05 Wasw vrl /\4

. -

154 vrag
.24
2.0
'2'5J| T T T 1
0 10 15 20 T T : y ]
time[ms] 0 10 15 20
a) b) time [me]
Fig. 6 Five-level inverter- Equally-centered PWM with four

switching states: Diagrams of a) A-phase modulating
signal set and effective zero sequence and b) A-phase
voltage for m=1

The matrices [Q}[Q,] and [0,,] can be determined
similarly as in the previous case. To determine the
matrices [QH],[ 21], one must calculate the MP as
p”,i)z[,which is related to the MP éo’pzo as follows:
B, =P, +[LL1]" and P, =P, +[1,1,1]"

From the obtained MP and Table 1b, the transformation

Pe [Q] can be deduced. The diagrams of the reference

A-phase modulating signals are shown in Fig.7.

By 207 By

1.5
W2 107
0.5

¥ a3 0

o5 \ ( | |
W yiad 4

207

25 T T T 710 T T T T 110
1) 5 10 18 20 1} 5 10 15 20

a) time [s] b) time [s]

Fig. 7 Five-level inverter- Equally-centered PWM with five
switching states: Diagrams of modulating signal set of
the A-phase and output phase voltage for m=0.75
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® vral u yral = vral

W,
|

10
= vra? »yra2

ANVAR: E

10
05
0o

oo
[
wvrad " wwrad

|
ERWEE

r
[

—r T T
5 0 15 20
[ms] &) [ms]

— r -
s 1 15 3 s 1 w5 2 @ § 1 15 20
a) [ms] 0 [ms]

Fig. 8 Five-level inverter -- Discontinuous PWM: Diagrams
of the A-phase modulating signal sets for various
selected PMMP modulating patterns, m=0.75

Example 5: Phase redundancy control

Utilizing phase redundancies, the smallest zero
sequence is required to implement a discontinous PWM.

The modulating signals can be derived by equation as

v]1=klaJ+K[0|+ K[ (26)

In Fig.8, the diagrams illustratc a phase redundancy
control by substituting subsequently four PMMP sets
from Table 1b into CPWM equation (17). The

discontinuous PWM mode occurs by using three vectors
Ui0,U20,Uzp (G190 =820 =830 =1)
different PMMP sets, the phase redundant control
alternates switching pairs and redistributes the switching

occurs. With

losses among them.
As can be seen in Fig.7 and Fig.8, the PD discontinuous

B4 can be

PWM for cascade inverters described in
understood as a special case of the full multi-modulation.
In a PD discontinuous PWM, the switching loss among
the devices is balanced by moving the reference waveform
sections between (n—1)/2 cascaded inverters. For
example, in Fig.2 reference waveform sections are moved

between switching pairs S|, and S, (or between

S,, and S, ). This technique is effective for

symmetrical reference waveforms in two half periods.
Unlike the PD PWM, in
multi-modulation each of the (n-1) phase legs functions

discontinuous

equally and their waveform sections (corresponding to
(S,,59,,59,,,5,,)) can be swapped with each other.

All these can be implemented using digital circuits.

Therefore, multi-modulation is better than the PD
discontinuous PWM because it can balance the switching
loss among the devices over the whole modulation index
range and for any reference waveform. The PMMP sets
and the moving instants should be selected to minimize
the number of extra switchings. Moreover, the PD
discontinuous PWM is not able to obtain any arbitrary
switching state combination.

5. Conclusions

In this paper, the generalized correlation between
SVPWM and CPWM methods has been presented. It has
been shown that the carrier based unipolar/multi- PWM
methods can be described in a unified form using
(multi)modulating patterns. Their difference is given by
the number of modulating signals, which is related to the
maximum number of voltage states in a switching
sequence. Multi-modulation balances the switching losses
of devices in a cascade inverter by exchanging the
modulation pattern sets. Multi-modulation would be useful
for balancing the neutral point voltage in a diode clamped
inverter by capability to obtain an arbitrary vector from its
redundancies. The main drawback of this method is the
large number of modulating signals required. This can be
improved by introducing single carrier multi-modulation

with digital technique support. Another possible variation

is to use partial multi-modulation.
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