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ABSTRACT The paper presents a novel approach to the Pulse Width Modulation (PWM) duty cycle
computing for complex or irregular voltage vector arrangements in the two (2D) and three—dimensional
(3D) Cartesian coordinate systems. The given vectors arrangement can be built using at least three vectors
or collections with variable number of involved vectors (i.e. virtual vectors). Graphically, these vectors form
a convex figure, in particular, a triangle or a tetrahedron. The reference voltage vector position inside that
figure can be expressed by the barycentric coordinates, which are calculated using the second (2D case) or
the third—degree determinant (3D case) — without trigonometry and angles. Thus, the speed of the PWM duty
cycle computation rises significantly. The use of the triangle area or the tetrahedron volume, instead of the
standard vector projection also permits for a well-defined and universal approach to identifying the reference
vector position, especially for converters with complex and/or deformed space—vector diagrams (i.e. floating
DC-link, multisource DC-link). The proposed computation scheme is based on simple instructions with-
out trigonometry thereby, the DSP processor, or digital solution for field—programmable gate array, can
fast—perform this operation using atomic operations. The aim of the presented considerations is not a novel
PWM modulation, but a computable idea of a general calculation scheme for cases in which the distribution
of vectors is non-trivial. A detailed algebraic and geometric analysis, as well as mathematical proofs on
the total consistency of the results with the standard projection method, are also included. Subsequently,
the Three—Dimensional Space Vector Modulation (3D-SVM), is considered as a special background to
present a novel approach.

INDEX TERMS 3D-SVM, duty cycle calculation, nonlinear loads, space vector, pulse width modulation,

3-level 4-leg inverter.

I. INTRODUCTION

The development of industrial power electronic appli-
cations is currently associated with multilevel inverters
[1]-[5]. It results from the need for quality of formed volt-
ages, currents and EMI, as well as the necessity to work with
multiple sources and higher voltages. To meet these require-
ments Voltage Source Inverters (VSI) topologies, become
more complex with the increasing number of voltage levels
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and inverter legs. Growing complexity of VSI topologies
entails a significant increase in the complexity of Pulse Width
Modulation (PWM) methods suitable for these inverters. This
paper addresses the above problem by proposing an effective
3D-SVM computing algorithm based on barycentric coordi-
nates [6] for 3—level 4-leg diode-clamped VSI. The proposed
algorithm can be applied for 4—wire 3—phase applications
such as DSTATCOM, multi-source Hybrid Energy Storage
Systems, Active Power Filter [4], [7]-[13], local small power
PV generation plant, uninterruptible power supply of various
factories, offices, residential houses, etc.
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According to the simple modulation algorithms, several
references propose transformations of the space—vector dia-
grams from the Cartesian (or «f) coordinates to other frames.
The gh [14], the 60° [15], mn coordinates [16] or o’ 8’ coor-
dinate system proposed in [17] are attempts to simplifying
the modulation algorithm. However, all of them relies on
balanced DC-link voltages. Moreover, none of the mentioned
space—vector diagram transformations are applicable to
4-wire, 4-legs inverters. Analysis and comparison of the
mentioned transformation methods with barycentric coordi-
nates for 3—wire system can be found in [6]. One of the few
attempts (applicable for 4—wire systems) to compute the duty
cycles of the actual (i.e. non—ideal) component vectors for the
three-level NPC inverter was presented in [18]. The authors
proposed an extension of the gh frame method of [14] to
include accurate duty cycle calculations under the DC-link
imbalance. The idea, called the method of projections, is quite
complex and is derived after a complex analysis of geomet-
ric relationships between the basic vectors displaced by the
DC-link voltage imbalance. The approach is hardly extend-
able to other cases, for instance, a different type of component
vectors (e.g. virtual vectors) or different inverter topologies
(e.g. 4-leg inverters or inverters with more than 3 levels).

A more universal method was proposed in [19]. The calcu-
lations of duty cycles are performed in a frame called abc
coordinates. This frame is made of three axes — a, b and
¢ — corresponding to the respective three phases of the
inverter, but forming a three—dimensional orthogonal system
rather than the standard planar system with the abc axes
rotated by multiples of 27 /3. It permits for quite simple rep-
resentation of DC-link voltage imbalance and computation
of duty cycles under imbalance. The method can be used
for multilevel 3—leg and 4-leg inverters however, considering
DC-link voltages imbalance requires an additional transfor-
mation of coordinates and allows to synthesize voltage only
in a three—phase system according to its orthogonal nature.

This paper also proposes a computational approach sup-
porting explicit space—vector PWM computations for multi-
level inverters with possible DC—-link voltage imbalance. The
key idea in the proposed arithmetic is the use of barycentric
coordinates for the duty cycle computations and the selec-
tion of the modulation triangle/tetrahedron (2D/3D). Unlike
the method of [19], which uses a special coordinate frame,
the proposed method is applied directly to space—vector dia-
grams in the natural Cartesian coordinates («¢f8) and can
be implemented to multiphase systems. The method can be
applied to all types of multilevel inverters.

To achieve a better understanding of the proposed concept,
the discussion was divided into smaller sections. The new
general computation formula for two—dimensional space is
presented in detail in Section I. The next section contains
analogous considerations for the three—dimensional coor-
dinates system. Section III contains a brief introduction
the used 3D-SVM modulation and barycentric coordinates
in the modulation algorithm. Proposed modulation algo-
rithm is based on [20] but developed by balancing DC-link
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voltages [21]-[24], accurate generation of output voltages
regardless of unbalanced capacitor voltages [18], [19], fast
duty cycles calculations algorithm based on barycentric coor-
dinates [6] and optimal switching state sequence. Experi-
mental results are introduced in Section IV to validate the
effectiveness of the proposed duty cycle computation. The
article closes with a summary and a brief discussion on the
experimental results.

Il. PWM DUTY CYCLES COMPUTATION IN A
TWO-DIMENSIONAL COORDINATE SPACE

Let [W1, W, w3] denote a three—element vector collection in
the two—dimensional Cartesian xy coordinate system shown
in Fig. 1(a). Coordinates of these independent vectors meet
the following equation

ol Wi Fay Wy Faz-wz=eé (1)

where o, op and a3 are real numbers for scaling the length
of the corresponding vector. The value of scaling coefficients
from (1) can be obtained by constructing a graphic solution.
However, it is not a suitable form for implementation in the
Digital Control System (DCS). In order to formulate a more
practical solution, the vectors arrangement in Fig. 1(a), can
be transformed into a new equivalent collection represented
by V1, ¥, i vectors in a local pq reference frame, as shown
in Fig. 1(b). Thus, updated coordinates can be calculated
using the following formula

Wy — W3 =V
7111 — 17113 = T/’l
e—ws=u 2)
Note that, all vectors in (2) are obtained by subtracting w3

from the other vectors and the reference vector # can be
represented in a similar way to (1) by

u=d;-vi+dy- 3)

where dy = |u1|/ V1] and do = |uz| / |V2| are non-negative
scaling coefficients referred as PWM duty cycles (PWMDC).
The d; and d> can be obtained using the vector projection

yA yh aa
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FIGURE 1. Replacement of the Cartesian xy coordinate reference frame
(a) into local pq frame (b).
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FIGURE 2. Reference vector ii projection: (a) on the base vactor v, (b) on
the base vactor ;.

principle, which is ilustrated in Fig. 2. Using expressions on
the sine of angles ¢ and ¢ and based on the & segment

h . h .

— =sin(¢), — =sin(¢ — @) 4)

|uy| |u]

formally obtain

sin (¢ — ¢) sin (p)
sin(¢) sin (@)

To eliminate trigonometric expressions sin containing angles
¢ and ¢,the formula of vectors cosine is applied

|| = |al &)

|tr| = lul -

@ V10w
CcosS = S5
[vil - [val

@ Vol

COS = = =

Y= Tl

Voou

cos(p —¢) = ool i (©6)

and also Pythagorean identity formula, which leads to the

following equations
| — ( Bpoil )2
[val-ful

dy = FLl 1 — cos? (¢ — @) :ﬂ
Vil 1 — cos? (¢) Vil

—a2 D
_ V1oV
1 (H_mlrwz\)
I 1 2 - 1 — (M)z
& = Jul [T —cos”(¢p) _ |ul o1 [T ®)

W2l { T —cos?(¢) [l | _ (Bt )2

Vil-v2]
where the mark (o) designates the scalar product of two
vectors. Both equations (7) and (8) are not satisfying and
further optimization can be perform. Despite the elimination
of trigonometric functions, they contain the square root oper-
ation. In order to obtain a simpler expression for d; and d»,
vectors shown in Fig. 2, can be represented as a collection of
points A, B, C, and D as illustrated in Fig. 3. Based on the
Thales’ theorem, d as the ratio of the length of the segment
a to the sum of segments a and b in Fig. 3(a),

u h
U ©)
Vil a+b h4+y
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FIGURE 3. Collections of points in xy coordinate reference frame
correspond to: (a) triangle A(A, D, C), (b) triangle A(A, D, B).

and analogically for the case ilustrated in Fig. 3(b).
|tz | a h

T2l a+b hty

As can be seen in Fig. 3(a), triangles A(A, D, C) and

A(A, B, C) have the same base length. Thus, d; and d; can
be expressed as ratio of triangle areas

d> (10)

__ Aapc g — Aapp

d

Y

Aapc’ 0 Aapc
If vertex A is located at the origin (0, 0) of a Cartesian
coordinate system and the remaining vertices are represented
by point B(vix, v1y), C(vax, vay) and D(ux, uy), the area of
each required triangle can be computed as the absolute value
of the determinant. Thus, the PWM duty cycle for vector v;

can be written as

det 2’( 23' det :‘X fy
dy = :BX By: = :v2X sz: (12)
det| X y det| ' by
| Cx Gy | | Vax  Vay |
and identically for vector v,
det Dy Dy det| "™ "
| Bx By | LVix  Vly |
b= B By ] - [v Viy | (13
det| X Y det| * by
| Gk Gy | | vax  Vay |

The PWMDC for zero vector, which corresponds with point
A(0, 0) in Fig. 3, is equal to

A
do = 2BCD

= (14)

TAVY:To
The sum of all PWMDC, computed for each triangle
A(A, B, C) vertex, is equal to unity

di+dry+dy=1 (15)

As pointed out, vectors’ geometric arrangement depicted
in Fig.2, has been transformed into the local triangular
area, in which the reference vector i resides. Secondly,
the PWMDC have been calculated using a simple rational
function based on the triangle area, which can be fast com-
puted using the absolute value of determinants. As is evident
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FIGURE 4. Rescaling the length of vector u.

from the presented elaboration, only vectors coordinates are
only needed. The proposed calculation scheme is widely
used in mechanics problem solving and has been successfully
adopted in the following paper for the unification of the
PWMDC computation [25]. Graphically, all three selected
vectors form a convex figure — the triangle — and the reference
voltage vector position inside that figure can be expressed
by barycentric coordinates, which are just calculated
using (12)—(14).

If the sum (15) is greater then unity, as it is shown in Fig. 4,
it means that point D lies outside the triangle A(A, B, C) and
the length of the reference vector i must be rescaled by factor
¢ which can be expressed as follows

_ |AE| _ |AE|
~ |AD|  |AE| + |ED|
Note, that lines m and » in Fig. 4 are parallel, and therefore,

by the theorem of Tales and previous consideration, the ¢
factor can be calculated based on the following equation,

|AF| AaBC
|AF| + |[FG|  Aapc + Apcp

which can be easily implemented in PWM overmodulation
algorithms. The proposed approach has a very useful addi-
tional property that their sum equals unity if it is computed
for a point inside a triangle (as in Fig. 3), but it is greater
than unity if the point lies outside the element (as illustrated
in Fig. 4). This is a uniform and effective method to find
the traingle in which the reference vector resides. In practice,
due to floating-point numbers limited accuracy, the smallest
sum (15), ideally equal to unity, is selected as a minimal
element using optimized and fast DSP function.

The proposed approach based on geometrical relations,
represented by (12) and (13), can be proved algebraically
using the formula interpretation of the absolute value of a
vector product as follows

¢ (16)

¢ = 7

u| [y - sin (¢ — uxv A

dy = | |J 2|q (.¢ ®) _ L qzl _ Aanc (18)
Vil [v2] - sin (@) Vi x va|  Aapc
u| |vy] - sin uxyv A

& = [ul [v1] (@ | 1l Aaps (19)

Vil V2] -sin (@) V1 x V2l Aapc
The proposed computing time of a routine based on the
barycentric coordinates was compared with the time used by
a routine based on the trigonometric functions and classified
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FIGURE 5. lllustration of the case considered in the benchmark code.

TABLE 1. Comparison conditions.

parameter description

DSP Texas Instruments
TMS320C6672
1GHz

processor type

model

clock

format of numbers single precision IEEE 754

library of trigonometric func-  dedicated DSP Math Library
tions for Floating Point Devices

compiler optimization level O-2
(Code Composer Studio 8.0)

DSP core usage computations performed by
COREI only
TABLE 2. Comparison results.
parameter description
duty cycle d1_trig 0.5
duty cycle d2_trig 0.333
duty cycle d1_new 0.5
duty cycle d2_new 0.333

total DSP cycles for the
method of projections

859 (program code line 57-71)

total DSP cycles for the pro-
posed method

61 (program code line 84-89)

as the method of projections described in [18]. The DSP
processor code used in the comparison, which correspondes
to illustration in Fig. 5, is shown in Listing 1. The comparison
conditions are specified in Table 1, while the comparison
results are presented in Table 2.

As might be seen, the proposed arithmetic is more than
tentimes faster than the conventional approach. The ratio-
nality behind applying barycentric coordinates to calculate
PWMDC is that it quickly performs the forward analysis of
the effects associated with the given set of selected base vec-
tors in the reference voltage synthesis with small computing
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I int 1i; 61 phi=theta_2-theta_1;

2 /* code execution measurement */ 62 //calc modules (see Fig.1l7)

3 unsigned int t3_barycentric; 63 mod_u=sqrtsp(u[0]xu[0]+ull]*ull]);

4 unsigned int t3_projection; 64 mod_ul=sqgrtsp(ul[0]*ul[0]4+ul[1]*ul(l]);
5 unsigned int tl,t2; //start,stop 65 mod_u2=sqgrtsp(u2[0]*u2[0]+u2[1]*u2([1]);
6 /* vertices shown in Fig.17 =*/ 66 //calc PWM duty cycles for ul and u2

7 const float v1[2]={3.0f,2.0f}; vector

8 const float v2[2]={9.0f,4.0f}; 67 invsin=recipsp (sinsp (theta));

9 const float v3[2]={6.0f,8.0f}; 68 dl_trig=(mod_uxrecipsp(mod_ul));

10 /% reference vector shown in Fig.17 %/ 69 dl_trig*=(sinsp (theta-phi)=xinvsin);

11 const float vref[2]={7.0f,5.0f}; 70 d2_trig=(mod_u*recipsp (mod_u2));

12 /% local vectors shown in Fig.17 =*/ 71 d2_trigx=(sinsp(phi)*invsin);

13 float ul2]; //reference vector 72 /* time measurement: stop */

14 float ul[2]; //first base vector 73 t2=Timestamp_get32();

15 float u2([2]; //second base vector 74 t3_projection=t2-tl;

16 /* required angles shown in Fig.17 =/ 75

17 float theta 2; LI
18 float theta 1; 77 // proposed barycentric approach

19 float theta 3; 78 // for non-equilateral triangle case
20 /* angles between vectors u, ul, u2 =*/ ;g /| ====s===ssssssssssssssssssssssssssSS

21 float theta;
22 float phi; 81 /% time measurement: start =*/

82 tl=Timestamp_get32();

23 /x required vector lengths =/ -
83 //equation (2)

24  float mod_u; //vector u length

25 float mod_ul; //vector ul length Si grea=u1[9]*u?[1] - ul[?]*uZ[O];

26 float mod_u2; //vector u2 length 5 inv_area=recipsp(area);

27 /+ temporary variable = 1.0f/sin() */ 86 areal=u2[1l]+ul0] - u2[0]+ull];
87 area2=ul[0]*u[l] — ul[l]*u[0];

28 float invsin;

29 /x PWM duty cycle for active vectors ul
and u2 in projection methodx/

30 float dl_trig,d2_trig;

31 /+ PWM duty cycle for active vectors ul
and u2 for proposed method x/

32 float dl_new,d2_new; Listing 1. (Continued.) DSP processor code used for comparision.

33 /x value of trinagle areax/

34 float area; //points: vl--v2--v3

35 float areal; //points: vl--vref--v3

36 float area2; //points: vl-—v2--vref

88 dl_new=fabsf (areal*inv_area);
89 d2_new=fabsf (area2*inv_area);
90 /x time measurement: stop x/
91 t2=Timestamp_get32();
92 t3_barycentric=t2-tl;

overhead. The presented approach can be extended to the
three—dimensional space divided into irregular tetrahedrons.

37 /% temporary variable = 1.0f/area x/ ” 3 .

38 float inv_area; The word ‘irregular’ has been used to emphasize the impact of
39 DC voltage asymmetry in multi—level inverters on the actual
40 //========s===s=s======s==s============= output voltage of the NPC converter.

41 // collection of linearly independent

I jj Toelore  Tho e oo part Il. PWM DUTY CYCLES COMPUTATION IN A
P THREE-DIMENSIONAL COORDINATE SPACE

45 u[0]=vref[0]-v1[0]; u[ll=vref[l]-v1[1l]; It is assumed that the vector p in Fig. 6, is located inside the
46 ul[0]1=v2[0]1-v1[0]; wul[ll=v2[1]-v1[1l]; tetrahedron V with vertices A, B, C, and D. The reference
47 u2[0]=v3[0]-v1[0]; wu2[1]=v3[1]-v1l[1l]; vector p can be expressed as the following sum

48

R — P=h+v+i (20)
50 // standard projection approach N o

51 /) for nomeiuiiateral tEFi)angle case where the vectors u, v, and w are the effect of a reference
52 //==============——mmmeeemmemeoemmoooa vector p projection on the base vectors AB, AC, and AD
53 respectively

54 /% time measurement: start =/ . — — —>

55 tl=Timestamp_get32(); p=dp-AB+dc -AC +dp - AD 21
56 //calc angles (see Fig.17) . . .
57 theta 2=atan2sp(ull],ul0]); The PWMDC from (21) can be written as ratio of appropriate
58 theta_l=atan2sp(ul[l],ul[0]); lengths

59 theta_3=atan2sp(u2[1],u2([0]); |ﬁ| |§| |W|

60 theta=theta_3-theta_1l; dp = —, dc=1=7,dp=1=7. (22)
Listing 1. DSP processor code used for comparision. ‘AB ‘AC| ‘A ‘
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FIGURE 6. The three-dimensional case: (a) reference vector p and base
vectors i, v, w, (b), (c), and (d) triangular surfice parallel to the
corresponding sides of the tetrahedron V(A, B, C, D).

FIGURE 7. Geometric layout for the Thales Theorem application for the
case illustrated by Fig. 6(b).

To find a more practical form of (22), the case illus-
trated in Fig. 6(b) and more detailed in Fig. 7 is consid-
ered. The triangle A(Ap, Bp, Cp), which contains a point P
(the end of reference vector p), is parallel to the base of
tetrahedron V (A, B, C, D), which is the triangle A(A, B, C).
Moreover, the line n is passing through the vertex D and is
normal to the surfaces represented by triangles A(A, B, C)
and A(Ap, Bp, Cp). Based on the geometric layout in Fig. 7,
the PWMDC for vector w can be finally described by the
following formula

d Wl |AAp| _ |HHp
b= — —

= = = (23)
4B 1Dl HD

Considering that both tetrahedrons V(A, B, C,D) and
V(A,B,C,P) have the same base triangle A(A, B, C),
the duty cycle dp can be expressed in barycentric coordinates
as the ratio of the volume of these figures

_ Vagcp

dp (24)

~ Vagep
Analogous results can be obtained with respect to the other
verticles

_ Vaspp

_ Vascp _ Vapcp

da (25)

- E) B - ’ C -
Vagcp Vacp Vagep
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FIGURE 8. Point P is located outside the tetrahedron V(A, B, C, D).

Tetrahedron volume can be represented in barycentric coor-
dinates as a ratio of absolute values of determinants. Thus,
finally the PWMDC can be expressed as follows

[P,—B, P,—By, P.—B,]

dy = |det| P,—Cx Py,—Cy P,—C,|-gl (26
| k=D, Py,—Dy, P.—D. |
[P,—C. Py—C, P.—C.]

dBZ det P)C_Dx Py—Dy PZ_DZ -8 (27)
| Px—Ay Py—A, P.—A; |
[P,—-D, P,—D, P,—D.]

dc = |det| Py —A, Py—A, P,—A,|-g (28
| Px—=B. Py—B, P.—B; |
[P, —A, Py—A, P.—A

dp = |det| Px—By Py,—By, P,—B;|-g (29
| Pr—C: Py,—Cy, P.—C:

where
D,—A, Dy,—A, D,—A ]\

g=|det| Do—B, Dy—B, D.,—B, (30)
Di—C. Dy,—C, D,-C

If the given reference vector p resides inside the tetrahedron
V(A, B, C, D), the sum of all duty cycles is equal to one,

dya+dp+dc+dp=1 31

but if point P lies outside the tetrahedron, as it is shown

in Fig. 8, the length of p has to be rescaled by factor ¢

_IAPAl AP
|AP| |AP4| + |PAP|

¢ (32)
The following tetrahedrons V(A, B, C, D) and V(B, C, D, P)
have a common base triangle A(B, C, D). In addition, straight
line n is perpendicular to the triangle A(B, C, D) surface.
Therefore the scaling factor { can be also calculated based
on Thales theorem

A
_ hagcp 5 Vascp (33)
hagcp + hpcpp % Vascp + Vecpp

There are two tetrahedrons shown in Fig. 9. Selection of
the appropriate tetrahedron strongly depends on checking the
result of duty cycle summation. Only if point P is inside the
tetrahedron, the sum (31), by definition, is equal to unity.
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(b)

FIGURE 9. Two tetrahedrons in three dimensional system: (a) vector p
resides in tetrahedron V(B;, B, B3, B,), (b) the sum of PWMDC is greater
than one, (c) the sum of PWMDC is equal one.

IV. THREE-DIMENSIONAL SPACE VECTOR MODULATION

FOR THREE-LEVEL FOUR-LEG DIODE CLAMPED INVERTER
A three—dimensional fast algorithm in abc coordinates has
been proposed in [4], [19], [26] but that representation limits
the potential of space vector modulation. The DC-link volt-
age balancing [18], [21]-[24], [27], [28] is omitted though
it is a critical task, especially in the Active Power Filter
application [10], [13], [29], [30]. In addition, the overmod-
ulation aspect of converter control is also not considered
[31]. By using the proposed method of PWMDC calcula-
tion, balanced and unbalanced systems can be realized with
balanced or unbalanced DC-link voltages. Moreover, during
the DC-link voltage balancing process, the output average
voltages are precisely synthesized and no output current dis-
tortion is observed [18]. The main advantage of accurate
control of the DC-link voltages, is that it allows to use smaller
capacitors in the DC-link. Note that the main purpose of
this section is to demonstrate the abilities of the proposed
approach of duty cycle computing. In order to achieve a
better understanding, the discussion is divided into smaller
subsections.

NOMENCLATURE
For the clarity in further consideration, the following nomen-
clature is proposed:

upc DC-link total voltage.

uct lower capacitor voltage.

ucs upper capacitor voltage.

UA neutral-point voltage.

iNp neutral-point (NP) average current.

l number of converter leg / = 1..4.

il i-switch, [-leg, s;; = {0, 1} switch is {off , on}.
i [-leg output current.

Uk [-leg output voltage, k-switching state.

hi I-leg switches state, k-switching state.

VOLUME 8, 2020
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FIGURE 10. Three-level four-leg neutral-point clamped converter.

 hy | hy | hy | hy
222072210 7211071110
by | by | by | by
0000001070110 1110
,UII U2x v3l‘ ,U4x
Uay Vzy Usy Uyy
Uiz Vay (%Y Vyz
d,T—~—d,T—d,T a,r
T

FIGURE 11. Example switching states sequence.

b [-leg neutral-point flag, k-switching state.

hi [A1k, hok, B3k, ha ] leg k-switch state vector.

bk [b1k, bak, b3k, bak ] leg neutral-point k-flag vector.
di [di1, d>, d3, d4] PWM duty cycle vector.

B [b1, bz, bz, by]T neutral-point flags matrix.
PRINCIPLE OF OPERATION

The 3-level 4-leg Diode—Clamped inverter is presented
in Fig. 10. A general k-switching state of each converter leg
can be characterized using three following quantities uy, hy,
by

{uik, hik, b}
{upc, 2,0} < [su, 52, 31, s41] = [1, 1,0, 0]
= q{uct, 1, 1} & [s1, 521, 830, 5411 = [0, 1, 1,0]  (34)
{0, 0,0} < [s11, 821, 831, s41] = [0, 0, 1, 1]

The first u; is the I-leg output voltage value, the second one /;
describes the combination of gate signals of power switches
si1, and the b; informs whether the load is connected to the
neutral-point (NP), marked as a square “1”’ in Fig. 10. The
total number of possible switch state vectors is equal 3*.
An appropriate description can be found in the Table 5 and
Table 6 located in the Appendix section. The grey color of
the table row indicates that ux is not affected by a DC-link
voltage asymmetry. Thus, coordinates of this vector in xyz
reference frame are independent of ua. The 3D-SVM imple-
mentation is performed by the generating proper sequence of
four switch state vectors hy, hy, hz, hy within a period T as it
is shown in Fig. 11. In reference to the publications [20], [32]
the three-dimensional space contains 24 base tetrahedrons.
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FIGURE 12. The n-type base tetrahedron A, in sector s1 for uy = 0.1 p.u.

TABLE 3. The switch states matrix H for the base tetrahedrons in sector 1.

A\ q case n-type p-type
[2220:2210;2110;1110] [2221;2220;2210;2110]

1
2 [110151100;1000:0000]  [2222;2212;2211:2111]
3 [110151001;1000:0000]  [2222;2212:2112:2111]
4 [1101;1001;0001:0000]  [2222;2212:2112;1112]
5 [22102110;1110;1100]  [2221;2211;2210:2110]
6 00;1000]  [2111;2101;2100:2000]
7 [2101:2001;2000:1000]  [2111;2101;2001:2000]
8 [1102;1101;1001:0001]  [2212;2112;1112;1102]

Ao case n-type p-type
[2110;1110;1100;1000]

[2221;2211;2111;2110]

1

2 [2101;2100;1100;1000] [2211;2111;2101;2100]
3 [2101;2001;1001;1000] [2112;2111;2101;2001]
4 [1102;1002:1001:0001] [2112;1112;1102:1002]
5 [1110;1100:1000:0000] [2222;2221:2211:2111]
6 [2212;2211:2111:2101]
7 [2112:2102:2101:2001]
8 [1102:1002:0002:0001] [1112:1102:1002:0002]

A\ g case n-type p-type
1 [2110:2100:2000;1000] [2111:2110:2100;2000]
2 [2201;2200;2100;1100] [2211:2201;2200;2100]
3 [2102;2002:2001;1001] [2112;2102;2002:2001]
4 [2102;2002:1002:1001] [2112;2102:2002:1002]
5 [2210:2110:2100:1100] [2211;2210:2110:2100]
6 [2201:2101:2100:1100] [2211;2201:2101:2100]
7 [2101:11 01:1000] [2212;2112:2111:2101]
8 [2102:1102:1101:1001] [2212:2112:2102:1102]
A 4 case n-type p-type

1 [2110:2100:1100;1000] [2211:2111:2110:2100]
2 [2201:2101:1101;1100] [2212;2211:2201;2101]
3 [2102;2101;1101;1001] [2212:2112;2102;2101]
4 [2102;11 02:1001] [2112;2102;1102;1002]
5 [2210;22 00:1100] [2211:2210:2200:2100]
6 [2202;22 01:1101] [2212;2202:2201:2101]
7 [2202;2102:2101:1101] [2212;2202:2102:2101]
8 [2202:2102:1102:1101] [2212;2202:2102:1102]

There are four base tetrahedrons Ay, As, A3z, and A4 per
one sector. An example of a base tetrahedron A resides in
sector s1 as is illustrated in Fig. 12. Each base tetrahedron
can be divided into 8 smaller tetrahedrons, which correspond
to an appropriate switch states matrix H in Table 3. Due
to the DC-link voltage unbalance phenomena, the n-type
and p-type switch state matrix can be used for capacitor
voltage balancing. The flowchart of the proposed algorithm
is presented in Fig. 13 and described in next subsection.

THE ALGORITHM FLOWCHART

The position of the reference vector p is defined by one sector
{s1, s2, s3, s4, s5, s6} and one base tetrahedron {A, A»,
A3, Ag}. At step 1 the position of p is calculated according
to the solution given in [20] and is based on a few conditional
operations. Next, the six float vertex coordinates for n-type
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7=, Dy D2)
{ucy, uc.}
N

find the position of reference voltage vector:
Step 1.|- got sector {5,,52,53,5,,55,56,}
- find base tetrahedron {A,,A,,A,,A,} with fixed vertex coordinates

N§ N3
calculate the floating vertex calculate the floating vertex
Step 2. coordinates for n-type coordinates for p-type
{H1:H27H3:H4,H5:H6:H7>H8} {HDH2,H3,H4,H5,H5,H7,H3}
1 X
Step 3 calculate the duty cycles calculate the duty cycles
L {d..dz,d;,d,,d;5,d6.d;.ds} {d..d,,d;.d,d;5,de.d;.ds}
1 1
Step 4 find min(E, 50,2025, 26.5,5s) | | find min(E,,2.,5,5 5., 56,%,,55)
) select {H,, d,} select {H,, d,}
Step 5. calculate {inpy, €.} | | calculate {inp,, €,}
N L
select min{e,.e,}
: use H an in pulse pattern generator
Step 6 Hand d in pulse p g

FIGURE 13. The 3D-SVM modulation flowchart.

and p-type H, from Table 3, are calculated at step 2 using
Clarke transform as follows

2 1 1
Vix Vox Vix Vax 3 13 :i}
Viy V2y V3y Vay | = 0 _\/§ __ﬁ .U
Viz V2z V3z V4z 1 1 1
3 3 3
(35)
where
T
Uil — uq U1 — U4 U3zl — U4
U= U2 — u4q2 U2 — U4 Uuzp — U4 (36)
U3 — U43 U3 — U43 U3z — U43
Ui4 — Uss U4 — Usd  U34 — U4

At step 3 all needed duty cycles are computed based on
barycentric coordinates (26)-(30). Calculation of the follow-
ing sum at step 4 for each switch state matrix H

S = sum(dy) 37

can be used for the selection of the one right candidate from
8-element set. If the sum (37) is a minimal element, ideally
equal unity, the right switch state matrix H will be selected.
The fifth step is the selection of the most appropriate switch
state matrix Hy, or Hy, respectively. The decision can be based
on the comparison of the predicted influence of the choice on
the NP imbalance voltage

Up = Ucy — Uci (38)

2ch

A simple analysis of the four possible combinations of the
signs of the imbalance voltage and the average neutral point
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FIGURE 14. An experimental prototype with DCS.

51T
T

three-level four-leg NPC
converter

K

Ubci

)

Upcz C

FIGURE 15. Schematic of experiment.

current leads to the conclusion that it is sufficient to compare
the following quantities

&n = INPn - UA, Ep = INPp - UA (39)

where iyp, and iyp, are estimates of the expected average
neutral point currents corresponding to their respective types
of bias

iy]-BY - df
is]-B) - d)

l:NPn =lii i i3 40)
inep =Li1 B2 i3
If &, is greater than ¢, then H,, should be selected; otherwise,
the better choice is negative bias represented by H,,. Finally,
at step 0, the selected pair {H, d} is sent to the pulse pattern
generator implemented in a programmable logic device.

V. EXPERIMENTAL RESULT

An experimental prototype of an inverter is presented
in Fig. 14, while the parameters are presented in Table 4.
The digital control system (DCS) contains a DSP (Texas

VOLUME 8, 2020

TABLE 4. Experiment circuit diagram and modulation parameters.

symbol value

Eq 75V, 45V
E> 75V, 45V

description

DC source voltages
DC source voltages

Ci 300uF upper capacity

Ca 300uF lower capacity

R 152 load resistor

L 3mH load inductor

Ry 2.2Q 4—th leg resistor

Ly 6mH 4—th leg inductor

fe SkHz PWM frequency

fn 50Hz output frequency

S ON/OFF  neutral point additional switch

TekStop T 7 T

Ua U; I1

250V % @ 2507 1 @ 500V % @ 2504 9)[20.0ms 25.0M5/5 @ 7 560V
§53.70 % 5M points

TekStop.

Ua U, I

@ TV v e TV U@ oy v @ s yam
w3370

b)

25.0M5/5. @ 7 500V
5M points

FIGURE 16. DC-link capacitors voltage active balancing for referenced
vectors without capacitors voltage asymmetry compensation a)
p = [0.57. cos(wt), 0.57- sin(wt), 0], b) p = [0.46. cos(wt), 0.46. sin(wt), 0]

Instruments TMS320C6672) and a field—programmable gate
array FPGA (Cyclone V). The DC-link is supplied by two
adjustable dc-voltage sources Upc and Upc, with additional
switch § for voltage balancing experiments. Schematic of the
experimental setup is illustrated in Fig. 15. The experimental
research plan included the following issues:

o DC-link capacitors active voltage balancing ability
using redundant switch states (Fig. 16),

o Preserving the sinusoidal output currents during the
DC-link voltages asymmetry (Fig. 17),

« Proper generation of constant gamma component in out-
put currents by adding the common signal (Fig. 18),
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FIGURE 17. Preserving the sinusoidal output currents during the DC-link
voltages asymmetry and active balancing for referenced vectors a)

= [0.57- cos(vt), 0.57- sin(wt), 0], b) p =

[0.46. cos(wt), 0.46- sin(wt), 0]
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FIGURE 18. Generation of constant gamma component in output currents

for referenced vectors a) p =

= [0.57- cos(wt), 0.57- sin(wt),

o Selected higher-order current harmonic

(Fig. 19),

-0.5].

[0.57. cos(wt), 0.57- sin(wt), 0.5], b)

injection

o The phase current asymmetry generation (Fig. 20).
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FIGURE 19. Selected harmonic injection in output currents for referenced
vectors a) 5-th harmonic p = [0.57- cos(wt), 0.57- sin(ot), 0.3- cos(50t)],
b) 11-th harmonic p = [0.57- cos(ot), 0.57- sin(wt), 0.3. cos(11wt)].
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FIGURE 20. The output current asymmetry generation for referenced
vectors a) p = [0.57- cos(wt), 0.285. sin(wt), 0], b)
= [0.285. cos(wt), 0.57- sin(wt), O].

VI. CONCLUSION
The proposed algorithms using barycentric coordinates
based on area — 2D case, solved by (12), (13) — or
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TABLE 5. The leg voltages, states and neutral-point flags for Three-Level
Four-Leg Neutral-Point Clamped Converter (part I).

uqg U us3 uyg h b
1 0 0 0 0 0000 0000
2 0 0 0 oL 00010001
3 0 0 0 W 00020000
4 0 0 U 0 0010 0010
5 0 0 ol ol 00110011
G 0 0 wo wpo 00120010
7 0 0 upC 0 0020 0000
8 0 0 “po ol 00210001
9 0 0 upC upC 0022 0000
10 0 Yot 0 0 07000100
1T 0 Wl 0 ol 0101__ 0101
12 0 U 0 upC 0102 0100
3 0 Vol ol 0 0T10__ 0110
Iz 0 T wo uoq 01T ___ 0111
15 0 OYart ol upho 0120110
16 0 Vel “ho 0 0120 __0100
7 0 Yot Yol D¥ert 0121__ 0101
18 0 OVart Wpo _upc 022 0100
9 0 upo 0 0 0200 0000
20 0 upC 0 U 0201 0001
21 0 “po 0 W 02020000
p2) 0 upC uo 0 02100010
73 0 P3Yel ol ol 02110011
2 0 “po ol upo 02120010
25 0 upC upC 0 0220 0000
26 0 “pC__UpC ol 02210001
27 0 upC upC upC 0222 0000
® ucy 0 0 0 1000 1000
% ucg 0 0 ol 10011001
30 U 0 0 upC 1002 1000
3T uog 0 ol 0 10101010
2 ucg 0 wol ol 10111011
33 ucq 0 ucq upC 1012 1010
34 ucg 0 “ho 0 1020 1000
B ucy 0 u“pC uo 0211001
3% ucy 0 “hC _upC 10221000
37 ucy wol 0 0 1100 1100
38 uoq uUcq 0 U] 1101 1101
39 ucg Vel 0 Y5l 11021100
0 ucy wo uoT 0 [

volume — 3D case, solved by (26)—(30) — are proposed as a
tool for PWMDC computations, especially for complex and
unbalanced lattices of inverter vectors. Results of benchmark
presented in Table 2 show the main advantage of the pro-
posed computation idea — a short time of code execution,
what leads to the conclusion, that this method is particularly
useful for complex systems (multilevel, multiphase inverters,
high—frequency systems, virtual vector methods). The con-
cept permits building the modulation algorithms by referring
straight to the converter switch state vectors. Thus, the pre-
sented computation idea is suitable for multilevel inverters
of different types (diode clamped, flying capacitors or matrix
converters). The proposed algorithm enables precise voltages
and currents forming during unbalanced capacitor voltages
(Fig. 17), as well as it allows to balance DC-link volt-
ages (Fig. 16) using redundant vectors. Comparing currents
in Fig. 16 and Fig. 17 it is notable, that considering DC-link
unbalanced voltages leads to a better quality of output cur-
rents. Possibility of injecting chosen harmonics (Fig. 19) and
generation of asymmetry (Fig. 20) or constant gamma com-
ponent (Fig. 18) in currents show that the proposed algorithm
can be a suitable tool for Active Power Filters. The use of
barycentric coordinates helps in the development of compu-
tation schemes. Note that the method does not influence the
results of the PWM duty cycle computations at all, so further
analysis of formed voltages and currents in this paper seems
pointless, because this kind of research is widely reported in
the literature.

The presented article shows that trigonometric functions
can be eliminated from the modulation algorithm. The

VOLUME 8, 2020

TABLE 6. The leg voltages, states and neutral-point flags for Three-Level
Four-Leg Neutral-Point Clamped Converter (part Il).

uq U us3 Uy h b
T DYert Yot PYent uol TT11 [
2 ol Vel ol “ho 121110
7 woy T u“pC 0 20 1100
44 Uy U] upC uc] 1121 1101
73 o Vet Do upC 11221100
46 Uy upC 0 0 1200 1000
a7 ol “pC 0 ol 12011001
®  ucy upC 0 upo 12021000
79 ol “pC uol 0 12101010
50 o “po ol ol 12111011
51 DYert upC PYent upC 2121010
52 ol “pho __UpCo 0 1220 1000
53 W “po  UpC ol 12211001
54 Uy upC upc upC 1222 1000
55 upo 0 0 0 2000 0000
56 Yol 0 0 Uy 2001 0001
57 __upC 0 0 W 20020000
% _upC 0 ol 0 2010___ 0010
59 upC 0 uc] [est 2011 0011
0 _upC 0 Wl W 200120010
61 upC 0 upC 0 2020 0000
2 _upC 0 PYel ol 20210001
63___upC 0 Wpho  upc 20220000
64 upC U 0 0 2100 0100
65 _upC OVart 0 ol 21010101
6 upc T 0 upe 21020100
67 ___upC PYent PYent 0 21100110
8 _upC Vel ol ol 20110111
©  upc wo wo upo 2112010
T upC OYart “ho 0 21200100
T _upC Vet PrYel ol 21210101
T upC Yot upc  upc 21220100
T upC ___upC 0 0 2200 ___0000
T _upc  upc 0 uoq 22010001
75 upC upC 0 upc 2202 0000
6 _upC _ upC ol 0 22100010
TT___upC__upC PYent uoy 2110011
®  upc ___upC Vet W 22120010
T upoc  upc  upo 0 22200000
80 upC upC upc ucq 2221 0001
81  _upC  _WpO  UpC upc 22220000

presented elaborations lead to the conclusion, that the PWM
duty cycle computation can be realized using the simple
rational functions and voltages coordinates (in most cases cal-
culated using the Clarke transform). In general, this approach
does not give the new spectacular PWM features observed
in the frequency spectrum of voltages and currents. The
obtained simplification permits for using the low costs FPGA
devices because the core of calculation can be based on
the parallel add/subtract and multiply operation. If we take
into account a very high operating frequency of the GaN or
SiC power switches and the limitations of the one-core pro-
cessors, the undertaken research is purposeful and justified
[33]-[36]. The proposed solution is particularly useful when
considering the irregular space of voltage vectors. Presented
solutions also add uniformity and transparency to the descrip-
tion of PWM-related problems.

The paper authors demonstrated that the proposed PWM
duty cycle computation can be successfully applied to the
three-dimensional space vector modulation for a three—level
four—leg NPC inverter where the volume—based rational func-
tions have been used.

APPENDIX
See Tables 5 and 6.
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