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Abstract: The present paper proposes a direct space vector modulation and novel balance algorithm
for easy software application of three-level converters which operate in three-phase. In the case of
the conventional space vector modulation, to get the on-state times of the switches, the dwell times of
the three nearest stationary vectors, which are obtained after sector and region selection algorithms,
should be rearranged. These processes, therefore, contain diverse conditional statements and
complicated calculations such as inverse trigonometric functions and square roots. However, the
burden of the software application of the proposed algorithm is greatly reduced by not using the
sector selection algorithm, the region selection algorithm, and the on-state time allocation process as
the proposed modulation can directly control the switch on-state time. In a three-level topology;, it is
required to balance top and bottom capacitor voltages because the DC-link voltage is composed of
two capacitor voltages; the unbalanced voltage of each DC-link capacitor causes the overvoltage of
the switching devices. Thus, the DC-link voltage balancing algorithm is proposed, and it is also very
simple and effective without additional circuits because it controls the switch on-state time directly
as well. The 5-kW prototype proved the validity of the proposed algorithm with its feasibility.

Keywords: multilevel converter; power conversion; T-type; high efficient; converter

1. Introduction

For three-phase control, space vector modulation (SVM) control is commonly used [1,2]. The SVM
is useful because, at the same carrier frequency, the switching number is about 30% less and the
maximum possible output voltage is 15.5% higher than the sinusoidal pulse width modulation
method [3]. The current controller in the d—q frame gives the angle of desired vector and magnitude
to SVM algorithm; the d—g frame is often used to regulate the reactive power and active power [4,5].
However, in this procedure, the SVM demands complex calculations such as the inverse trigonometric
functions and the square root of the microprocessor [6]. Moreover, a three-level converter requires
much more complex selection algorithms than a two-level converter to control through the SVM;
a three-level converter has at least six sectors, each of which is separated into a chain of regions [7,8].
Furthermore, at the end of the selection algorithm, the dwell time of the vectors should be properly
distributed to the switch on-state time [9].

Under the same input/output state with the same filter size, three-level converters have better
power conversion efficiency, rated voltage conditions, and current total harmonic distortion (THD)
compared to two-level converters [10]. However, three-level converters require two DC-link capacitors
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linked in series to produce different voltage levels, unlike conventional two-level converters. Therefore,
the DC-link voltage could be unbalanced, which causes overvoltage of the switching device and high
THD of the grid current, so the two DC-link voltages should be controlled to be the same [11,12].
While additional circuits may solve this balancing problem, this solution increases power loss, cost,
and complexity of the circuit [13-15].

In this study, the proposed algorithm and DC-link voltage balancing algorithm were validated
through the T-type topology which represents the three-level converter. The proposed direct space
vector modulation (DSVM) controls the switch on-state time directly without complicated calculations
such as sector and region selection algorithms and on-state time allocation procedure on the software.
In addition, the balancing algorithm that uses DSVM not only reduces the load of the software,
but also eliminates the need for additional circuit configuration; its principle includes the direction of
neutral current and its magnitude. The DC-link voltage comes into a balanced state by controlling the
neutral-point-current, so the concerns about overvoltage on switching devices are reduced. The final
switch on-state time is the sum of the compensated on-state time and on-state time, which is calculated
from DSVM. This paper carries out the analysis of the conventional SVM and the theoretical analysis
of the proposed DSVM and DC-link voltage balancing algorithms. Then, the experimental results of
the 5-kW T-type topology prototype are provided to verify the validity of the proposed algorithm with
its feasibility.

2. Algorithm Analysis

As shown in Figure 1, the grid voltages are ¢,, e, and e.; the grid currents are i,, i, and i.; and the
branch voltages are v,y, vy, and v¢,. In the stationary, a-b—c frame, the voltage equations are as follows:

di
e; = Ecoswt = —Ld—: + Van
2 diy,
—E ( P = ): L% 1
ep cos| w 37( T + Upn 1
4 di
e. = Ecos (wt — gn) = _LGTtC + Ucn,

where E and w are the grid voltage amplitude and the angular frequency of the grid voltage. L,, Ly,
and L., which are filter inductors, have the same value of inductance L. The voltage equations in (1)
are transformed from a—b—c frame to d—q frame as

diy

eg=E= _LE +CULiq+Ud
dig .
eg=0= —LE —wlLiy + vy, )

where d-axis grid voltage and current are e; and iy; g-axis grid voltage and current are e; and i,; d-axis
branch voltages is vy; and g-axis branch voltages is v;. By using (2), the active power P which is
supplied to the grid is

3, . . 3 _.
P= E(edzd +e4ig) = EEld. (3)

iy cannot affect the active power P of (3) because ¢, is 0 in (2). Therefore, the g-axis reference grid
current i; should be 0 for the zero reactive power and unity power factor.
For linear control, the following equations should be satisfied:

vy = E — wlig + Avy
vg = wLig + Avg, 4)
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where the variation of d-axis branch voltage is Av; and the variation of g-axis branch voltage is Av,.
They can be controlled as

804 = Kyaliy — i) + g [ (i3~ ia)dt
Avg = kpq(iy —ig) +kig [ (iy —ig)dt, )
where the proportional control gains of Avy is kpy; the proportional control gains of Avy is kpg;

the integral control gains of Avj is kjz; and the integral control gains of Ay, is kj;. Since the current
controller provides the branch voltages as (4), Equation (2) is easy to control as below:

di
*LE + Avd =0
di

This directly controls the grid current and could improve the power quality with simple control.

’ + saﬁg} sbﬁg} SCHG
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< >
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N

Figure 1. T-type three-phase three-level topology.
2.1. The Conventional SVM Algorithm

The conventional SVM is a switching modulation technique for the three-phase current control
of converters. In this modulation, the branch voltages of (4) are considered as the desired voltage.
A three-level cell has three switching states, as presented in Table 1, because Sy, and Sy4 (x = 4, b,¢)
operate in complementary relations similar to Sy; and Sy3. Thus, the three-level converter which
operates in three-phase has 27 (=3 x 3 x 3) switching states because of the three legs configuration.

Table 1. The three-level converter switching states of one leg.

Switch Status (x = a, b, ¢)

Switching State Terminal Voltage (v,0)
Sx Sx2 Sx3 Sxa i
(P) ON ON OFF OFF +Vyc /2
O) OFF ON ON OFF 0

(N) OFF OFF ON ON V4 /2
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In a complex plane, v, vy, and v, which are three branch voltages, can be represented as a
single variable by utilizing the space vector transformation. The space vector i(t) in complex plane
can be expressed as

(1a () + 1y ()37 + ue(£)eT57), %

=
—~
~~
~—
Il
WIN

where a scaling factor is 3. Any three of time functions which fulfill 1, () + u, () + uc(t) = 0 could be
expressed in two-dimensional space. Thus, 27 space vectors with 19 values of vectors (Vy ~ Vi) could
be drawn in complex planes, as shown in Figure 2a, and the 27 space vectors are classified into four
groups: small, medium, large, and zero. In addition, in accordance with Figure 2b, the vector space
can be six triangular sectors (I-VI); each triangular sector can be further divided into four triangular
regions (1-4). The reference space vector Vref of Figure 2b is provided from (4), and this reference
space vector V,, £ can be redefined by the three nearest stationary vectors. For example, if Vye fisin
Region 4 of SECTOR I as in Figure 2b, V,, V7, and V4 are the three nearest stationary vectors:

VZTnvl + ‘77Tn02 + ‘714Tnv3 = VrefTs (8)
Tnvl + TnvZ + Tnv3 = Ts/ (9)

where, in this case, the dwell times of V5, Vo, and Vy, are Tov1, Tnop, and T3, respectively.
The switching period is Ts. In addition, the three nearest stationary vectors 172, \77, and \714 are
represented as

1 V3

s i1 = il
Vo = gvalc€]37r V7 = ?Vdce](:”

o 2 jin y 70

Vig = Ve Vier = Vyere”, (10)

where

410
Vies = \/m 0 = wt + tan 10—2. (11)

After putting (10) into (8), the equation could be split into the real part and the imaginary part.
Then, by utilizing (9), the dwell times are obtained as

g [2 — 2mysin (g + 9)}
Ty = T [2masin(g - 9)] (12)
Tz = Ts[2mgsind — 1],

where the modulation index is m,, which is defined as

My = Jiﬂ 0<m; <1 (13)
Vic
The above processes could be repeated for each region. Consequently, Table 2 is the calculation
results of the space vector dwell times for the Vie ¢ in SECTOR I. For the other sectors (II-VI) of dwell
times for V,, , the results of Table 2 can be utilized; if the integer multiple of 71/3 is taken from the
actual angular displacement 6, the calculation results are available because the changed angle is in
between 0 and 77/3.
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Table 2. Space vector dwell times about Vm ¢ in SECTOR L

Region Ty01/Ts T2/ Ts T3/ Ts
1 \70 11— ngsin<g + 9) \71 : Zmasin(g — 9) Vz : 2m,sind
2 \71 11— 2m,sind 172 11— 2masin(g — 9) \77 : Zm,zsin(g + 9) -1
3 \71 12— 2masin<g + 9) 177 : 2mgsin® \713 : Zmasin<g - 9) -1
4 \72 12— 2masin(g + 9) \77 : 2masin<g - 9> ‘714 1 2mgsinf — 1

Jm

2

7.2
1473

Vdcej"/3

(a)

Figure 2. Vector space for the three-level converters which operate in three-phase: (a) space vector

diagram; and (b) divided sectors and regions.

2.2. The Proposed DSVM Algorithm
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Jm
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Because Sy, and Sy4 operate in complementary relations, as indicated in Section 2.1, the Sy4 on-state
time can be represented as Ts — Tsxo where T, is the on-state time of Syp and T;,4 is the on-state time
of Sya (x=a,b,c). Thus, v,0, vy0, and v.o, which are the terminal voltages, are represented as

Tsal
Uq0 =
Ts
stl
Up0 =
Ts
Ve = Tscl
0 =
Ts

In addition, they can be represented as

Vdc

2

(

)+ =

Vdc) Ts — Ty (
(39)+ =7

Vdc T — Tscz
(5)+ T (
Ua0 = Yan + Vo
V50 = Upn + Uno

Ve0 = Uen + Un0-

_ Vae

~ Vae

2

)
)
)

2
14
. (14
Vae

(15)
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From (15), v,,0 is given as

040 + Upo + V0 = Van + Upy + Ven + 3050 (16)
0,0 +0p0 + 0
040 = LT (L U+ 0y + Ve = 0). 7)

Therefore, from (14), (15), and (17), Van, Uy, and ve, are arranged as

V.
Ogn = 67’? [2(T3a1+Tsa2) - (stl +st2) - (Tscl +Tsc2)]
s
V,
Upn = 67:[d“c [_( Tsa1+Tsa2>+2<Tshl+st2> _(Tscl +TSC2)] (18)
s
V,
Uen= 67;"6 [*(Tsa1+Tsa2) - (stﬁ‘stZ) ‘|‘2(Tscl +T5C2)].
S

In matrix form, (18) is arranged as

Van v, 2 -1 -1 Tsa1 + Tea2
Opn | = 67TC -1 2 -1 Tsp1 + Topa | - (19)
Ucn | 2 Tse1 + Tse2

As shown in Figure 2b, if V,,  is in Region 4, which is in SECTOR [, the three nearest vectors are
Vs, V7, and V4. In addition, because small vectors have P- and N-type, (Vop, V7, and Vi4), (Van, V7,
and Vyy), or (Vap, Von, V7, and Vy4) can be utilized for Vief- If Vier is computed by a P-type space vector
Vop(PPO) with V7(PON) and Vi14(PPN), the switch on-state time and the space vector dwell time are
represented as

_Tsal_ _Tnvl_ TnvZ Tan
TsuZ Tnvl TnvZ Tan
stl _ Tnvl + 0 + Tnv3 . (20)
st2 Tnvl TnvZ Tnv3
Tint 0 0 0
_Tscz_ _Tnvl_ L 0 _ L 0 |

Because of Ts;1 = Tsap = Ts, 050 is V. /2 from (9), (14), and (20). Therefore, from (14), Tsz1 + Tsa2,
Tsp1 + Topo, Tse1 + Tsep are obtained as

Tt + Ton2 L] ,p [Vae/2— 20
s
Top1 + Tz | =2 | Ts| — V. Viac/2 — vpo (21)
Tse1 + Tseo _Ts_ ‘ _Vdc/2 —0c0
_Ts_ _UaO — Va0
2T,
=2 Ts | — Tds Ua0 — UpO (22)
_Ts_ ‘ | Va0 — UcO
_Ts_ _Uzm — Oan
2T,
=2|Ts| — Ttls Uan — Opn (23)
_Ts_ ¢ | Yan — Ucen
T OUmax — Uan
2T,
=2|Ts| — Tds Omax — Opn | » (24)
c

Ts Umax — Ucn
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where vy (=max(Van, Vpy, Ucn)) is the maximum branch voltage; the branch voltage can be maximized
by the maximum value of Tgy + Tsx2 (X = a, b, c) because of (19). Thus, because of Ty = Tspp = Ts
from (9) and (20), vy, 1S Vpgx-

If Vre + is computed by the N-type space vector VQN(OON) with ‘77(PON) and V14(PPN) instead of
v, p(PPO), the switch on-state times and the space vector dwell time is obtained as

Tsul 0 TnvZ_ Tnv3
Tsa2 Tnvl Tnvz Tan
stl 0 0 T3
= + + : (25)
st2 Tnvl TnvZ Tnv3
Tsc1 0 0 0
_Tsc2_ L 0 _ L 0 _ L 0 |

Because of Tsq = Tsep =0, —Vy. /2 is v.o from (14) and (25). Therefore, after the same process as the
above procedures of (21)—(24), Tsa1 + Tsa2, Tsp1 + Tspp, and Tyoq + T2 are represented as

Tosa1 + Tsa2 T _UaO + Vdc/z
S

Tsp1 + Tspo | = Vi Upo + Ve /2 (26)
c

Tscl + Tch _UcO + Vdc /2

Uan — Omin
2T,
= % : Opn — Omin | + (27)
dc

Ucen — Umin

where v, (=min(van, Vpy, Ven)) is the minimum branch voltage. For the minimum deviation of the
DC-link voltages, the P-type state and the N-type state in the dwell time of V5 should be equal during
T; ideally. Therefore, from (20) and (25), if Vap and Vay are utilized equally during Ts, the space vector
dwell time and the switch on-state time are obtained as

Tsul -Tnvl /2_ Tnv2 TnvS

TsuZ Tnvl TnvZ Tnv3

stl _ T /2 + 0 + T3 ) (28)
stZ Tnvl T2 Tnv3

Tsc1 0 0 0
_TSCZ_ _Tnvl /2_ L 0 i L 0 |

Tsa1+Tsa2, Tsp1+Tsp, and Ts1+T50, from (24) and (27), are represented as

Tsa1 + Tsa2 T T Uan — Omin T Umax — Uan
s s
Tsp1 + Topp | = | Ts| + % Opn — Omin | — OUmax — Opn | - (29)
dc
Tse1 + Tse2 T Ocn — Umin Omax — Ucn

The switch on-state times are calculated as represented in Table 3 thanks to the switching
characteristics of three-level in [16]. Therefore, the proposed DSVM directly provides the switch
on-state times from (29) without complicated computations, i.e. square root, inverse trigonometric
function, sector and region selection algorithms, and on-time allocation process. As shown in Figure 3,
DSVM takes the switch on-state time more easily through the greatly simplified procedures than the
conventional SVM; DSVM needs just one generalized equations, whereas many conditional statements
should be included in each block diagram of the conventional SVM in Figure 3. In accordance with
Table 4, there are huge differences in complexity of switching sequences for DSVM compared to other
methods. Even if, in [11], the number of switching sequence is zero, each sectors has the different
equations for the switch on-state time. However, in DSVM, only one generalized equation covers all
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sectors, and the proposed DSVM can calculate the switch on-state time without considering of the
switching sequence, sectors, and regions.

Table 3. The switch on-state time regulation.

On-State Times (x = a, b, c)

Condition
Tsx Tsx2
Tsx1 + Tsx2 > Ts Tsx1 + Tsxz — Ts Ts
Tsx1 + Tsxo < Ts 0 Tsx1 + Tsx2
= - =
Conventional SVM \ Tsut/ T
Vg : 0<60<m/3 Region 0=60<2mn Dwell times of | Tyi/Ts ﬂLP
| Selection > the three nearest / | H
i| Equation |0=<@<2m | Sector < . Lo/ T On-state time | | H
v | (11) Selection V. 7 E . m statlonag veetors T 3/T allocation | '
4 ref | Equation a_ | my s | Tseo/ Ty
> (13) Table 2 Toed/Ts
| |
(a)
_______________________ .
Va : Proposed DSVM 1 Tsat/ T
| an
’ || Transformation v Equation (29) | 1
bn | '
I'l from d-¢ frame & | H
Yq ) ' to a-b-c frame Ven Table 3 | T.o/T.
scz 5
| H—>
| |
(b)

Figure 3. The block diagram after Equation (4): (a) the conventional SVM; and (b) the proposed DSVM.

Table 4. Comparison with the existing schemes and the proposed DSVM.

The Number of The Number of Generalized Equations

Ref.
Switching Sequence  Total Regions for Gate Signal

. Each sector has

[11] Not required 12
different equations

[17] 25 18 Not provided
[18] 12 6 Not provided
[19] 36 36 Not provided
[20] 24 12 Not provided
[21] 36 36 Not provided

. . Only one

SSVM Not required Not required

generalized equation

2.3. The Proposed Balancing Algorithm of the DC-Link Voltage

A seven-segment switching sequence is used for the three-level converter which operates in
three-phase after DSVM. Its characteristics could be summarized as follows: A) T is composed of
seven segments of the dwell times for the three stationary space vectors which are the nearest to the
reference. B) The three space vectors have four switching states since the P-type state and the N-type
state in the dwell time of small vectors should be equal during Ts for the minimum deviation of the
DC-link voltages. C) The change to the another segment is only one leg switching state. The change in
Figure 4, for example, from the (PPN) to the (PPO) is conducted by altering the c-terminal side leg
switching state from (N) to (O). D) For the grid current THD, the segment sequences are center-aligned
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and symmetric. E) The center segment, which is the P-type vector switching state, and the edge
segments,, which are the N-type vector switching state, have the same dwell time.

The switching state sequence based on A)-E) for V,gf is shown in Figure 4. As referred to C)
and E), the movement from the edge to the center make the switching states of all three legs change.
Therefore, In Table 3 and Figure 4, if Sy (or Sx) is 1 or 0 continuously during T, the other switch
Sxo (or Sy1) is one of Tyax, Tiig, and Tiyin; Tinax is the five centered segments period; T4 is the three
centered segments period; and T,,;, is the centered segment period. Thus, by utilizing E),

Ts = Tmax + Tmin- (30)
T, }
I_/.ZN % I_/.7 % _.14 % _.ZP % _.14 % _.7 % _.ZN %
(OON)| (PON) | (PPN) | (PPO) | (PPN) | (PON) |(OON);
I |
Vao ! i i i i ! i
Sai oL b b0
S I 1 I 1 I 1 I U
| =3 .
Voo | | | [ |
Sy | O O 1 {1 1 i 0 |0
Sh2 1 | 1 | 1 | 1 | 1 | 1 | 1 |
Yo ——
=
Se1 o 0 0 0 {0} 0O | O
Se | O 0 [0 1 [ 0{ 0 | 0]
T, nvl i T, nv2 i T, nv3 i T, nvl i T, nv3 i T, nv2 § T, nvl i
4 2 L2 0 2 1202 14

Figure 4. The switching state sequences of V,, r, where 1 is the switch on-state and 0 is the switch
off-state.

As shown in Figure 5, the five states of the space vectors are (PPP) of a zero vector, (POO) and
(ONN) of two small vectors, (PON) of a medium vector, and (PNN) of a large vector. Although
Figure 5 represents only the state of (PPP), the converter operates in zero vector Vp with (PPP), (NNN),
and (OOO). In the state of (PPP), as shown in Figure 5a, the a, b, and ¢ terminals are linked to the
positive node of the DC-source because the all of Sy and Sy, in three legs are turned on (x =4, b, ¢).
Thus, the voltage difference between the top capacitor and the bottom capacitor maintains constant
since the capacitors are linked only to the DC-source. The same is true for (OOO) and (NNN). Figure 5b
shows the circuit diagram of small vector V1p(POO); the top capacitor voltage V;; is decreased since the
neutral current ip flows in the negative direction. On the other hand, as shown in Figure 5c¢, the bottom
capacitor voltage V., is decreased since ip flows out in a positive direction during (ONN) state. In
other words, V;; is elevated relatively if ip flows in the positive direction, while V., is increased
relatively if ip flows in the negative direction. Therefore, in the case of the medium vector V7(PON) in
Figure 5d, the voltage variation of the DC-link capacitors depends on the direction of ip. Since the
current amount which flows through the DC-link capacitors is the same, the large vector V15(PNN)
shown in Figure 5e does not affect voltage difference between the top capacitor and the bottom
capacitor.
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Figure 5. The switching states: (a) (PPP); (b) (POO); (c) (ONN); (d) (PON); and (e) (PNN).

It can be assumed that the grid current is constant during T because the switching frequency
is far higher than the grid frequency. Therefore, ip 15 = —ip4s = 0,75, 10,35 = 10,55, and ip 25 = 10 6s,
where the neutral current ip of each segment sequence is sorted by ip 15,-ip,75; for example, ig 3, is the
neutral current in the third segment of the seven segments. Thus, through utilization of (30), ip is
represented as

_ iO,ls(Ts - Tmax) + iO,Zs(Tmax - Tmid) + Z.O,SS(Tmid - Tmin) + iO,4s Tmin

] 31
io T. T, (31)
_ i0,25(Tmax = Tia) + 10,35 (Tinid — Tinin) (32)
Ts ’
By using Figure 4, Tiax, Tipig, and Ty, can be obtained as
Tmax = Tsal
Tnia = Tsm (33)
Tmin = Tsp = Ts — Tg1.
Thus, by utilizing (32) and (33),
1 Tsi1 — T.
i = ZO,2s( sal sbl) £0, (34)

Ts

where ip 3,=0 because ig is zero in Figure 5e. Thus, the compensated dwell time T, for the balancing
control can be expressed as

Tcomp = kVerror + & (/ where Verror = Ve — Vdcb)r (35)

where the proportional gain is k(> 0) and the compensation value is «. If Teomp compensates Tpay,
Tyig, and T, equally, (31) is reorganized as below

iO,ls(Ts - (Tmax + Tcomp)) + Z’O,Zs((Tmux + Tcomp) - (Tmid + Tcomp))

10,comp = T, T,
+ iO,3s(Tmid + Tcomp) - (Tmin + Tcomp)) + iO,4s(Tmin + Tcomp) (36)
Ts T
2iO,4s Tcomp

=ip T.
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To eliminate iy term, & can be expressed as:

io
= — Ts. 37
: 21‘0,45 ’ ( )

Thus, from (35)—(37), the compensated neutral current i comp is expressed as:

iO,comp - k/ Verror/ (38)

where 2ig 45k /T is k(< 0) and io4s < 0since the centered segment is the P-type small vector switching
state from E). If, in DC-link unbalanced condition, Vj is lower than Vit (Verror > 0), i0,comp in (38) has
a negative value. Thus, since ip ¢mp has a negative value, the bottom capacitor voltage Vj, relatively
increases for the balance. On the other hand, if V. is higher than Vi (Verror < 0), i0,comp in (38) has
a positive value. Therefore, the bottom capacitor voltage V., relatively decreases for the balance
DC-link condition. Consequently, the final switch on-state time is rearranged by adding Tcomp to the
existing switch on-state time as below

Tmin,comp = Tin + Tcomp
Tmid,comp = Lipig + Tcomp (39)

Tmax,comp = Tiax + Tcomp~

3. Experimental Result

To demonstrate the validity of DSVM and its feasibility, grid-connected experiments were
conducted using the prototype for the proposed converter in Figure 1. The parts and component
values of the prototype, as shown in Figure 1, are as follows: a-, b-, and c-phase T-type module,
4MBI300VG-120R-50; current sensor, LA 55-P; capacitance of C; and Cy,, 2200 pF; and inductance of L,,
Ly, and L., 1 mH. The DC-link voltage Vj, is 360 V; the line voltage v, is 220 Vyns; the grid frequency
f¢ is 60 Hz; and the rated power P, is 5 kW.

Figure 6 shows the experimental results of T-type converter which operates in three-phase and
utilizes the proposed control algorithms. i,, i, and i;, which are the grid currents in Figure 6a,
show sinusoidal wave form with the phase difference of 120°. In addition, they provides the desired
rated power of 5 kW. Each of the grid currents is controlled very well as the sinusoidal form in
Figure 6a. Furthermore, to check the response time in transient condition, load variation was conducted
(Figure 6b). In this experiment, the grid currents i,, i, and i, were changed smoothly and quickly
from 5 to 2.5 kW. As a result, those experiments completely demonstrated the validity of the proposed
control algorithm and its feasibility. As represented in Figure 6c, the three-level voltage v, has five
voltage levels, and the line voltage v, is the 220 Vs sine wave. To verify the proposed DC-link
voltage balancing algorithm, the initial unbalancing experiment was conducted, as presented in
Figure 6d, which shows the voltage of the top capacitor V., and the voltage of the bottom capacitor
Viep. The Vy, initial condition is 240 V and the Vj, initial condition is 120 V. To make the initial
unbalanced DC-link state, the register linked to the circuit breaker, as shown in Figure 7b, is temporarily
utilized before the operation. As shown in Figure 6d, after starting the operation of the converter, which
conducts the proposed algorithm, the difference between Vj.; and V., has become zero. It proves
that the proposed balancing algorithm gives equal distribution of two DC-link capacitor voltages.
Thus, the proposed DSVM and the balancing algorithm for the three-level converter which operates in
three-phase permit giving precise current control and the DC-link capacitor voltages balancing.

Pictures of experiment environment are shown in Figure 7. The prototype is evenly arranged, as
represented in Figure 7a, and a plate also acts as the heatsink and support at the same time. In addition,
the power circuit and control board are insulated. As shown in Figure 7b, DC power supply gives the
power for the prototype, and the prototype transfers the power to the three-phase grid. To create an
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initial DC-link unbalance condition, the register linked to the circuit breaker in Figure 7b is utilized
temporarily before the converter operation, as shown in Figure 6d.

(10 A/dlvj D A/d | ) | -
I : : - (16 iv.
: / . (10 Aldiv. )

Tlme (10 ms/dlv )

Vdcb ...... ......

(100 Vidiv. )

(d)

Figure 6. Experimental results: (a) The rated 5-kW load condition for the three grid currents iy, iy,
and i.; (b) the load changes from 5 to 2.5kW for the three grid currents ig, i, and i.; (c) the three-level
voltage v,;, and the a-phase line to b-phase line voltage v,/; and (d) the balancing algorithm operation

with initial unbalanced condition.

= ¢

Load output <. =]
I/Iagnetl& ™
Contactor

Figure 7. The pictures of experiment environment: (a) the prototype shown in Figure 1; and (b)

experiment environment.
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4. Conclusions

This paper proposes a direct space vector modulation and a novel DC-link voltage balance
algorithm for easy software application of three-level converters which operate in three-phase.
The proposed DSVM directly gives the switch on-state time without complicated computations,
which are the on-state time allocation process and sector and region selection algorithms. Due to
DSVM, a novel DC-link voltage balancing algorithm is also developed. The three-level converters
have two divided DC-link capacitors which are linked in series. Then, it can generate the unbalanced
voltages of the DC-link capacitors which is causing raised concerns about overvoltage on switching
devices. In addition, the equal voltages of the DC-link capacitors linked in series can improve the
current quality of the three-level converters. The proposed balancing algorithm with DSVM simply
controls the DC-link voltages in equality by adjusting the neutral current and provides an effective
balance control without the additional hardware and complex calculations. Therefore, the proposed
DSVM and the balancing algorithm are simple to apply to three-level converters which operate
in three-phase, and the experimental results thoroughly represent the validity, effectiveness, and
feasibility of the proposed algorithms.
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