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Combination Analysis and Switching Method of

a Cascaded H-Bridge Multilevel Inverter Based

on Transformers With the Different Turns Ratio
for Increasing the Voltage Level

June-Seok Lee
and Kyo-Beum Lee

Abstract—This paper analyzes the combination in a
cascaded H-bridge multilevel inverter (CHBI) based on
transformers with the different turn ratios for increasing
the voltage level and proposes the switching method for
achieving the output voltage distribution among H-bridge
cells (HBCs). The transformers used in this paper are con-
nected to the output of the respective HBCs, and the sec-
ondary sides of all the transformers are connected in se-
ries for generating the final output voltage. Only one of the
transformers, in particular, has a different turn ratio for in-
creasing the output voltage level. In this paper, the possible
turn ratio of the special transformer with a different turn
ratio is discussed in detail, and a switching method based
on the level-shifted switching method for the topology used
in this paper is proposed. To verify the effectiveness of the
proposed method, a three-phase 21-level CHBI is experi-
mentally tested.

Index Terms—Cascaded H-bridge inverter (CHBI), cas-
caded multilevel, level-shifted switching method, multilevel
inverter.

|. INTRODUCTION

ESEARCH on multilevel inverters used in high-power
R and voltage applications are being conducted because of
the recent increase in system power requirements. Owing to
many advantages compared to conventional two-level inverters
[1], [2], multilevel inverters are used in various high-power and
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voltage applications such as wind turbine systems [3], [4], grid
connected systems [5]-[7], and motor drive systems [8], [9].

There are several multilevel inverter topologies: the neutral-
point clamped topology [2], [4], [7], the flying capacitor
topology [10], [11], the cascaded H-bridge (CHB) topology
[3], [6], etc., [S], [8], [9]. Each topology has its own advantages.
Among them, the effective topology for high-voltage applica-
tions is the CHB topology having a degree of freedom for in-
creasing the voltage level by connecting H-bridge cells (HBCs)
in series with simplicity in control.

The traditional CHB topology consists of several HBCs with
their outputs connected in series. A main drawback of the topol-
ogy is that the input sources (dc side) of the HBCs should be
isolated from each other. Therefore, low frequency transformers
with rectifiers are used to supply the isolated source [12]. Al-
though the number of transformer can be reduced by a specially
designed multiphase transformer [1], [13], the remaining recti-
fiers continue to be a drawback, and the multiphase transformer
nullifies the advantage of the degree of freedom in increasing
the voltage level.

To overcome the problems mentioned above, two concepts
have been studied: the topologies using the floating capacitors
[14]-[16] and new topologies with transformers and the single
dc source [17]-[21]. The former topologies have the complex
structure and its control method is complex in order to regulate
the floating capacitor voltage. In the latter topologies, the main
difference is that transformers are connected to the outputs of the
HBCs. CHB topologies using output transformers have lesser
switching components than the traditional CHB topologies with
transformers and rectifiers, thereby relatively retaining the de-
gree of freedom in increasing the voltage level. In addition, a
high voltage level can be achieved using transformers with dif-
ferent turns ratios [20]. Based on these advantages, research on
the multilevel topology with the output transformers and single
dc-link have continued consistently, although it has a disadvan-
tage in terms of tolerant operation when the subsystem of input
side breaks down.

The each HBC generates the one-pulse in its output voltage
during the half of the fundamental period and they are com-
bined to achieve the sinusoidal output voltage in [19]. The new

0278-0046 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-9374-7140
https://orcid.org/0000-0002-2125-9500

LEE et al.: COMBINATION ANALYSIS AND SWITCHING METHOD OF A CHBI BASED ON TRANSFORMERS WITH THE DIFFERENT TURNS RATIO

4455

ot ,,
3[E7em
[ dwh, [l
ST
)f + ol kil 4+
Rectiﬁer i = 1
b di | |
E ki1 —)
- || | L
Y
|
3 -
°
k:1/n
|
J k:1/n
Sl

Fig. 1. Transformer-based CHBI topology used in this paper.

switching pattern, which is based on the ON/OFF angle, depend-
ing on the modulation index is proposed in [18], and it guaran-
tees the balanced output voltage and power. The 27-level CHB
inverter (CHBI) is a representative topology [20]. In this topol-
ogy, three HBCs per phase are used. Although three HBCs can
generate an output voltage with 7-levels in the traditional CHBI
topology, connecting the output of each HBC to three trans-
formers with turns ratios of k:1, k:1/3, and k:1/9, respectively,
extends the voltage level from 7 to 21. In a 27-level CHBI, each
HBC shows a different switching operation. A HBC connected
to a transformer with a k:1 turns ratio (main transformer) oper-
ates at a low switching frequency; however, a HBC connected to
atransformer with ak:1/9 turns ratio operates at a high switching
frequency. In terms of the power distribution, the HBC with the
main transformer takes charge of a significant part of the total
power. The power of other HBCs is reduced according to the
decrease in the turns ratios of the transformers. Consequently,
each HBC should be designed independently, considering its
power rate, which means that the effort for developing the
transformer is required, and the total cost can be increased.

A transformer-based CHBI topology which has the different
configuration with [18]-[20] is introduced and considered in this
paper. The transformer-based CHBI topology can use several
main transformers with k:1 turns ratios and one subtransformer
withk:1/n (n = 2, 3), as shown in Fig. 1. Most of the power can
be divided by the HBCs (main HBC, MHBC) connected to the
main transformer; they can comply with the same design rule.
The HBC (subHBC, SHBC) connected to the subtransformer
takes charge of a small portion of the total power. The feasibility
of the configuration of the transformer-based CHBI topology is
analyzed by applying the proposed switching method. Finally,
the effectiveness of the proposed switching method is verified
experimentally in the transformer-based 21-level CHBI.

[I. CONFIGURATION ANALYSIS OF THE
TRANSFORMER-BASED CHBI TOPOLOGY

The transformer-based CHBI topology used in this paper
is shown in Fig. 1. A rectifier is used to transform the ac

voltages of the grid to the dc voltage of the dc link and all the
HBCs share the dc link, i.e., they are connected to the dc link
in parallel. The most important characteristic of this topology
is that each H-bride cell has a transformer at its output. One
HBC, called the SHBC, has a special transformer that is dif-
ferent from the others. Several HBCs, called MHBCs, use
the same transformer and are in charge of the most of power
transmission. Depending on the number of MHBCs, the fea-
sible maximum (minimum) voltage is defined and the voltage
level that can be calculated by a basic voltage level calcula-
tion equation for the traditional CHBI topology is determined
[21]. In the transformer-based CHBI topology, the final out-
put voltage (V,.,z = a, b, c) is generated by synthesizing the
output voltages (V; rr—n,z = a,b,c, M =1,2,...,N — 1,)
of the main transformers (TR-main) and the output voltage
(Va TR—sub, X = a, b, ¢) of the special transformer (TR-sub).
Therefore, the voltage level is divided further using the TR-Sub
and the feasible value of V,, is expressed as

M=0,1,...,N—1
_ Vb Vbe s Ly ’
Vo=l x Bes M TN 0 (1)

where N is the number of HBCs (/N — 1 indicates the number of
MHBCs), S is the number of SHBCs, k is the primary side turns
ratio constant for all the transformers used in the transformer-
based CHBI topology, and n is the secondary side turns ratio
constant of the TR-sub connected to the SHBC.

The minimum variation (dV;.) of the voltage level is deter-
mined by the TR-sub and is expressed as

av, = e, @)
kn

In the transformer-based CHBI topology, the number of volt-

age level is calculated as

‘/I,max
2 x TP 4] = 9n(N ~ 1) +3,
kn
V(N —1)  Wbe
k kn

The number of voltage level is not influenced by k. To iden-
tify a feasible configuration for the transformer-based CHBI
topology, the parameters (n, N) should be reviewed, excluding
the case where n = 1 because it indicates a traditional CHBI
topology using N-HBCs. Assuming that n = 2, the value of
V.. is calculated as

Vt,max =

3

Ve=Vormaa+- -+ Vorm-m + Vo rm—sup T =a,b,c

Voe . Vbe
Verm-—m = *%,0, %C M=1,2,...,(N—-1)
Voo . Wi
V’a:,TMfsub = 7%;, 5 %kc 4)

The result of (4), where N = 2 or 3 is summarized in Table I.
Hence, when using the TR-sub with a turns ratio of k : 1/2,
the number of MHBCs can be increased without any limitation,
implying that dV, is always the same. In addition, a TR-sub
with turns ratio of k : 1/3 is acceptable in the transformer-based
CHBI topology. In the other case, where n > 3, V,, cannot ac-
quire all the values of the voltage levels shown in Table II.
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TABLE |
FEASIBLE VALUES OF V,, DEPENDING ON n, WHEN n IS 2
(N-1) Vi tr-mS Vi tRosub Ve (Vpc/2k=dVy) Levels
Vpc/k 34V, 2dVv,, dV, 9-level
1 O de: 0: 'de (3de ~
-Vc/k Vo nk -dV,, -2dV,, -3dV, -3dV,)
2Vpok g SdV, 4dV, 3dV. o
Vick 3dV,, 2dV,, dV,
-Vpc/2k 1
2 0 dv,, 0, -dV, (5dV ~
-Vck -dV,, -2dV,, -3dV, s dIX/ )
-2Vpok -3dV,, -4dV,, -5dV, K
TABLE Il
FEASIBLE VALUES OF V,, WHEN n IS 4
(N - 1) Virrms Ve tresub Ve ( Voo/4k=d Vx) Levels
Voc/k Vpc/Ak 5dV,, 4dV,, 3dV, 9-level
1 0 0 dv, 0, -dV, (Not
-Vpc'k -Vpc/Ak -3dV,, -4dV,, -5dV,  equal)
TABLE Il
VOLTAGE LEVEL OF V,, DEPENDING ON N AND n
Number of  Traditional Transformer-based CHBI used in this paper
HBCs (N) n=1(k:1/1) n=2(:1/2) n=3(k:1/3)
2 5 7 9
3 7 11 15
4 9 15 21
N ON+1[17] 4N-1 6N-3

Although the voltage level is nine, dV,. is not always the same
because TR-sub with a turns ratio of k : 1/4 cannot generate
2dV, and —2dV,. Although the absence of the voltage levels,
2dV, and —2dV,, is not an issue for generating a linear output
voltage, this configuration cannot be guaranteed by the proposed
switching method introduced in Section III.

In the transformer-based CHBI topology, dV,. of the voltage
level is determined only by n and the voltage level is defined
depending on both N and n. Table III shows the feasible volt-
age levels, depending on N and n. As the number of MHBCs
used increases, the benefit in terms of the voltage level also
increases.

[ll. PROPOSED SWITCHING METHOD

To generate the maximum output voltage level of the
transformer-based CHBI topology, the switching method is
needed. In introducing the switching method based on car-
rier signals, a 21-level CHBI using four HBCs (three MHBCs
and an SHBC connected to a TR-sub with &k : 1/3 (n = 3)) is
used.

A. Output Voltage Determination

A HBC has a three-level output voltage: Vpc, 0, —Vpc. Con-
sidering the TRs” output voltages (V.. tr—18,Vy TR —sun ), the
basic voltage level becomes dV,.. The positive values of V,. can
be expressed as shown in Table IV. Among the voltage levels
of V,, the voltage levels from 2dV, to 7dV, can be generated
by three combinations. Therefore, the switching method for the

transformer-based CHBI topology is based on the level-shifted
switching method [1], [21]-[23], [26].

B. Switching Method Based on Carrier Signals

As the number of HBCs increase, more carrier signals are re-
quired in the level-shifted switching method. An m-level CHBI
requires (m—1) carrier signals. Two carrier signals are needed for
a HBC and each carrier signal operates one leg of the HBC, re-
spectively. In real systems using microcontrollers, the reference
voltage (V;er) that is compared to the several carrier signals for
operating the switches of the HBC is changed to use one carrier
signal.

Similar to the existing carrier-based level shifted switching
methods, the switching method for the transformer-based CHBI
topology needs (output voltage level-1) carrier signals. Twenty
carrier signals are used in the 21-level CHBI and each carrier
signal takes charge of a leg of the HBCs. However, in real sys-
tem, only two types (V.1, V.9) of carrier signals are used and
the reference voltages (Vv,refA’yA,V;;JefyyB,y =1,2,3,S) for
the MHBCs and SBHC are obtained from the x-phase refer-
ence voltage (V, ,or). The operating principle of the switching
method is based on the characteristic of Table I'V.

Fig. 2 shows the switching operation in the MHBCs. Two
phase-shifted carrier signals (V, V.2) and six reference volt-
ages (Vyverya, Varetyn,y = 1, 2, 3) for each leg (—A, —B)
of the three MHBCs in the x-phase are used. V. is com-
paredto Vy vef 14, Vi ref,24, and V. 1o 3.4 that are obtained from
the positive V¢; and are used to operate the switches in the
A-leg of each MHBC. V,, is used to operate the switches in the
B-leg. In case of V, et 14, Virer, 14 = 0 when V, op < 2dVy,
and V. rer,14 = dV, when V,, rer > 3dV,; Vi, ref,14 has a vari-
able value when V, . is in the range between 1dV, and 2dV,
and it causes a switching operation during the range identi-
fied in the boxes of Table IV. The reference voltages for the
MHBC s are generated by the rule of Table IV, and they are
calculated as

if Vi rer 20,
Vi ref 14
0 for R, =1
=< Viret — 1dV,, for R, =2 Veretin =0
dv, for R, =3,...,10
Vi ret,24
0 forR, =1,...,4
= Voyer —4dV, [for R, =5 Varetop =0
dv, for R, =6,...,10
Vi ref,34
0 forR, =1,...,7
= q Viret — 7dV, ,for R, =8 s Viretsg =0
dV, for R, = 9,10
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TABLE IV
OUTPUT VOLTAGE OF EACH HBC AND V., (V¢ /3k = dV,)
Vac Vz,TRfl of MHBC-1 Vz,TRfZ of MHBC-2 Vz.TRf‘& of MHBC-3 V’mTR—sub of SHBC
104V, 3dV, 3dVz 3dV, av,
9dV; 3dV, 3dVz 3dV, 0
8dVy 3dV, 3dVz 3dV -dVv,
7dV, 3dV,, (0), 3dVz, (3dV,), 0,(3 dv?”.) dv,
[3dVy] 0 3dv,]
64V, 3dV,, (0), 3dVz, (3d ) 0
[3dVz] [0] 0,[%6% ),
5dVy 3dV,, (0) i -dVv,
AN 3dVz, (3dV,
[3dV, ] ﬂo(] ), 0,(3dV; ),
4dV, 3dV,, (0),[0] 0, (3dV z), 0] (3dV%] v,
3dV, 3dV,, (0),[0] 0,(0), [3dV] 0
24V, 3dV,. (0, 0] 0, (3dV;), [0] 0,(0), [3dV;] —dv,
1dVy RPN 0, (3dV. ), [0] 0,(0), [3dV, ] dv,
0 0
0 0 0 0 0
104V, TABLE V
14 384 L ] REGION OF THE REFERENCE VOLTAGE (V yef)
o SdV (Ve I '
sy ?\Vf,n’f
= ' %Z'V/ ((t/\,r,f/:u’/)d) 0 Voltage range Region (R,)
T AN 1dv ”/\“ -=0) 0 <Viry<1dVior-1dVe < Vi, <0 1
- 1dV, < Vi< 2dVy o1 2dV, < Vi oy < -1dV, 2
- — 24V, < Vi < 3dVy 08 -3V, < Vi oy < -2dV 3
o T — : 3AV, < Vyper < 4dV, o8 -4dVy < Vo < -3dV, 4
. : - : 4dV, < Viopy < 5dV, 08 -5dV, < Vs oy < -4dV, 5
N i 5dV, < Viper < 6dVy OF -6dVy < Vipor < -5dV, 6
e : 6dV, < Vyrer < 1dVy 08 -1dVy < Vi oy < -6V 7
= Z TdV, < Vypoy < 8dV; o8 -8V, < Vi oy < -1V 8
: 8V < Vyyoy < 9dVy Or 9dVy < Vy oy < -8V, 9
¥ ' 94V, < Vi < 10dV o1 -10dV, < Vi oy < -9V, 10
/
VL'Z
Y0002 0004 0006 0008 001 0012 0014 0016 0018  0.02 7dV. L0dV-
Time(s) R ;([7‘ W) T T x
X, TR-3ub’ R,(B)
) ] ] Tea e V¥ ! 1 ! !
Fig. 2. Carrier signals (V.; and V.3) and reference voltages e q> - - - - - - - -
(Vz,rcﬂlAvVmArcf,levm7rcf.2A7Vz,rcf,2B1Vz.rcf,3Aer,rcf,3B) for the — =
switching operation in the MHBCs. = 9
? AT g 0
; B e s
if ‘/Zp,ref <0, - %E - Verarma— . "é_i — 10dV

Vx,ref,lA =

0,

forR, =1

%,ref,lB = z ;ref + ]-dvx, for R =2
0

Ve for R, =3,...,10
Vi ref24 =0,
forR, =1,....,4
ViretoB = § Vi ret —|— 4dVl ,forR, =5 ©)
Vie for R, =6,...,10
Vi ret,34 =0,
0 forR, =1,...,7
Viret,2B = S Viret +7dV, for R, =8
Vie for R, = 9,10

where R, is the region including V; ..t and is defined in Ta-
ble V. The reference voltages for the HMBCs are O or dV, for
a considerable duration in one fundamental period of V. ...t and

0.004 0.006 0.008 0.01

Time(s)

0.012 0.014 0.016 0.018 0.02

Fig. 3. Carrier signals (V.1 and V.2) and reference voltages
(Vi vet, 54, Ve ref,s B ) for the switching operation of the SHBC.

the HMBCs have a smaller duration for the switching operation.
Therefore, the HMBCs operate similar to a HBC applying the
level-shifted switching method.

The SHBC operation should divide Vs voltage level further.
This is achieved by complying with the rule in Table IV. Fig. 3
shows V,1, V,9, and the reference voltages (V,; ref, 54, Va ref,SB)
for the SHBC. The difference from the case of Fig. 2 is that V;
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is compared to the B-leg reference voltage, V;, ;o sB; Vea 1s used
for operating the switches in the A-leg. In addition, V, e 54
and V,, ;r,sp of Fig. 3 are not simple. This is because the SHBC
should operate like a HBC with a unipolar switching method or
a bipolar switching method [28], depending upon the polarity of
Vi ret and IR, In the shaded portion with the positive V. ;o and
R, (8) in Fig. 3, the bipolar switching method should be applied
to the SHBC to result in an output voltage of either —dV, or
dV,. Therefore, V, cr. 54 and V, ot gp have a variable value
here. However, in the opposite side, in the shaded part with
the negative V, ..y and R, (7), the output voltage is defined as
dV, or 0 in Table IV. This implies that a unipolar switching
method should be applied. In this region V, e, 54 = 0, and
only V. \f,sg has a valid value.

Vi ref, 54 and V. 1r s can be calculated using V,, ,.r and ..
It is expressed as

if VVZ‘,ref > 0>

Vi ref,54

[Viret| — AV (Ry — 1) for R, = 1,4,7,10

=dV, — (|Viset| — dVo(Ry — 1)), for R, = 2,5,8

0 for R, = 3,6,9
Vi ret, 5B

0 for R, = 1,4,7,10

= H/:’(:,ref| —dV, (R.L - 1)7 for R, =2,5,8
v, — (|‘/w,1'ef| - dVI(RL - 1)) for R, = 3,6,9

if ‘/x,ref < 07

Vi vef, 54
0 for R, =1,4,7,10
= Vi ret| — AV (Ry — 1), for R, =2,5,8
AV, — (|Vy ret| — AV (R, — 1)) for R, = 3,6,9
Vi ref, 5B
Ve ret| —dVe (R, — 1) for R, =1,4,7,10
= dvm - (|Vm,ref| - dVa?(Rm - 1))7 for R:E = 27578
0 for R, = 3,6,9.
(6)

C. Balanced Voltage Distribution

The carrier-based switching method introduced in
Section III-B for the transformer-based 21-level CHBI guar-
antees an output voltage with 21-levels; however, the voltage
distribution in the three MHBCs is not considered. In Fig. 2,
it is shown that the durations where V,; rc¢f ya OF Vy 1ef yB,Y =
1,2, 3 is dV, are different. MHBC-1 has the longest time du-
ration followed by MHBC-1, MHBC-2, and MHBC-3. In the
transformer-based CHBI topology, an unbalanced voltage distri-
bution leads to unbalanced power among the MHBCs and can re-
sultin different life times for each HBC because of the influence
of the operating temperature on the aging process [24], [25].
This problem exists in CHBIs using the level-shifted switching
method [26], [27].

TABLE VI
OUTPUT VOLTAGE OF EACH HBC AND V,, (V¢ /3k = dVy)

v Vi rr-s of Vi g2 of Vi r-3of Vi tR-sub R R,
B MHBC-1 MHBC-2 MHBC-3 of SHBC i old
0 0 0 0 0
R,
1d7, 0 0 0 v, PR
2dV, 0 0 3dV, -dV, R ? !
3dV, 0 0 3dV, 0 I R
44V, 0 0 3dV, dv, R 4 R
5dV, 0 3dV, 3dV, -dV, e Ry e
6dV, 0 3dV, 3dV, 0 R o
7dV, 0 3dV, 3dV, dv, 7 P
8dV, 3dV, 3dV, 3dV, -dV, R § 7
94V, 3dV, 3dV, 3dV, 0 ’
10dV, 3dV, 3dV, 3dV, dv, Ry
94V, 3dV, 3dV, 3dV, 0 R
8dV, 3dV, 3dV, 3dV, -dV, ? -
7dV, 3dV, 3dV, 0 dv, 2 8 ?
6dV, 3dV, 3dV, 0 0 7 R
5dV, 3dV, 3dV, 0 -dV, R 0 R
44V, 3dV, 0 0 dv, ’ R o
3dV, 3dV, 0 0 0 R !
2dV, 3dV, 0 0 -dV, ’ R
1dV, 0 0 0 dv, R 2 3
0 0 0 0 0 !

To improve the unbalanced voltage distribution, Table IV
should be changed to Table VI. In the 21-level CHBI topology,
a balanced voltage distribution for the three MHBC:s is achieved
in one-half of the fundamental period and the key equations are
represented as

VAII — |V;c,ref| - (Rx - 1)d‘/z
VMQ = dvdz - (I‘/Zvﬁref‘ - (R:L' - 1)dVL)

(N
®)

Using (7) and (8), all the reference voltages can be summa-
rized as shown in Table VIL. R, ,1q is the old value of R,.. R, o14
is used to distinguish the different output states of the MHBCs
inregions such as R, (2), R, (5), and R, (8) and is defined for the
range, R, (2) —, (8). For instance, in the case of R, (8), when
R, 01a = 7, MHBC-1 switches the output voltage to 3dV,. or 0
and the MHBC-2 and MHBC-3 have an output voltage of only
3dV,.. On the other hand, only the MHBC-3 switches the output
voltage to 3dV,, or 0, when IR, 510 = 9.

D. Balanced Power Distribution

In the previous section, a balanced power distribution was
achieved by regenerating the reference voltages. However,
the transmitted power of each HBC is not balanced yet be-
cause it is determined by the current (I,) as well as by the
voltage of the HBC. The three voltages (V.. tr—y, ¥y = 1, 2, 3)
of the MHBCs have the same I, as shown in Fig. 4(a). The
transmitted power that is the multiplication of the current and
voltage is represented as area of the current, when an output
voltage exists in the MHBC. Although the power is delivered
through the three MHBCs, the power balance is not achieved in
MHBCs as shown in colored areas of Fig. 4(a). As a solution
to this problem, the HBC rotating method [21], [26], [28] used
in the level-shifted switching method is applied in this paper, as
shown in Fig. 4(b).
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TABLE VI

REFERENCE VOLTAGES FOR THE TRANSFORMER-BASED 21-LEVEL CHBI TOPOLOGY, WHEN V, ;¢ 1S POSITIVE ([] INDICATES THAT V. ¢ IS NEGATIVE)

Rx'Rx, old Vv, ref, 14 Vr, ref.1B Vr, ref,.24 Vr, ref.2B Vr, ref,34 Vr, ref.3B Vr, ref,.SA Vx, ref,.SB
1 0[0] 0[0] 0[0] 0[0] 0[0] 0[0] Vi [0] 0 [ V]
2-1 0 [0] 0[0] 0[0] 0[0] Vi [0] 0 [Van] V2 [Vui] Vi [Viz]
3-2 0[0] 0[0] 0[0] 0[0] dv,[0] 0[dV] 0 [Varz] Vi [0]
4-3 0[0] 0[0] 0[0] 0[0] dv.[0] 0 [dV.] Vi [0] 0 [Va]
5-4 0[0] 0[0] Vi [0] 0 [Var] dV.[0] 0 [dV] Varz [Viar] Vi [Varz)
6-5 0[0] 0[0] dV.[0] 0 [dV] dV.[0] 0 [dV] 0 [Varz] Vi [0]
7-6 0 [0] 0[0] dav,[0] 0 [dV] dv.[0] 0 [dV.] Vi [0] 0 [ V]
8-7 Vi [0] 0 [Var] dV.[0] 0 [dV] dV.[0] 0 [dV,] Vaaz [ Vi) Vi [Varz]
9 dav,[0] 0 [dV] dav,[0] 0 [dV] dav,[0] 0 [dV] 0 [Vrz] V2 [0]
10 dv.[0] 0[ary] av,[0] 0[ary] dv.[0] 0[ary] Vi [0] 0 [Vau]
9 dv,[0] 0 [dV] dav,[0] 0 [dV] dv,[0] 0 [dV,] 0 [Vaz] Vmz2[0]
8-9 dav,[0] 0 [dV] dav,[0] 0 [dV] Vi [0] 0 [Vi] Viz [V Vi [Virz]
7-8 dV,[0] 0 [dV,] dV.[0] 0 [dV,] 0[0] 0[0] Vi [0] 0 [ V]
6-7 dav,[0] 0 [dV] dv,[0] 0 [dV] 0[0] 0[0] 0 [Vap] Vmz2[0]
5-6 dVv,[0] 0 [dV,] Vi [0] 0 [Var] 0[0] 0[0] Vz [Vl Vi [Varz]
4-5 dv,[0] 0 [dV] 0[0] 0[0] 01[0] 0][0] Vi [0] 0 [ V]
3-4 dav,[0] 0 [dV] 0[0] 0[0] 0[0] 0[0] 0 [Varz] V2 [0]
2-3 Vui[0] 0 [Vmi] 01[0] 01[0] 01[0] 01[0] V2 [Vii] Vi [Viz]
1 0 [0] 0[0] 0[0] 0[0] 0[0] 01[0] Vi [0] 0 [Van]
i | Reference |
| Voltage
AB: C DE! av, :Regenerftion:
L o R > o Vo oria!
\\/ " Vs and .VMz : — Ptien Vx:re/:’w:
@ I Calculation : Vi Vo A:
e s ETT ot 2
V. 1rT | Region L™ | Vi o> Vx,remA:
| Determination N I e Virets!
: Int Vx,ref) : R. Ry >l - Vx,reﬁSA:
: M ar, ! ! o~ Vx,re[SB:
Viorks :} ______ {[ Table vir |
I /A R , | oo
t av o Raou 1 Reot W) iporoiis ||
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Vo t @) 1[I RR =D, ] 4—1”
____ i T : R ot = Ry pre :
@ 3 If not, not changed :
(a)
Fig. 4. Transmitted power of the MHBCs. (a) Applying a balanced volt- Fig. 5. Block diagram of the switching method for the transformer-

age distribution. (b) With the MHBC rotating method.

Fig. 5 shows the block diagram of the switching method for
the transformer-based 21-level CHBI. The magnitude of the
feasible maximum output voltage (V; max) should be limited
and using the parameters (Vpc, N, n, and k,) of the transformer-
based CHBI topology’s configuration, it is calculated as

Vbe Vbe

sz,max = —N+—

> of | .
L kn — |sz,1cf|

€))

E. Current Rate of the Transformer and
Switching Devices

The voltage rate of the switching device depends on only the
dc-link voltage connected to the HBC. The current rate of the
transformer and switching devices is determined by the turn
ratio and mutual inductance of the transformer, and the rated
load current. The secondary side current (ITR sec) Of the trans-

based 21-level CHBI.

former is the same as the load current (1, ). On the other hand,
the primary side current (IR pyi) is determined by two com-
ponents: the active current (ITg aci) generated by Ity sec and
the reactive current (IR react ) caused by the mutual inductance
(L) of the transformer. ITg ¢y is calculated by It sec, k and
n of the transformer and it is expressed as

n

ITRA,act = kITR,sec~ (10)

ITR react 1S generated by L,, of the transformer and the
output voltage (V. ys or V, g,1) of HBC. Fig. 6 shows V. y
and ITR react When the load is not connected. It means that
ITR sec 18 zero and IR pyi consists of only ITR react- The slope
of ITR react 1S 1/L,, and the peak value (ITg react,peak) Of
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1, él t& ,2 ton.3 ; 12 6,N ITR i Rcopper,pri le,pri k- l/n le’sec Rcupper,.sez‘ ITR sec
I M’/7 I/X, M HX} [TRYW(IC[ + Vdrop,pri - Vdrup,.vec
TR,react,peM/ / i i i / |
7 . L,
Slope (1/L,,) -
Lhair
Fig. 7. Equivalence circuit of the transformer.
Fig. 6. Relationship between the output voltage (V, s ) of HBC and

the reactive current (It react) @t primary side of the transformer.

ITR react 18 calculated as

L

1 ton, sum
= Z/o Vi i Magdt

1 thalr
ITR,react,peak = */ %7]\[ (t)dt
0

an

where t,¢ is the half time of the fundamental period of
Vear and Va7 mae 18 the magnitude of V, 3r. The sum
(ton,sum ) of on-times (ton.ar M = 1,..., N) shownin Fig. 6 is
expressed as

N
ton,sum = Z ton,]W~ (12)

M=1

Consequently, ITR i is determined by (10) and (11). They
do not have the same phase and there is the phase difference
of /2 between ITR react and ITR act. Although ITR react 1S
not the sinusoidal waveform completely, ITg ;i 1S expressed
approximately as

ITR-,PTi = \/I%R,act + I%R,rcact' (13)

As mentioned above, Itg i can be considered to decide
the switching device since it flows through the switching
device.

If L, of the transformer is large, ITR react can be reduced. It
leads the current rate of the switching device to be decreased;
however, the size and weight of the transformer increase to
archive the large L,,. Consequently, there is tradeoff relation-
ship of the rate current of switching device and the size and
weight of the transformer. It will be considered in the design
process of this system to optimize the cost-effective design so-
lution.

In addition, the winding resistance (R¢opper,s ;X = Pri, sec)
and the leakage inductance (Ly; ,,x = pri, sec) of the trans-
former should be considered because the large Rcopper,. and
Lyj,» have the large voltage drop. It results in the distortion
of V, finally. Fig. 7 shows the equivalence circuit of the trans-
former. The voltage drops (Vi,op,., X = pri, sec) can be gener-
ated by four elements (chppor,priy Rcoppcr,scm le,pria le,scc)~
Furthermore, they are main elements leading the loss of the
transformer [29], [30]. Therefore, the small Reopper,. and Lyj o
of the transformer are required in the transformer-based CHBI
topology.

TABLE VIl
PARAMETERS AND OPERATING CONDITIONS

DC link voltage 100V DC link capacitor ~ 2.64 mF
Vi max 42 Vypear/50 Hz S 10 kHz
Control period 200 us L,, of transformer 34H
AN
(T E— s S S
[ oo Eeseeseeeie mestesosoen meseesseres Tessoosion i g
-60 A e
100 Vo V]
L e—— i I 1 [
-100 SA,H SA,M
= 1|
0
S.a S,
0 Szl.fﬂ Sz\,34
N | B W
0 : —

0.2 0.24 028 . 0.32 0.36 0.4
Time [s]

Fig. 8. Simulation results of the proposed switching method with the
balanced voltage distribution at M; = 1.

) Frequency analysis of ¥V, [V]

40 S0
40
30 30
20
20 10
0

10 0 100 200 300 400 500

°l
0 10k 20k 30k 40k 50k

Frequency [Hz]

Fig. 9. Frequency analysis of the output voltage (V) of Fig. 8.

IV. SIMULATION RESULTS

The feasibility of the transformer-based CHBI topology is
shown in this chapter. The configuration of the 21-level CHBI
was considered for simulation and experiment. It is a three-phase
system with four HBCs and four transformers in a phase. The
operating conditions are listed in Table VIII and the parameters
of the system are as follows: N (4), n(3), and k(8).
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Fig.10.  Simulation results of the proposed switching method at M/; =1.

(a) With and (b) without the balanced voltage and power distributions.

Frequency analysis of V, [V] Frequency analysis of ¥, [V]
8

6 6
4 4
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(2) (b)

Fig. 11.  Frequency analysis of the output voltage (V,) at M; = 1.
(a) 10% turns ratio decrement of only TR-1. (b) 10% turns ratio decre-
ment of only TR-Sub.

In the simulation and experiment, a modulation index (M)
value is used and is expressed as

M; = |‘/z,ref|mag/vz.maxyx = a, ba c (14)

where |V, ref |mag 18 the magnitude of V, .
Fig. 8 shows the switching signals of a phase when the pro-
posed switching method with the balanced voltage distribution

TABLE IX
TRANSFORMER PARAMETERS

Main transformer (TR-x, x=1,2,3) Sub transformer (TR-sub)

Ly 851 H Ly 8.74 H
le'pn- 16.7 mH le,pri 19.2 mH

Rcaopel;pri 427 Q Rcaopenpri 417 Q
L see 0.22 mH Lijsec 0.50 mH

Reoopersec 0.14 Q Reoopersec 0.08 Q

Main Transformers

Fig. 12.  Experimental setup of the transformer-based 21-level CHBI.
s e
i 10
H
:
Va2 (200V/Adiv) i
[
V3 (200V/div) / \

L A /.
(200V/div) / \ /'l;,.q(znv div)

M

Fig.13.  Experimental results of the proposed switching method without
a balanced voltage distribution at M; = 0.95.

« >
Sms/div

r TELEDYNE LECROY
f u
Sms/div iy o

Ay 0y i M

V112 (200VIdiv)
v

V, 13 (200V/div)
v

|
j \ /':m,uo\'dv
V505 (200V/div) -
I\“WMWW /

-
Sms/div

Fig. 14.  Experimental results of the proposed switching method with a
balanced voltage distribution at M/; = 0.95.
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V112 (200V/div)
.

Vs (200V/div)
.

¥ sus (R00V/div)

Fig. 15. Experimental results of the proposed switching method with
balanced voltage and power distributions at M; = 0.95.

TELEDYNE LECROY
7, pg1 (100V/div) P B

J |

Lo 7ry (20mA/div

= H T

V, s (200V7div)

a

¥, 7 (20mA/div)

s ——— .

—
Sms/div

>
Sms/div

PR TN Lol
' LI o s e ot e eeioed ML

- -

200us/div 200us/div.

Fig. 16. Input (V, ar1, Va su) and output (Vo tr1, Vi TR—sup) VOIt-
ages of the transformer when the proposed switching method is applied.

TABLE X
POWER DISTRIBUTION RATIOS (R = 5Q AND L = 1 MH)

HBC-1 HBC-2 HBC-3
Case of Fig. 13 0.67 0.90 1
Case of Fig. 14 0.94 1 0.90
Case of Fig. 15 1 1 1

is applied. The shapes of the switching signals (S, 41 and S; 4,
y is the cell number 1, 2, 3) for three MHBCs are almost sim-
ilar to each other. As mentioned above, S, ;1 and S, y2 (Sa,y3
and S, 44) are switched complementarily. The switching signals
(54,51 and S, s4) for SHBC are not the same as those of MHBC.
It is because the proposed switching method applies the differ-
ent switching scheme to SHBC to divide the output voltage into
more levels. The frequency analysis of the output voltage (V)
of Fig. 8 is shown in Fig. 9. We can see the switching frequency
components (high frequency components) located near 10 kHz

. YR TELEDYNE cchov
75, (50V/div) 17, (50V/div) T, (50V/diy) i
/' | /W
W
-
Sms/div | Sms/div
Frequency analysis(2kHz div) T, (200mV/div)

Fig. 17.  Frequency spectrum of V, and V,; of the transformer-based
CHBI topology with proposed switching method when M; = 1.

TG RS ——" S "

v, (20V/div) v, (20V/div)
Ve rectifier (100V/div) : m
>
—~ —ti’v“—-— -.-qu ,-—-M‘-o— -u’v.‘—\s mS/dl}-—«'M-
1, 2A/div)
(@)
| (TANRETE
200ms/div
"'\ N\ /'\ /N /’\ \ /'\
A U A \ / \ / \ \ \
\/ \o/ - A\A -\ \ LA A\A
100HZ/div
>

(b)

Fig. 18.  Waveforms when the diode rectifier with R,.. (100 Q) is con-
nected to outputs of the transformer-based CHBI topology at M/; = 1.

which is the switching frequency of all HBCs have the small
magnitude. In addition, there are no low frequency components
in Fig. 9.

Fig. 10 shows the performance of the balanced voltage and
power distributions contained in the proposed switching method.
When the balanced voltage and power distributions are not ap-
plied as shown in Fig. 10(a), the output voltage’s root mean
square (rms) values of MHBCs are 95.1 V, 83.8 V, and 67.8 V,
respectively. The powers delivered from MHBCs are not same.
However, the balanced voltage and power distributions make the
voltages and powers of MHBCs equal, respectively, as shown
in Fig. 10(b).

The effect depending on the turns ratios variation of the
transformer is analyzed. In the normal state, one frequency com-
ponent which is the fundamental frequency component is shown
in the low frequency range (0 to 500 Hz) of Fig. 9. However,
the turns ratios variation of the transformer generates the other
frequency components in V,,. The 10% turn ratios variation of
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TABLE XI
COMPARISON ANALYSIS OF THE TOPOLOGY USED IN THIS PAPER AND OTHER TOPOLOGIES (21-LEVEL OF OUTPUT VOLTAGE IN SINGLE PHASE)

The transformer-based CHBI (21-level)

The conventional CHBI (21-level)

The neutral-point clamped inverter

H-bridge (Device) 4 (IGBT: 16)

Single phase TR 4 (two types)
Rectifier 1
PWM Scheme Two PWM schemes (one for MHBCs/one
for SHBC)

Operating mode Three MHBC:s in the same operation mode

and a SHBC in the unique operation mode

All (ten) HBCs in the same operation mode

10(IGBT: 40)
10 (one type)
10 1
One PWM scheme in all HBCs One PWM scheme in the inverter

-(IGBT: 40, Diode: 180)
1

One operation mode in the inverter

AP s ey
V. (20V/div)

N\

Viereciier (100V/div)

¥, (20V/div)

AA A A A A AA

«— A

e Ve R VL UL s JUL

vV v V vy V

(a)

vV v v

1, 2A/div)

200ms/div
Fa / /™ ra ™\ ™\ a 7™\ ra a
NS \/ \ / \\ AVAVAVAWY \ / \\’/
i m— i R R e — “looHZdv ’
-

(b)

Fig. 19.  Waveforms when the diode rectifier with R,.. (100 Q) and
Crec (330 uF) is connected to outputs of the transformer-based CHBI
topology at M; = 1.

one transformer is considered and these results are shown in
Fig. 11.

V. EXPERIMENTAL RESULTS

The feasibility of the transformer-based CHBI topology with
the proposed switching method was verified experimentally.
The experimental parameters are the same as those of simula-
tion, but the transformer parameters are shown in Table [X.
The experimental setup is shown in Fig. 12. The same
HBC is used for the MHBC and SHBC and each HBC
has a subcontroller, TMS320F28335. TMS320C28346 was
used as the main controller. It calculates the reference volt-
ages (Vi vef yd, Varet yp, T =a,b,c,y =1,2,3,5) for all the
HBCs and these are transmitted to the subcontroller through
CAN communication (data rate: 1 Mb/s) with the synchroniza-
tion signal for the PWM operations. In the subcontroller, switch-
ing signals are generated by a switching function internally in-
stalled. The dc source (Chroma, 62959H-600), the oscilloscope
(Lecroy, HDO8108), and voltage (Lecroy, AP031) and current
(Lecroy, APO15) probes are used for the measurements in the
experiment.

Fig. 13 shows the experimental results of the transformer-
based CHBI topology applying the proposed switching
method without a balanced voltage distribution. Although
V, with a high voltage level generates, the output voltages
(Vaar1s Vaare, Vaars) of the HBCs have different clamping
durations.

Fig. 14 shows the experimental results of proposed switching
method with the balanced voltage distribution. V; a1, Vi a2,
and V,, »s3 have the same shape and are synthesized as V/, that is
the same as that of Fig. 13. In Fig. 15, a balanced power distri-
bution is applied with a balanced voltage distribution. Although
Vi is the same as that of Figs. 13 and 14, V; a1, Vi, a2, and
Vi, a3 are not the same as those of them. The output voltages are
rotated in every fundamental period and all the HBCs achieve a
balanced power distribution as Table X.

The input (V. a1, Vasun) and output (Vo rr1, Vi, TR —sub)
voltages of the transformer are shown in Fig. 16. The transformer
input current (I, Tr1) in Fig. 16 depends upon the transformer
design.

The frequency spectrum of V, and V,; of the transformer-
based CHBI topology is shown in Fig. 17. The magnitude of
the fundamental frequency component (50 Hz) is 41.66 when
M; = 1. The switching frequency components (around 10 kHz)
have a small magnitude under 1 V. Similar to the case of V,,
the switching frequency components of the line-to-line voltage
(Vap) have a small magnitude. The 5 kHz component in Fig. 17
is caused by the control period.

The experimental results are shown in Figs. 18 and 19 when
the three-phase diode rectifier is connected to outputs of the
transformer-based CHBI topology with the proposed switching
method. In Fig. 18, only resistor (R.c., 100€2) is connected
on the dc side of the diode rectifier. Since the capacitor does
not exist at dc side of the diode rectifier, the dc-side voltage
(Vi rectifier) has the low frequency component which is six
times the fundamental frequency of V,. In addition, V, has
the several frequency components as shown in the frequency
analysis and they are the voltage distortion of V. The capacitor
(Crec, 330 pF) is connected to the dc side of the diode rectifier
additionally in Fig. 19. In this case, the voltage distortion of V,
increases more than Fig. 18. It is because the current (I,) of
Fig. 19 contains the harmonic frequency components more than
that of Fig. 18. Based on analysis of the chapter III-E and results
of Figs. 18 and 19, we can know that the voltage distortion is
generated not by the proposed switching method but by the
transformer characteristic.
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VI. CONCLUSION

Transformer-based CHBI topology was introduced in this pa-
per. The comparison analysis between topologies was shown in
Table XI. The theoretical analysis regarding the selection of the
turns ratio of the subtransformer was presented. In addition, a
switching method based on the level-shifted switching method
with the balanced voltage and power distributions was proposed
for the transformer-based CHBI topology. Several requirements
related to the decision of switching devices and the design of
transformer were suggested. A 21-level CHBI was used to deter-
mine the feasibility and effectiveness of the proposed switching
method.

When using the proposed switching method, two issues are to
be noted: 1) to use the proposed switching method, the config-
uration of transformer-based CHBI topology should follow that
of Table II. It guarantees that the minimum variation (dV) of
the voltage level is always the same. 2) If the system operates in
the wide voltage range (wide M;), Table VII should be changed
as that explained in this paper to guarantee a balanced voltage
distribution for M; range required. Table VI guarantees a bal-
anced voltage distribution for 0.8 < M; < 1. Consequently, this
configuration can be applied for the main power supply system
generating the ac voltage in grid.
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