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Fundamentals of a New Diode Clamping Multilevel
Inverter

Xiaoming Yuan Member, IEEEand Ivo Barbj Senior Member, IEEE

Abstract—The conventional diode clamping inverter suffers
from such problems as dc link unbalance, indirect clamping c,
of the inner devices, turn-on snubbing of the inner dc rails as —
well as series association of the clamping diodes etc. It is due
largely to these problems that the application of the conventional
diode clamping inverter in practice has been deterred, in spite 2|F—

D,

of the growing discussion in the literature. The paper proposes
a new diode clamping inverter, which works without the series
association of the clamping diodes. An auxiliary resistive clamping
network solving the indirect clamping problem of the inner
devices is also discussed for both the new and conventional diode
clamping inverter. Operation principle, clamping mechanism, G D,z#
auxiliary clamping as well as experimentation are presented.
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Index Terms—Multilevel inverter. Ds
[. INTRODUCTION ]G 2}
N response to the growing demand for high power inverter
units, multilevel inverters have been attracting growing at-

tention from academia as well as industry in the recent decade.
Among the best known topologies are the H-bridge cascade
verter, the capacitor clamping inverter (imbricated cells), a
the diode clamping inverter [1]—[3]. . . — .

As reported iEthge Iiteraturé, ]th[e L—bridge cascade inverterh The diode clamping inverter, as shown in F'Q- 1, published by
been used in several practical instances for broadcasting am ﬁerent resegrchers [11]-13] in 'the early 90's can pe deem_ed
fier [4], plasma [5], industrial drive [6] as well as STATCOM [7] sthe ext_en5|0n of the n’eutral—pom_t—clamped (N_PC) mverte_r in-
applications etc. The main limitation of the H-bridge cascadfduced in the early 80's [14]. Unlike the NPC inverter which
inverter consists in the provision of an isolated power suppl}S Peen extensively used today in industrial drives [15], trac-
for each individual H-bridge cell when real power transfer igons [16] as well as FACTS systems [17], the diode clamping
demanded. For STATCOM application, where the isolated supverter is right under investigation.
p|ies are not required, the power pu|sation at twice output fre_ln addition to the dc link unbalance prOblem identified in the
quency occurring with the dc link of each H-bridge cell necedterature [18], [19], other problems with the diode clamping
sitates over-sizing of the dc link capacitors. inverter are briefed in the following [20]:

The capacitor clamping inverter, though the three-level @) Indirect clamping of the Inner devicel1 a normal two-
scheme of which was published in the early 1980’s [8], hdevel inverter leg, each switch is directly clamped to the dc
been rarely discussed until the introduction of the “imbricatdihk capacitor by the opposite freewheeling diode. And no static
cells” [9]. The individual clamping capacitor needs only tmver-voltage will possibly appear across the switch, though tran-
smooth the switching frequency ripple voltage and the requirsignt voltage spike resulted from energy release of the stray
capacity for each clamping capacitor is therefore small. Hownrductance at the moment of commutation can happen across
ever, as the number of level increases, such problems as thenmalswitch. Switches in the diode clamping inverter, however,
designing, low-inductance designing, as well as insulatiefte actually not directly clamped to the dc link capacitors, ex-
designing of the system will become critical. Medium voltaggept for the lateral two§; and S’ in Fig. 1). Depending on
drives using four-level capacitor clamping inverter has recentlife stray inductances of the structure, any indirectly clamped
been available on the market [10]. switch may see more than the nominal blocking voltage, which

is Vuc/(M — 1) for a M-level inverter, during its OFF state.
. . . b) Turn-on snubbing for the inner dc rail&dmong the A/
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Fig. 2. Structure of the conventional diode clamping inverter with serigsg. 3. Structure of the proposed new diode clamping inverter (five level).
clamping diodes (five level).

equal voltage rating are used, which are the same with the con-
c) Multiple blocking voltage of the clamping diodesven yentional diode clamping inverter with diodes in series. This
though each main switch is supposed to block the nomingjramid architecture is extensible to any level unless otherwise
blocking voltage, the blocking voltage of each clamping diodgractically limited. A M-level inverter leg requireéM — 1)
in the diode clamping inverter is dependent on its position Ktorage capacitor@(M — 1) switches andM — 1)(M — 2)
the structure. For a/-level leg, one can find two diodes eachclamping diodes.
sees blocking voltage of

A. Switching Cells and Forward/Freewheeling Paths

Viiode = M_—l_kvdc (1) The new diode clamping inverter can be decomposed into

M-1 two-level switching cells as its basic operation units. For the

whereM is the number of levels; goes from 1 ta/ — 2 and five-level case, one can define (5-1) switching cells as shown in
V. is the total dc link voltage. Figs. 4(_a), (b), (c) and (d). In cell _(a$,2, Ss andS_4 are a_Iways
The indirect clamping problem comes inherently with th@N, while S; andS; work alternatively connecting the inverter

diode clamping structure of the circuit. Unless an active swit@tPut to}/dC/ 2andVyc/4 respectively. Sir/nilarly, in cell (b)3s,
be put in parallel with each clamping diode (which achieves df @nd51 are always ON, whiles; and S, work alternatively
rect clamping), the problem may not be removed. However, tRBNNecting the inverter output #d,c/4 and 0 respectively. In

problem will be mitigated when stray inductance is reduced, 6¢!l (€), 51, 51 and S are always ON, whiles and 53 work
when an effective auxiliary clamping is installed. alternatively connecting the inverter output to 0 antfy./2

As a result of the turn-on snubbing problem, using dgSPectively. And finally, in cell (d)57, 53 and5; are always
switching devices like GTO’s or IGCT's in the diode ClampinéDN’ while S andS’; work alternatively connecting the inverter

inverter is thought to be a challenging subject. dc rails polariz@4tPut to—Vac/4 and—Vq./2 respectively. _
turn-on snubbers [22] will worsen the static over-voltage Each switching cell works actually as anorma_l two-leve_zl in-
problem of the inner devices. verter, except for that each forward or freewheeling path in the

As problem (c) is concerned, conventional solution has be€fi! NvolvesM — 1 devices rather than only one. Taking cell
to put appropriate number of diodes in series [1], as shown® @S an example, the forward path of the up-arm involves
Fig. 2. The possible over-voltages across the series diodes éR}eS% S3 andSy, whereas the freeWheellng.path of the up-arm
to the diversities of diodes switching characteristics as well ¥0IVesS1, D12, Ds and D, connecting the inverter output to

their stray parameters call for large RC snubbing network to sac/4 level for either positive or negative current flow, as shown
introduced leading to expensive and voluminous system. N Fig. 5(@). Meantime, as shown in Fig. 5(b), the forward path

H / !
It is therefore the objective of the present paper to propo8bthe down-arminvolvesy, S Dio andDy, whereas the free-

an alternative diode clamping inverter, in which problem (c) i¥heeling path of the down-arm involves;, D7, 53 and Sy,
removed while a solution for problem (a) is also proposed. connecting the inverter output to zero level for either positive
or negative current flow.

The following rules govern the switching operation of a
II. NEw DIODE CLAMPING INVERTER AND I TS OPERATION M-level diode clamping inverter:

The new diode clamping inverter is shown in Fig. 3. For the a) Atany moment, there must B¢—1 neighboring switches
five-level case, a total of eight switches and twelve diodes of that are ON.
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Fig. 5. Forward and freewheeling paths for the up and down arms of cell (b) in the new diode clamping inverter.

b) For each two neighboring switches, the outer switch canc) For each two neighboring switches, the inner switch can
only be turned on when the inner switch is ON. only be turned off when the outer switch is OFF.
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(a): §1,82,83.84 (b): 828,845+
ON.Vao=Vas2 ON, Vao=Vauld
(c): §3,54,5¢°.52" (d:84,5,7.5,".55°
ON, Vao=0 ON, Vao=-Vy/4
€):8).8:,".5:°.8¢
ON. Vao=Vu/2

Fig. 6. Changes of the clamping diodes blocking states in relation with the blocking states of the switchs in the new diode clamping inverter.

B. Clamping Diodes Blocking States in Fig. 6(c), the involved clamping diodes including
Dg, D4; .D77 Dg, .Dg7 DlO; and D117 D> will all block

Clamping diodes change their blocking states as the switchgso voltage. All outside terminals of the arm including
change their states, as shown in Fig. 6. With inverter outpyts, ¢, d ande will be of the same potential at zero. Théh
connected to a certain level by relevant switches, the involvaglist block the nominal voltage as its cathode terminal is at
clamping diodes will block zero voltage whereas the remainingvel| Vai./4 whereasDs must also block nominal voltage as its
clamping diodes will block zero or the nominal voltage depemmode terminal is at level Vy./4. Besides, ass; and S; are
dent on their positions in the clamping network. OFF, D; and D¢ must block zero voltage.

As an example, when inverter output is connected toWhen inverter output is connected ¥Q./2, Vi./4, —Vae/4
level zero with switchesSs, Sy, S and S, ON, as shown or —Vg./2, as it may happen, the corresponding clamping
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Fig. 8. Clamping mechanism for the new diode clamping inverter. (a)
Clamping mechanism for the down-arm switches. (b) Clamping mechanism
for the up-arm switches.
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Similar mechanism can be witnessed with cell (b), where
D5, D5 are directly clamped t@’;, while S5, Dg, S, are indi-
rectly clamped ta’s. In cell (¢), D, D5 are directly clamped to
Fig. 7. Inverter output voltage synthesizing in association with the blockingl?” while Sé’_s?” Dy are mdlreCtly cla_lmped 16’5. In cell (d)’
states of switches and clamping diodes in the new diode clamping inverter. 54, D¢ are directly clamped t6’y, while Sy, D1, Dy are in-

directly clamped ta’;.
_ _ e Graphical illustration of the clamping mechanism for the new
diodes bIogkmg stat_es can be deducted similarly, as shown(%de clamping inverter is shown in Fig. 8(a) and (b).
the other diagrams in Fig. 6. _ o In summary, for the proposed new diode clamping inverter,

To summarize, in the new diode clamping invertef,ot oy the switches are clamped, so are the clamping
Dy, Dy, D11 always follow St; Dy, Dy always follow.S3; D5 gindes. Among which, the 8 lateral devices, (S}, D,
always follows S3; whereas Dg, D1g, D12 always follow Dy, Ds. Dy, Ds. and Dg) are directly clamped, V\;heréas
S,; D., Dg always follow S3; D, always followsS,, without the’ rémafning devices (Ss, Sz, Ds, S, D1o, D12, S., Dr
regard to the inverter output level. Inverter output VOItaQBH,SQ,Dg,SQ) are indirectly7 cla{mpéd, to the cor7res7pon£jing
synthesizing in association with blocking states of switcheg: ink capacitors.
and clamping diodes is shown in Fig. 7.
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v

B. Indirect Clamping and Blocking Voltage Distribution

[ll. CLAMPING MECHANISM AND AUXILIARY CLAMPING OF Indirect clamping will possibly result in unequal voltage dis-
THE NEW DIODE CLAMPING INVERTER tribution among the blocking devices, due mainly to the stray

inductances in the structure. In the following text, the commuta-
tion process front?, D2, Dg, Dy 10 D4, D3, Do, Ds1 Wil

As the name of the diode clamping inverter implies, any malre considered. A$] is indirectly clampedS?, D11, and D7
switch in the string at blocking state must be clamped to a cawill have to block more than the nominal voltage during the OFF
responding dc link capacitor via relevant clamping diodes. Byate.
which, blocking voltage of the main switch will be constrained Prior to commutation$s, Ss, andS, are ON. Upon the re-
to the nominal value. This mechanism in the proposed diotimsing of the turn-off signal fa$, the stray capacitance 6
clamping inverter will be discussed below. will first be charged. Until the voltage across the stray capaci-

Referring back to Fig. 4, in cell (a¥2, S3 andS, are always tance ofS| reached/,. /4, freewheeling diode®., Do, D,3,
ON, while 5%, 5% and.S), are always OFFS; and.S] work al- and D, will conduct, leading to demagnetization of the stray
ternatively connecting the inverter output¥@./2 andV,./4 inductanceL;) in the clamping path, as shown in Fig. 9. The
respectively. ObviouslysS; is directly clamped taC; by D, trapped energy it.s will be absorbed by the stray capacitance
after it's turn-off, while 7 in series withD,, Dg and D, is  of S| together with the stray capacitancessf, S5, and Sy.
indirectly clamped toC; by D,1, D,2, D,5 and D, after its The stray capacitance ¢f will continue be charged, whereas
turn-off. Further,D;; in series withD, and Dg is indirectly the stray capacitances 6%, .55, and S} will be discharged.
clamped toC; by D,1, Dy and D,3; D7 in series withDs is  Such over-charging and discharging will not be recovered sub-
indirectly clamped ta”; by Dy, andD,., while Dy is directly sequently, as the discharging path for the stray capacitance of
clamped to; by D,;. Suppose that for cell (a5, S5 andS; S7, and the charging path for the stray capacitance$}ob%,
each blocks/y. /4 voltage, andD,, Ds, D12 each blocks zero and S} are both blocked byDs, Ds, and D;5. Consequently,
voltage. ThenS; andSy, D1, D7, Dy, are all clamped t@’; at S5 will block more thanV,. /4 voltage while S}, 5%, and S}
Vae/4 when OFF. Among whicl§; andD; are directly clamped together will block less thafV,./4 voltage during the steady
while S1, D and D;; are indirectly clamped. state. MoreoverDs, Dg and D1, together sees the difference

A. Switch and Diode Clamping Mechanism
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Fig. 9. Stray inductance demagnetization during the commutation process

from 57, Dys, Ds and Dy to D.1, D.s, D5, and D., in the new diode Fig. 10. An auxilairy clamping network configuration for the new diode
clamping inverter. i ! clamping inverter. Trapped energyin is now absorbed bg', asS; is turned

off.

between the blocking voltage 8f andV,./4. Meanwhile, Dy .
seesV,./4 plus Vps andVps, D7 seesVy./4 plus Vs, while _I_C
D, seesV,. /4. '
Indirect clamping and the subsequent unequal blocking
voltage distribution problem holds also 6, and.S», 5% and
S3, andSy, together with their relevant clamping diodes in cell
(b), cell (c) and cell (d).
Due to the fact that the stray capacitance of the neighboring D"+ Dy
outer switch experiences one more discharging than the inner o
switch, among the blocking devices, the outer switch will al- D,
ways block less voltage while the inner device will always block D4
more voltage. The center device will always be exposed to the ]
highest voltage stress. Diy
Unequal blocking voltage distribution problem arising from D,
indirect clamping exists also with the conventional diode e +
clamping inverter as mentioned in Section |. The severity T

1
]

C, D,

| L
|
D

1L
o

of this problem is dependent on the stray inductances of the
structure. With refined bus-bar designing technique, and in
particular, appropriate positioning of an auxiliary clamping, the
problem will be mitigated. Fig. 11. An auxiliary clamping for the conventional diode clamping inverter.
Fig. 10 shows a resistive auxiliary clamping network for thBach auxiliary clamping diode is subject to multiple blocking voltage.
new diode clamping inverter. A similar network for the conven-
tional diode clamping inverter is givenin Fig. 11. The basic prirenth harmonics is implemented. For the small power prototype,
ciple has been discussed in [23]. no auxiliary clamping has been installed.
Fig. 12(a)—(d) shows the experimental output voltage in rela-
tion to the blocking voltages acro$s, Ss, .52 and S; respec-
IV. EXPERIMENTATION RESULTS tively, which clearly demonstrate the operation and clamping of

A scaled laboratory prototype has been built for verificatioEwhe proposed new diode clamping inverter. The nonrigidity of

of the new diode clamping inverter. For the half bridge five—levespeii;nsdx:?huﬁ:evggigees Ii\;ec;irr:asdgiin claused by the inductor in
prototype, four 120 V dc power sources are employed as the dac P 9 PRl

supplies for the dc link. The series inductor has been added just
to make the dc source operational. As the load for the inverter,
a 8 mH inductor in series with a X2 resistor are connected be- From the analysis and experimentation presented above, the
tween the inverter output and the dc neutral point. Fundamenfi@lowing conclusions are obtained regarding the new diode
frequency modulation scheme eliminating the fifth and the sestamping inverter:

V. CONCLUSION
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Fig. 12.
nominal blocking voltage.

1) The new diode clamping inverter solves the diodes se-[7]
ries problem of the conventional diode clamping inverter. In the
new structure, not only the main switches are clamped by the
clamping diodes, the clamping diodes are also clamped mutuig]
ally by themselves. The need for the large RC network dealing[g]
with voltage sharing problem among series diodes is removed.

2) The unequal blocking voltage distribution problem re-
sulted from indirect clamping is expected to be mitigated byl
adding an auxiliary clamping network.

Even though the turn-on snubbing problem and the dc linK11]
unbalance problem are not resolved, the new diode clamping in-
verter represents a relevant improvement over the conventiongb
structure and will facilitate the practical application of the diode

clamping multilevel inverter in large power conversion area. [13]

(14]
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