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Abstract—The paper explores the spontaneous coupled
clamping-capacitor-current control loops and the resultant
self-balancing property of the clamping-capacitor-voltages in
the multilevel capacitor-clamping-inverter. The case of the
three-level capacitor-clamping-inverter under sub-harmonic
PWM modulation is dealt with first. The case of the multilevel
3) under sub-harmonic
capacitor-clamping-inverter (
PWM modulation is then analyzed. Test results on a half-bridge
three-level capacitor-clamping-inverter prototype under sub-harmonic PWM modulation are demonstrated in the end.
Index Terms—Capacitor-clamping-inverter, clamping-capacitor-voltage, self-balancing, sub-harmonic PWM modulation.

I. INTRODUCTION

M

ULTILEVEL inverters [1], [2] have been attracting
wide industrial interests recently. Among the major
topologies, the multilevel diode-clamping-inverter suffers from
problems such as dc link voltage unbalance [3], [4], excessive
number of clamping diodes, indirect clamping of the inner
switches and diodes etc. [5]. Further, as at any moment only
one switching cell in an inverter leg is allowed to operate,
the inverter leg output frequency is actually limited to the
instantaneous frequency of the switching cells, instead of
being multiplied. The multilevel cascading inverter, despite
the constraint of isolated dc sides, has been successfully
commercialized for medium voltage drive [6] and reactive
power compensating [7] applications, new developments are
also under way [8]–[10]. The multilevel capacitor-clamping-inverter, with the rating limited to the heat capacity of the
clamping capacitors, has also been practically used [11], [12],
and seems yet to be another promising alternative.
One of the most crucial concerns over the multilevel
capacitor-clamping-inverter is the stability of the clamping-capacitor-voltages. The self-balancing phenomenon of the
clamping-capacitor-voltages was physically interpreted in [13].
It is the objective of this paper to report a novel insight into the
mechanism of the self-balancing phenomenon in the multilevel
capacitor-clamping-inverter.
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Fig. 1. Structure of a half-bridge three-level capacitor-clamping-inverter.

II. CLAMPING-CAPACITOR-VOLTAGE SELF-BALANCING IN
THREE-LEVEL CAPACITOR-CLAMPING-INVERTER UNDER
SUB-HARMONIC PWM MODULATION

THE

A. Sub-Harmonic PWM Modulation
As shown in Fig. 1, a three-level capacitor-clamping-inverter
and
clamped
leg consists of two switching cells.
work
by the dc link together with the clamping capacitor
and
alternatively forming the first switching cell, while
clamped by the clamping capacitor
work alternatively forming the second switching cell. To maintain steady
state stability of the clamping-capacitor-voltage, the instantaneous duty cycles of the two switching cells must be equal to
each other. On the other hand, to maintain optimum load voltage
spectrum, the control signals for the two switching cells must be
phase-shifted by to each other [13]. Such control signals can
be generated by the conventional sub-harmonic PWM modulation [14], as shown in Fig. 2.
Also shown in Fig. 2 are the corresponding clamping-capacand the load voltage of the half-bridge inverter
itor-current
. It is observed that as the clamping-capacitor-voltage
deviates from its nominal value
(
for the
appears
shown case), a switching frequency component
.
in the load voltage
B. Mechanism of the Spontaneous
Clamping-Capacitor-Current Control Loop
Due to charge (amp-s) balance of the clamping capacitor, the
inverter is deemed at steady state in terms of the clamping-
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capacitor-voltage so long as the dc component of the current
flowing through the clamping capacitor is zero. If for any reason
this dc component deviates from zero, the clamping capacitor
will be charged or discharged leading to load voltage variation,
load current variation, and in turn dc component variation in
the clamping-capacitor-current. As will be verified in the following, under sub-harmonic PWM modulation, such dc component variation will discharge or charge the clamping capacitor until the dc component in the clamping-capacitor-current returns to zero. This spontaneous clamping-capacitor-current control loop is illustrated in Fig. 3.
C. Verification of the Spontaneous
Clamping-Capacitor-Current Control Loop
and
generated from the
The switching functions
sub-harmonic PWM modulation, as shown in Fig. 2, can be expressed in Fourier form by (1) and (2)

Fig. 2. Sub-harmonic PWM modulation for the half-bridge three-level
capacitor-clamping-inverter, with load current in the positive direction. M :
modulation index; ! : modulating angular frequency; ! : carrier angular
frequency; T : switching period.

(1)

(2)

Fig. 3. Spontaneous clamping-capacitor-current control loop in the
half-bridge three-level capacitor-clamping-inverter.

which can be rearranged as
is the Bessel function of the first kind and
where
-th order of argument
.
can be given as
The load voltage of the half-bridge inverter

(3)

(4)
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where
is the nominal value of the clamping-capacitoris the steady state value of the clampingvoltage, and
capacitor-voltage. In particular, the third part in (4) represents
the load voltage variation in response to the deviation of the
clamping-capacitor-voltage away from its steady state value.
Substituting from (1) and (2) in the third part of (4), the load
can be given by
voltage variation

where

(9)

As the dc component in the clamping-capacitor-current at
can be related to the clamping-casteady state is zero,
by
pacitor-voltage
(5)

representing the load impedance at the harGiving
resulting
monic frequency of , the load current variation
from the load voltage variation can be written as (6)

(10)
Then the clamping-capacitor-voltage transient can be given
in the end by (11)
(11)
where

(6)

When this load current variation is reflected back to the
, the corresponding clamping-capacclamping capacitor
is given by
itor-current variation

(7)

Substituting from (1), (2) and (6) into (7), the result obtained
for the clamping-capacitor-current variation is highly complicated allowing for little physical insight. However, when the
clamping-capacitor-voltage is specifically concerned, only the
dc component in the clamping-capacitor-current variation is of
interest. This dc component in the clamping-capacitor-current
can finally be written as
variation

(8)

initial value of the clamping-capacitor-voltage
during the transient;
capacitance of the clamping capacitor;
time constant of the transient which increases with
the capacitance of the clamping capacitor, the load
impedance amplitude, the load impedance angle
and decreases with the modulation index.
During inverter starting, for example, the initial value of the
is zero.
clamping-capacitor-voltage
is always positive
From (8), (9), and (11), as constant
except for the case when the load is pure reactive, the dc
component in the clamping-capacitor-current variation resulting from the clamping-capacitor-voltage deviation always
counteracts such deviation, until the dc component in the
clamping-capacitor-current variation becomes zero and the
clamping-capacitor-voltage returns to its steady state value.
It is in this sense, the clamping-capacitor-voltage is deemed
self-balancing.
When the load is pure reactive, however, the cosine parts in
(9) are zero and no dc component in the clamping-capacitorcurrent variation will be generated no matter how much is the
clamping-capacitor-voltage deviation. The clamping-capacitorvoltage is then not self-balancing.
D. Steady State Clamping-Capacitor-Voltage
From the spontaneous clamping-capacitor-current control
loop shown in Fig. 3, the clamping-capacitor-current is decided
by the clamping-capacitor-voltage, the switching functions as
well as the load impedance. With a given load, as the dc component in the clamping-capacitor-current must be zero at steady
state, the steady state clamping-capacitor-voltage is solely decided by the switching functions. Ideally, under sub-harmonic
PWM modulation, the steady state clamping-capacitor-voltage
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is equal to its nominal value, i.e.,
. This
result can be verified by following a similar calculation procedure as in SectionII-C and is not detailed.
Depending on asymmetric operation conditions which may
arise in the system, such as mismatches in gating delays, device
properties etc., however, the actual steady state clamping-capacitor-voltage under sub-harmonic PWM modulation may differ
. When these asymmetries
slightly from the nominal value
are insignificant, difference of the steady state clamping-capacitor-voltage from the nominal value will be negligible.
III. SELF-BALANCING OF THE
CLAMPING-CAPACITOR-VOLTAGES IN THE
MULTILEVEL CAPACITOR-CLAMPING-INVERTER UNDER
SUB-HARMONIC PWM MODULATION
A. Mechanism of the Coupled Spontaneous
Clamping-Capacitor-Current Control Loops
-level capacitor-clampingFig. 4 shows a half-bridge
inverter. When the inverter is modulated by sub-harmonic PWM
technique with the carrier for each switching cell phase shifted
[13], a spontaneous clamping-capacitor-current conby
trol loop can be identifPed for each clamping capacitor. However, the current control loop for any individual clamping capacitor is coupled with the remaining current control loops of the
remaining clamping capacitors in the system by the load current, as illustrated in Fig. 5. As a result, deviation in any individual clamping-capacitor-voltage will contribute to the load
voltage variation and in-turn the load current variation, affecting
not only that individual clamping-capacitor-voltage but also the
remaining clamPping-capacitor-voltages in the system.

Fig.
4. Configuration
capacitor-clamping-inverter.

of

a

half-bridge

(n

+

1)-level

B. Verification of the Coupled Spontaneous
Clamping-Capacitor-Current Control Loops
For any initial state of the clamping-capacitor-voltages, the
load voltage of the half-bridge inverter is given by

(12)
Fig. 5. Coupled spontaneous clamping-capacitor-current control loops in the
half-bridge (n + 1)-level capacitor-clamping-inverter.

which is further expressed in

variation in response to the deviations of the clamping-capacitor-voltages from their corresponding steady state values is
given by the third line in (13) and is noted in

(14)
contains components of odd multiples
Note that
of the switching frequency. (14) can be rewritten as
(13)
is the nominal value of the -th
where
is the steady state
clamping-capacitor-voltage and
value of the -th clamping-capacitor-voltage. The load voltage

(15)
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where
represents the -th switching frequency
.
component in
For simplicity, the fundamental switching frequency compois taken into account first. The corresponding load
nent
current variation resulting from the fundamental switching frecan be
quency component in the load voltage variation
expressed in

where
represents the variation of the -th clamping
capacitor current resulted from the -th switching frequency
component in the load voltage variation and can be detailed by

(16)

(20)

is the load impedance at the fundamental
where
switching frequency.
The corresponding variation of the -th clamping-capacitor-current resulting from the fundamental switching frequency
component in the load voltage variation can be given by

is the load impedance at the -th switching frewhere
quency.
Again, the variation of the -th clamping-capacitor-current
can be related to the -th clamping capacitor voltage by

(17)
According to the principle of perpendicularity, multiplication
of two sinusoidal functions of different frequencies can be averaged to zero, then (17) can be simplified to

(21)
Combining (18)–(21), the transients of the clamping-capacitor-voltages following the deviations of the clamping-capacitor-voltages from their corresponding steady state values can
be described by (22), shown at the bottom of the page, where
represents the variation of the
-th clamping capacitor voltage from its steady state value.
This homogeneous state space equation can be solved by the
state transfer matrix approach [15]. For the three-level case
, (22) is equivalent to (11). For the four-level case
,
, the transients of the clampingprovided that
capacitor-voltages can be obtained in

(18)
The variation of the -th clamping capacitor current resulted
from all harmonic components in the load voltage variation is
then given in
(19)

(23)
where you get (24) and (25), shown at the bottom of the next
page.

(22)
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Note that coefficients
–
are functions of
and
. Since they do not affect the convergence property
of the equation, they are not detailed. Considering scalar
multiplication of two vectors, (26)–(28) are true

(26)
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parts of
–
are always zero, the clamping-capacitor-voltages are not self-balancing. When the load is not pure reac–
are always positive, the
tive, however, the real parts of
clamping-capacitor-voltages become self-balancing. The time
constants of the transients are dependent on the capacitances of
the clamping capacitors, the load impedance and the switching
functions in the same relationships as the three-level case discussed in Section II.
Capacitor-clamping-inverter above four-level has limited
practical interest and is not detailed.
C. Steady State Clamping-Capacitor-Voltages

(27)

(28)
As a result, (24) and (25) can be simplified to (29) and (30),
respectively, shown at the bottom of the page.
Examining the expressions for the transients of clamping-ca–
pacitor-voltages given in (23), and the expressions for
given in (29) and (30), when the load is pure reactive, the real

Following a similar calculation procedure as in part B of this
section, it can be verified that under sub-harmonic PWM modulation, the dc components of the clamping-capacitor-currents
will be zero when the clamping-capacitor-voltages are equal
to the nominal values. This implies that under sub-harmonic
PWM modulation, the steady state clamping-capacitor-voltages
are equal to the nominal values.
Again, when asymmetric operation conditions in the system
are taken into account, slight differences between the steady
state values and the nominal values may exist. When these
asymmetries are insignificant, the differences will be negligible.
IV. EXPERIMENTATION
A scaled half-bridge three-level capacitor-clamping-inverter
prototype (without the auxiliary starting network) was estab-

(24)

(25)

(29)

(30)
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(a)

(b)

(c)

(d)

Fig. 6. Test results of the clamping-capacitor-voltage self-balancing in the half-bridge capacitor-clamping-inverter, with different load resistances when the dc
supply is switched off and on: (a) dc supply switched off, load resistance R
3 , (b) dc supply switched off, load resistance R = 7:5 , (c) dc supply
switched on, load resistance R = 3 , and (d) dc supply switched on, load resistance R = 7:5 .

=

lished in the laboratory. The sub-harmonic PWM modulation
discussed in Fig. 2 was employed. Parameters and specifications
V, clamping
of the prototype are: dc input voltage
uF, switching frequency
capacitance
kHz, modulation index
, output filter
mH and
uF. Test results with different load resistances
when the dc supply is switched-off and switched-on are shown
in Fig. 6(a)–(d). From the results, on the one hand, the clampingcapacitor-voltage is self-balancing and the steady state value is
almost equal to the nominal value (100 V). On the other hand,
the time constant of the transient increases with the load resistance. The analyses in Section II are verified.
V. CONCLUSION
From the analyses and test results presented in the paper, the
following conclusions are drawn.
1) Due to the spontaneous clamping-capacitor-current
control loop, the clamping-capacitor-voltage in the
three-level capacitor-claming-inverter is self-balancing
under sub-harmonic PWM modulation when the load is
not pure-reactive. The time constant of the clamping-capacitor-voltage transient increases with the capacitance
of the clamping capacitor, the load impedance amplitude,
the load impedance angle and decreases with the modulation index. The steady state clamping-capacitor-voltage
is equal to the nominal value under sub-harmonic
PWM modulation. When asymmetries in the system are
taken into account, slight difference between the steady
state value and the nominal value may exist. When the
asymmetries are insignificant, the difference will be
negligible.

2) For multilevel capacitor-clamping-inverter
under sub-harmonic PWM modulation, the spontaneous
current control loop of an individual clamping capacitor
is coupled with the remaining control loops for the
remaining clamping capacitors by the load current.
Similarly, the clamping-capacitor-voltages are self-balancing when the load is not pure-reactive, with the time
constants of the transients dependent on the capacitances
of the clamping capacitors, the load impedance and
the switching functions, in the same relatonships as the
three-level case.
3) Due to self-balancing of the clamping-capacitor-voltages, multilevel capacitor-clamping-inverter under
sub-harmonic PWM modulation may work without
active control of the clamping-capacitor-voltages. This
possibility enables significant reduction of the control
complexity. To deal with operation conditions with
weak self-balancing (light load, reactive load and low
modulation index etc.), a pesudo load may be needed for
enhancing the self-balancing.
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