IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

Letters

6265

Boosting Nine-Level Operation of Seven-Level Hybrid-Clamped
(7L-HC) Converter

Hao Tian¥, Member, IEEE, Li Ding

Abstract—Seven-level hybrid clamped topology, which is a mul-
tilevel topology proposed in recent years, is a promising solution
for motor drive systems due to its capability to operate in a wide
frequency range. This letter enhances its favorable features by
enabling the boosting nine-level operation, i.e., producing nine
output voltage levels; wherein the peak phase voltage can be four-
third of the dc voltage. This operation method does not require
modifications to the topology or change in the voltage stress on
capacitors and power switches. Instead, only minor modifications
to the modulation are applied. This leads to the increase of the ac
voltage range without any cost on hardware. This method shows
great potential in speed expansion of the motor drive system. Ex-
perimental results validate the feasibility and performance of this
method. This letter is accompanied by a video file demonstrating
the speed expansion performance of the proposed method.

Index Terms—DC-AC power width

modulation, variable speed drives.

converters, pulse

1. INTRODUCTION

ULTILEVEL topologies have wide applications due to
M their favorable features, such as reduced power semi-
conductor devices’ blocking voltage, low output dv/dt, high
output quality, favorable common-mode voltage profile, etc.[1]
In addition to successfully commercialized topologies, such
as neutral-point-clamped (NPC) converter, T-type NPC con-
verter, flying capacitor (FC) converter, active NPC converter
(ANPC), modular multilevel converter (MMC), cascaded H-
bridge (CHB) converter, etc., novel topologies are still being
invented to meet various requirements in practice [2]-[4]. For
example, the seven-level hybrid clamped (7L-HC) converter,
shown in Fig. 1, is invented in recent years and has been
considered to be a promising topology for motor drive systems
due to its low device count, low blocking voltage of devices, and
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Fig. 1. 7L-HC converter topology and its application in motor drive systems.

the ability to balance its capacitors in wide ranges of modulation
index and power factor [4], [5].

Besides inventing new topologies, extending the operating
range of the existing topologies, e.g., producing more output
levels or expanding the output range, is also a promising topic,
which can unleash the potential of topologies and bring better
features. One typical method to extend the operation of a multi-
level converter is to change the voltage on floating capacitors so
that more output levels can be produced [6], [7]. Alternatively,
modifications in topologies, such as using the internal parallel
concept [8], [9], can also bring new operation features for
multilevel converters. Quan and Li [8] add paralleled half-bridge
cell to SL-ANPC converter and produce nine output levels with
the help of interleaving. A boost mode is found in MMC with
full-bridge submodules and the output range is expanded in [10].

In this letter, a boosting nine-level (9L) operation method is
proposed for the 7L-HC converter. This operation method can
help 7L-HC to produce nine output levels and when the extra
levels are generated, the peak phase voltage can be four-third
of dc voltage while the voltage stress on devices will not be
increased. Such expansion of the output voltage is favored by
motor drive systems [11], [12], as this can help increase the speed
range of motors by simply increasing the voltage limitation. For
converters without such boosting capability, expanding speed
without changing devices’ voltage stress can be achieved with
flux weakening control [13], [14], where the voltage/current
trajectory needs to be properly designed on the base of an
accurate system model. Therefore, it is more complex and less
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TABLE I
COMPARISON BETWEEN 9L. CONVERTERS AND THE PROPOSED OPERATION ON
7L-HC CONVERTER

9L Topology  Boosting operation
OL-CHB in [16] on 7L-HC Topology
No. of Switches 48 36 36
Highest Voltage
Stress on Voc/6 V[)c/2 Voc/3
Switches
Switches’ total « |
Blocking voltage 12 Voc 12Voc 10Voe ™ 1/inax
No. ofF}oatlng 0 5 5
capacitors
No. of DC 12 5 3
Capacitors
Isolated DC 16 0 0
sources
Requirement on Mandatory Unnecessary Unnecessary

Transformer

!"Total blocking voltage can be 7.6~9 Vpc as different system designs can lead to
different allowable maximum modulation index m,, ..

reliable compared with the boosting operation in this letter.
Also, it is worth noting that the boosting operation will not
increase motors’ insulation requirements as inverter-fed motors
are designed to withstand high voltages (e.g., 2.04 ~ 3.1 times
of rated line-to-line voltage [15]) to resist steep fronted waves
with large dv/dt produced by power converters. The boosting
9L operation only increases the voltage to be 4/3 times of rated
voltage while the dv/dt is not changed, i.e., still the typical dv/dt
of 7L converters.

Besides, unique features are found in this operation method
when compared with the existing extended operation method of
multilevel converters.

1) it does not require modifications in topology, ensuring no
extra hardware cost is needed.

2) it does not change the capacitor voltage so that it avoids
the risks brought by changing the normal voltage on floating
capacitors, which is a key parameter that can impact voltage
stress on switches and output quality. As shown in Table I, with
the proposed method, the converter can have a low device count
and low total blocking voltages of switches when compared
with other 9L converters that are also suitable for motor drives.
Experimental results validate the feasibility and performance of
the boosting 9L operation when the 7L-HC converter is feeding
R-L load or motor.

II. SWITCHING STATES AND MODULATION FOR NORMAL AND
BOOSTING OPERATION

The normal 7L operation of the 7L-HC converter utilizes 22
switching states to produce desired output level. Most of the
switching states are redundant states for balancing the floating
and dc-link capacitor voltages. In addition to the 22 normal
switching states, two more switching states can be added to
generate the extra two output levels. All the switching states
are shown in Table II, where switching states are represented
as binaries whose bits indicate the ON/OFF-state of S1.51—S¢9 6,
respectively. It can be observed that the switch S, and S, (n=
1-6) are always complementary so that the capacitors will not be
short-circuited. 151 and S35, should always have the states,
otherwise, S3 and S may suffer doubled voltage stress. This
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TABLE II
APPLICABLE SWITCHING STATES FOR NORMAL AND BOOSTING OPERATION OF
7L-HC CONVERTER

Switching States

Level Output Voltage State No. (515~S656)
EO -2Vpd/3 0A 010101011001
NI V2 1A 010101010101

2A 010110011001

2B 010101101001

N2 Voc/3 2C 101001011001
2D 010101010110

3A 101001010101

N3 Vocl6 3B 010110010101
3C 010101101010

4A- 101010011001

0- 4B- 101001101001

N4 4C- 101001010110
4A. 010101100110

0+ 4B, 010110010110

4C, 010110101001

5A 010110101010

N5 Vicl6 5B 101001101010
5C 101010010101

6A 101001100110

6B 101010010110

N6 Voel3 6C 010110100110
6D 101010101001

N7 Vo2 7A 101010101010
E8 2Vpd3 8A 101010100110

leads to 32 possible combinations but only 24 of them can
produce unduplicated and proper output voltage for the normal
7L and boosting 9L operation.

In Table II, the output levels for normal operation are de-
fined as N1-N7. Redundant switching states can be found for
capacitor balancing for these levels. The extended two levels are
represented as EQ and E8, and the corresponding switching states
are defined as OA and 8A, respectively. The current flow path
for the two switching states of OA and 8A are depicted in Fig. 2.
As can be seen, State OA for Level EQ can produce —2Vpc/3
and State 8A for Level ES can produce 2Vp /3, whereas N1~N7
can only generate voltages ranges between —Vpc/2~Vpc/2. As
a result, the two output levels can do boosting conversion, i.e.,
the peak ac voltage is higher than the dc voltage. Meanwhile, it
can be easily found from Fig. 2 that State OA and State 8A will
not change the voltage stress on all power switches—Vp /3 for
Slgl—S4§4 and VDc/6 for S5S5—5656

Accordingly, the modulation range is expanded. A level-shift
modulation method is shown in Fig. 3. To avoid interference to
the normal operation, the extended modulation range is defined
in the range of [—4/3, —1) and (14/3]. In this case, the modulation
index can be increased to 1.33 without the third-order injection
method applied. The expected extended boosting output levels
will be produced when the modulation reference runs into the
extended range. When the modulation index is lower than 1,
active capacitor balancing will be performed to ensure the volt-
age on floating capacitors and dc-link capacitors, which is well
discussed in [5].

III. CONSTRAINTS OF THE BOOSTING OPERATION

As can be seen from Fig. 2, the boosting levels, Level EO
and E8, do not contain redundant switching states for state
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State 84

Vo =+Vpc/2+Vpcl6
=+2Vp/3
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Vo2 (a)

State 04
Vo=-Vpcd/2-Vpdl6
=-2Vpd/3

Ss

- (b)

Fig. 2. Equivalent circuits of boosting levels. (a) State 8A. (b) State OA.
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Fig. 3. Modulation and output voltage level for the boosting 9L operation.

balancing and the increased output voltage relies on the voltage
of floating capacitor FC;. As a result, when the boosting levels
are produced, the capacitor FC; will always be charging or dis-
charging under a specific current direction-line frequency ripple
will appear. And the voltage deviations can only be corrected
under the opposite current direction or the normal levels N2-N6
can be applied.

The boosting 9L operation is expected to be enabled without
adding extra hardware cost. In this case, the capacitance of float-
ing capacitors should still be selected for a normal 7L converter.
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TABLE III
PARAMETERS USED FOR ANALYSIS

Parameter S.I values p.u values
Rated DC Voltage 6000V -

Rated AC Voltage 4160V 1.0

Rated Power 1 MW 1.0

Base Impedance 8.65 Q 1.0
Floating Capacitor C; 1000 pF 3.26
Floating Capacitor C, 1000 pF 3.26

DC link Capacitors Cy. 2700 pF 8.8

-
o
o
o

Voltage VFc1 (V)

1.3

1.2 *
1.1 o0 e
W do\)\a\‘

Fig. 4. Voltage of FC; under different modulation and power factor when
0.5 p.u load is applied.

Generally, the floating capacitor can be designed as follows:

Imax
ey

e > RVef (VD)

where AV is the maximum voltage ripple under rated
conditions, which is generally 10% of rated voltage; f; is the
switching frequency, I;,.x is the maximum output current. It is
worth noting that the number of the output levels N should be
7, not 9, to ensure the proper operation.

For converter with parameters shown in Table III, the floating
capacitor should be larger than 650 :F if the switching frequency
is 1020 Hz. Here 1000 uF capacitor is used. When the load
impedance is fixed to 0.5 p.u, the lowest voltage of Vpcy under
different modulation index and power factors is shown in Fig. 4.
It is revealed that the high modulation index and high power
factor can lead to higher voltage variations and under some
extreme conditions, the converter will completely lose the ability
to maintain the voltage on FC;.

A comprehensive analysis of the operating range of 7L-HC
under boosting 9L operation is shown in Fig. 5. The results are
obtained when the output frequency is 60 Hz. Since boosting
9L operation is generally enabled for speed expansion and the
frequency is higher than 60 Hz, the results can be considered as
the worst case. The combinations of load impedance, modulation
index, and power factor which leads to more than 10% variation
in Vpcq are considered to be nonoperable conditions, which are
depicted as the blank region. On the other hand, operable con-
ditions are filled blocks in Fig. 5. As can be seen, the converter
cannot run with boosting 9L mode under high modulation index
and high power factors even the load condition is low. However,
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Fig. 6. Simulation results of motor drive system: start-up (0-0.6 s), speed
expansion (0.6-0.9 s), step increase in torque (0.9-1.2 s).

it is possible to limit the modulation index, e.g., 1.1, and ensure
operation under any combinations of load, modulation index,
and power factor. Therefore, the boosting operation method can
work properly in most cases. In particular, motors generally have
a low power factor at light load conditions, which is generally
the situation that speed expansion is applied.

IV. SIMULATION AND EXPERIMENTAL VALIDATIONS

To validate the boosting 9L operation and its application in
the motor drive system, a medium voltage system is built-in
MATLAB/Simulink, whose parameters are the same as Table I1I.
As shown in Fig. 6, the motor start-up is finished under normal
7L operation during 0-0.6 s. The motor speed continuously
increases to its nominal value and the 7L-HC converter’s output
frequency and voltage amplitude are also continuously increased
to their rated value. Both the floating capacitor voltage and
dc-link voltage are well regulated during this process. At 0.6 s,
the speed expansion is enabled, the converter starts to produce
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DSP+FPGA
Controlle

Constant-Torque Load
(Programmable)

Fig. 7. Schematic diagram of the experimental setup.
TABLE IV
PARAMETERS USED FOR EXPERIMENT

Parameter S.Ivalues p-u values
Rated DC Voltage 150V -
Rated AC Voltage 110V 1.0
Rated Power 1.4 kW 1.0
Base Impedance 8.64 Q 1.0
Floating Capacitor C; 1000 pF 3.26
Floating Capacitor C, 1000 pF 3.26
DC link Capacitors Cy. 2700 pF 8.8
Switching Frequency 5000-Hz -
Pole Pairs of Motor 5 -
Stator Resistance 0.54 Q 0.063
d-q axis Inductance 3.1lmH 0.14
Magnet Flux Linkage 0.151Wb -

extended output levels and runs in boosting 9L operation-phase
voltage range is expanded from 0—6000 V to —1000-7000 V,
and the speed is increased from 800 to 1000 r/min. At 0.9 s, the
motor torque suffered a step change from 3000 to 6000 N-m,
and the output current is significantly increased. However, the
converter can still well regulate the floating capacitor voltage
and dc-link capacitor voltage. This simulation validates that the
proposed boosting 9L operation is feasible and significant speed
expansion can be easily achieved.

The boosting 9L operation method is validated on the
7L-HC experimental setup with both R-L load and a permanent
magnet synchronous motor, which are shown in Fig. 7. The key
parameters of the converter and motor are shown in Table I'V.
Digital signal processor (DSP) and field-programmable gate ar-
ray (FPGA) are used to control the experimental setup. To avoid
interference of the modulation method and control method while
solely validating the proposed operating method, open-loop tests
and sinusoidal pulse width modulation (SPWM) without any
third-order injection are used in the experiments. To facilitate
the comparison with analysis, the parameters are selected to
have the same base impedance with the medium voltage system
shown in Table III, leading to the same per unit (p.u) values and
International System of Units (S.I.) values for impedances in
Tables IIT and I'V.

Fig. 8 shows the experimental results of R-L load (L = 5 mH
and R = 22Q)) when the boosting 9L operation is enabled by
increasing the modulation index from 1 to 1.1. As can be seen,
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Fig. 8. Experimental results with R-L load: Step change of modulation index

from 1.0 to 1.1 with SPWM.
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Fig. 9. FFT analysis of output current. (a) 7L-operation when m = 1, 60 Hz.
(b) Boosting 9L operation m = 1.1, 60 Hz.

when the converter enters the boosting region, the output phase
voltage is further increased. And the phase voltage is to be
higher than the dc-link voltage, which is about 200 V under
a 150 Vpc in this test. Correspondingly, the line-to-line voltage
and output current is also increased. This validates the ability
to boost output voltage. Besides, it is worth noting that the
voltage in Fig. 8 contains noticeable switching spikes which are
not present in simulation results. The spikes are mainly caused
by the commutation process when different switching vectors
are applied, which is explained in [17]. The current quality is
compared for the two operation modes. As shown in Fig. 9, the
total harmonic distortion (THD) under 9L operation is slightly
lower than the 7L operation, where the reduction from 4.4% to
4.27% is mainly caused by the higher fundamental current under
the higher modulation index of 9L operation.

Fig. 10 shows the transient waveform when a significant
change in both modulation index and the output frequency is
applied. As can be seen, when the modulation index is abruptly
changed from 0.3 to 1.1 with the frequency increases from 10
to 66 Hz, the converter can still well regulate the voltage of
floating capacitors and ensure the proper operation. This will
validate that the added boosting 9L operation can be used even
the converter needs to deal with significant transients.

As discussed, this boosting operation method can help to
increase the voltage limitation of the motor to support a higher
speed operation. Fig. 11 shows the waveforms when the 7L-HC
converter drives a motor with a2 N-m load. As can be seen, when
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Fig. 10.  Experimental results with R-L load: Step change of both modulation
index and frequency (from m = 0.3, 10 Hz to 1.1, 66 Hz).
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Fig. 11.  Experimental results with motor: ramp change of modulation index
from 1.0 to 1.1 with SPWM.

the modulation index ramps up to 1.1, the phase voltage and
line-to-line voltage are increased. And the fundamental cycle
is also changed due to the increase in motor speed, i.e., the
fundamental cycle is shortened from 17.8 to 14.7 ms, matching
the measured motor speeds—675 and 857 r/min, respectively.
It is worth noting that the open-loop test leads to a nonideal
back electromotive force, distortions can be observed in cur-
rents, but this will not impact the validations on the boosting
operation. More operating conditions are tested and the results
are concluded in Table V. As can be seen, the boosting operation
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TABLE V
MEASURED MOTOR SPEED UNDER DIFFERENT LOAD TORQUES AND
OPERATING METHOD

Torque(N-m) 0.5 1 1.5 2
Speed under Normal Operation(t/min) 733 710 692 675
Speed under Boosting Operation 883 844 825 811
(r/min)

can effectively increase the motor speed even the maximum
modulation index is limited to 1.1.

V. CONCLUSION

This letter proposes the boosting 9L operation method for
the 7L-HC converter. This method can help 7L-HC to produce
9 output levels and boost the output voltage amplitude to be
high than dc voltage. The operation method will not change
voltage stress on power devices and thus yield no extra hardware
costs. Considering that the added boosting levels do not contain
sufficient switching states to balance the floating capacitor, the
operating constraints are analyzed and the results reveal that this
method can have a feasible operating range. Both R-L load and
motor are used to validate the operating method experimentally.
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