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ABSTRACT Cascaded H-Bridge (CHB) topology is one of the attractive topologies in high-power medium-
voltage motor drive applications due to its modularity and scalability. Research in high power regenerative
motor drives has gained significant attention with the increasing demand for efficient energy use. In a
cascaded H-Bridge (CHB) converter, the regenerative capability can be introduced by replacing diode front
end (DFE) with active front end (AFE) topologies. However, this results in a huge increase in the number
of power semiconductors, gate drivers, and heat sink size and thus increases the overall size and cost
of the regenerative CHB motor drives. To overcome the aforementioned challenges, different power cell
designs have been introduced to reduce the switch count, allowing the design of more suitable-sized and
more economical drives. This paper comprehensively reviews the reduced switch-count power cell designs,
including single-phase and three-phase grid connections. Each reduced switch-count cell design is analyzed,
and its advantages and disadvantages are studied in detail. The challenges that arise with each design and
the method to address the challenges are discussed.

INDEX TERMS Cascaded H-bridge (CHB), reduced switch-count, control, motor drives, active front end,
multilevel converter.

I. INTRODUCTION
Multilevel inverters (MLI) have been a core component in
medium-voltage (MV) and high-voltage power converters
due to their modularity, scalability, fault-tolerance capability,
and the use of low voltage devices in high power applica-
tions [1]–[14]. These MLIs can be found widely in different
applications, such as medium voltage motor drives [14]–[16],
renewable energy generation [17]–[19], High Voltage Direct
Current (HVDC) transmission systems [20], [21].

MLIs can be classified into twomain categories:MLIswith
single DC source and with multiple DC sources. Fig. 1 shows
the various MLIs under the two groups [22]–[25]. The
Cascaded H-Bridge (CHB), Neutral Point Clamped (NPC)
converter, and Flying Capacitor (FC) converter, shown in
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Fig. 2, are the basic and most notable voltage-source
MLIs [22]–[24]. CHB MLI was first introduced in [26],
where separate and isolated DC sources are used by multiple
single-phase inverters connected in cascade to synthesize the
multilevel waveform. In [27]–[29], the structure and control
of NPCMLI were presented where a single DC-source can be
used, however, it requires the use of high number of clamp-
ing diodes. Modified MLIs based on NPC topology were
introduced after that [30]–[36]. The FC MLI was introduced
in [37] and [38] with one DC source and multiple flying
capacitors.

In MV motor drives, many manufacturers have used these
three converters in their field applications [39]–[58], with dif-
ferent power ratings, front-end designs, cooling systems, con-
trol approaches, and other technical specifications as shown
in Table 1 [6], [14]. From the table, it can be seen that
CHB MLIs are widely used in applications with voltages
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FIGURE 1. Multilevel inverters classification.

FIGURE 2. Basic MLI topologies (CHB, NPC, and FC).

TABLE 1. Number of components to produce m voltage levels [6], [14].

higher than 6.6 kV and high number of voltage levels. This
is due to the several advantages of CHB MLIs. As shown
in Table 2 [59], the CHB topology uses the least number of

components to produce the same number of voltage levels as
the other two topologies. Based on the output requirement of
the system, a power cell can be added or removed without
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TABLE 2. Number of components to produce m voltage levels [59].

impacting the performance of the other power cells in the
system [14]. The modular structure of the CHB provides a
single design that can accommodate different power ratings
based on the number of power cells.

TABLE 3. Regenerative applications [60].

The conventional CHB motor drive is shown in Fig.3,
each power cell is equipped with a six-pulse diode rectifier,
shown in Fig. 3(a), that converts the input three-phase AC
voltages to DC voltage used by the output H-bridge inverter.
However, using a six-pulse diode rectifier introduces low-
order harmonics on the primary current. A phase-shifting
transformer is employed to apply the appropriate phase shift
on the secondary side of the transformer to cancel the low-
order harmonics and provide isolated dc to each power
cell.

The uncontrolled diode rectifier allows only the unidirec-
tional power flow from the grid to the load. However, there are
several applications such as downhill conveyors, cranes, and
hoists, or where the load can overhaul the motor and the rated
power can be regenerated from the motor side [60].Table 3
shows some of these regenerative applications.

In conventional CHB motor drives with diode front end
(DFE) configuration, this regenerated energy is dissipated,
making the system energy-inefficient [60]. If the power cell
does not have any devices where the energy can be dissipated,

FIGURE 3. A typical n-cell CHB motor drive.

FIGURE 4. Regenerative power cell.

this can cause the DC link voltage to increase. A braking
resistor or a chopper circuit, seen in [61], can be used to
dissipate the excess energy in the power cell safely. However,
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FIGURE 5. Classification of reduced switch-count regenerative CHB power cells.

using a resistor will mean that the energy is lost as heat and a
chopper circuit introduces additional devices and complexity
to the system.

A regenerative power cell topology has been proposed to
address the energy loss and improve the characteristics of
the CHB. In the regenerative power cell topology, diodes are
replaced with IGBT switches to allow bi-directional current
flow with the grid, allowing control over the active and reac-
tive power used by the CHB inverter. The regenerative power
cell in [62] and [63] can be seen in Fig. 4.

However, using a regenerative power cell as a replace-
ment for a traditional DFE power cell proposes a significant
increase in the number of switches required as six diodes are
replaced with six IGBT switches. The replacement ultimately
leads to a larger footprint, more advanced heatsink design,
and higher cost.

The research in switch-count reduction has been an attrac-
tive area to reduce the total number of switches required per
power cell with many feasible options such as the H-H cell,
Semi-Reduced Cell, Reduced cell, and Three-Phase Reduced
Switch-Count cell as shown in Fig. 5 [64]–[69].

In this paper, a review of each existing reduced switch-
count cell is conducted, emphasizing the characteristics and
challenges of each cell. Each cell is compared with the con-
ventional regenerative power cell, as seen in Fig. 2.

A reduced switch-count regenerative power cell that aims
to replace the conventional regenerative power cell has
aspects that should be considered to ensure a successful
design [64], [66]–[68]:

1) Power cell structure
2) Ease and simplicity of active front end (AFE) control

scheme implementation
3) DC-link voltage ripples
4) Compliance with the grid connection standards
5) Good dynamic performance
6) Stability against grid side disturbances
7) Reactive power compensation capability
8) Switches current and voltage ratings
This paper evaluates three single-phase reduced switch-

count regenerative CHB power cells and one three-phase
reduced switch-count regenerative CHB power cell in terms
of structure, control, and switches ratings. The benchmark for

comparison is the conventional regenerative CHB power cell
shown in Fig. 4.

The paper is organized as follows: the conventional regen-
erative CHB power cell operation and control is discussed
in section II. In section III, the three single-phase reduced
switch-count regenerative power cells are reviewed. The
three-phase reduced switch-count regenerative power cell is
reviewed in section IV. Different design aspects are discussed
in section V, while comparison between the different reduced
switch-count power cells and the conventional regenerative
power cell is shown in section VI. Future trends and conclu-
sions are drawn in sections VII and VIII.

II. CONVENTIONAL REGENERATIVE POWER CELL
Fig. 4 shows the conventional regenerative CHB power cell
introduced in [62] and [63]. A 2L-VSI replaces the three-
phase uncontrolled rectifier, and the front end is controlled
by PWM technique. The controlled front end allows bidirec-
tional power flow and can compensate reactive power.

Due to the absence of low order harmonics, the conven-
tional phase-shifting transformer can be replaced by a simpler
multi-winding transformer since the low order harmonics do
not exist any longer.

The typical AFE control block diagram is shown in
Fig. 6 and is based on the Voltage-Oriented Control (VOC)
scheme. It has two control loops. [63]. The DC-link voltage
is regulated by the DC-link voltage controller in order to be
equal to the reference value. The output of the DC-link con-
troller is the value and direction of the required active power,
while the reactive power is directly controlled to the desired
value and is usually set to zero for unity power factor. Both
reference values are used as the input to the current control
loop which is based on the system d-q power equations [63]:

P =
3
2
(vd id + vqiq)

Q =
3
2
(vqid − vd iq), (1)

where vd , vq, id , and iq are the d and q components of the grid
voltage, the cell input current respectively.

To get the d-q components, the abc-to-dq transformation
in (2) is applied to the measured grid voltages and cell input
currents. vd is made aligned with the grid voltage through
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FIGURE 6. Conventional regenerative power cell active front end control scheme [63].

FIGURE 7. H-H Cell proposed in [10].

using the grid voltage angle as the angle of the transformation
(θ ), this way vq is set to zero. To estimate the grid voltage
angle, a phase-locked loop (PLL) is needed in the system [63]. xd
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As the conventional regenerative CHB power cell has a
2L-VSI front end, the DC-link is subjected to high switching
frequency ripples. In addition to this, it is subjected to sec-
ond order harmonic ripples of the output frequency from the
H-bridge inverter side [62], [63].

Although the conventional regenerative power cell offers
bidirectional power flow capability, the high number of
switches in the cell -10 switches – leads to high cost and high
switching power losses.

III. REVIEW OF SINGLE-PHASE REDUCED
SWITCH-COUNT POWER CELLS
A. H-H POWER CELL
1) POWER CELL STRUCTURE
As seen in Fig. 7 and proposed in [64], theH-H cell is a single-
phase full-bridge controlled rectifier with a single-phase
H-bridge inverter. The H-H cell proposes eight switches com-
pared to the ten switches in the conventional regenerative
power cell, achieving a reduction of two switches per power
cell. The only alteration in the power cell is the grid side
inverter and connection that utilize a single-phase source.

Due to the changes in the grid connection, the H-H cell
requires a connection with a single-phase transformer and
grid filter. This may pose some limitations as a replace-
ment power cell as the conventional power cell utilizes a
three-phase grid connection. However, the output inverter
does not change from the conventional regenerative power
cell, so the modulation and control of the output inverter do
not need to be altered [64].

2) EASE AND SIMPLICITY OF AFE CONTROL
IMPLEMENTATION
The switching states of the grid side inverter and its output
voltage can be seen in Table 4.

The filter inductor voltage, vL , can be defined by (3) [64].

vL = Lfilter
dis
dt
= vs − vAFE = vs − kVDC , (3)

where is is the cell input current, Lfilter is the filter inductance,
and k is a switching state constant.
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FIGURE 8. FIGURE 1. Control scheme block diagram for H-H cell [64], [68], [70].

TABLE 4. AFE switching states and output voltage.

Assuming VDC > Vs, the behavior of the AFE can be
characterized based on Table 5 and (3).

TABLE 5. AFE characteristics based on switching state.

Utilizing the characteristics of AFE for the H-H cell, the
basic control scheme for the single-phase H-Bridge AFE can
be seen in Fig. 8. The DC voltage controller will compare
the DC-link voltage (VDC ) to the desired reference value
(VDC−ref ) to set the required active power. The required active
power will be multiplied by the sinusoidal waveform of the
same phase and frequency given by the PLL to ensure unity
power factor operation.

The current controller will produce the required modula-
tion to ensure that the input current tracks the reference.

3) DC-LINK VOLTAGE RIPPLES
The instantaneous power for the H-bridge inverter can be
described by (4):

p(t) = V1 sin(ωt) ∗ I1 sin(ωt − ϕ)

=
V1I1
2

(cosϕ − cos(2ωt − ϕ)) , (4)

FIGURE 9. H-H cell DC voltage ripples at input and output frequencies of
50 Hz [64].

where V1 represents the maximum voltage, I1 represents the
maximum current, ω represents the fundamental angular fre-
quency, and ϕ is the phase shift between the voltage and cur-
rent. As the H-H cell contains H-bridge inverters on both the
input and output, the DC link will contain the pulsating power
expressed by (4) from both the input and output sides. As a
result, the DC link will experience voltage ripples of double
the input frequency (2ωin) and double the output frequency
(2ωo). Fig. 9 shows the DC voltage ripples when input and
output frequencies are 50 Hz as shown in [64].

4) CELL INPUT CURRENT HARMONICS
The H-H cell will contain lower order harmonics in the input
current in addition to the switching frequency ripples caused
by the PWM scheme [64]. As the second-order output ripples
are present on the DC-link, this ripple frequency will show in
the input currents. As a result, the input current will contain
lower-order harmonics described by (ωin ± 2ωo) and third-
order harmonic ripples. Fig. 10 shows the cell input current
and its harmonic spectrum when the H-H cell has an input
frequency of 50 Hz and output frequency of 10 Hz. The two
types of input current harmonics can be observed.

5) COMPLIANCE WITH GRID CONNECTION STANDARDS
The H-H cell can satisfy the grid connection standard by
eliminating low order harmonics (ωin±2ωo). By configuring
three PWM rectifiers as seen in Fig. 11, the low order har-
monics in the input current are eliminated as a phase shift
of 120◦ is applied to the cell output pulsating power and
resulting ripples in the input currents of the power cells.
The carriers of each parallel-connected cell can be shifted by
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FIGURE 10. H-H Cell Input Current and Harmonic Spectrum at 10 Hz output frequency [64].

FIGURE 11. Illustration of the required connection for low order harmonic elimination [10], [15].

120◦ to eliminate the high order switching harmonics [64].
Fig. 12 shows the cell input current and primary current when
the output frequency is 20 Hz and the cells are connected
as shown in Fig. 11. This low order harmonic elimination
method does limit the flexibility of the H-H cell system as
the harmonic elimination can only be achieved if the number
of cells per phase is a multiple of three [64].

6) SWITCHES RATINGS
The required switch rating can be determined by comparing
the conventional power cell to the H-H cell. As the IGBT
switches’ voltage ratings are based on the DC-link voltage
(VDC ), it can be seen that the required voltage rating for the
switches is equal to VDC in both the conventional and the
H-H cell. For the conventional AFE, the maximum RMS
output line-to-line voltage utilizing third-order harmonic

injection is described by (5) [14]:

Vl−l,3φ = 0.707Vdc (5)

Comparatively, the maximum RMS output phase voltage
from the H-bridge AFE is described by (4) [5]:

Vph,1φ = 0.707Vdc (6)

The average power for the conventional and H-H power
cells are represented by (5) and (6), respectively:

Pin,3φ =
√
3 ∗ Vl−l,3φ ∗ Iph,3φ (7)

Pin,1φ = Vph,1φ ∗ Iph,1φ (8)

By substituting (5), (6), (7), and (8), the following relation-
ship between the two power cells can be represented by (9):

I1−φ = 1.73Iph−3φ (9)
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FIGURE 12. Secondary and primary input currents when output frequency is 20 Hz and cells are connected as shown in Fig. 7 [10].

FIGURE 13. Semi-reduced power cell configuration [65], [66].

The relationship between the two power cells indicates that
the current ratings of the H-H cell AFE switches should be
increased by 73% from the conventional AFE switches to
output the same average power.

B. SEMI-REDUCED POWER CELL
1) POWER CELL STRUCTURE
From the H-H cell, a further reduced power cell is proposed
in [65] and [66]. The power cell in Fig. 13 proposes a reduc-
tion of two switches compared to the H-H cell by utilizing
a single-phase half-bridge inverter as AFE rather than an
H-Bridge. As the Semi-Reduced power cell maintains the
same single-phase AFE and single-phase output configura-
tion as the H-H cell, the power cell requirements and the limi-
tations introduced by the H-H cell apply to the Semi-Reduced
Power Cell. The Semi-Reduced cell will require a connection
with a single-phase transformer and grid filter. The use of
single-phase AFE also introduces limitations with retrofitting
as a conventional power cell utilizes a three-phase grid
connection.

2) EASE AND SIMPLICITY OF AFE CONTROL
IMPLEMENTATION
The Semi-Reduced power cell has two possible switching
states, as seen in Table 6:

TABLE 6. AFE switching states and output voltage.

The inductor voltage, during state I, can be expressed as
seen in (10) [65], [66]:

vL = Lfilter
dis
dt
= vs − vAFE = vs − Vdc1, (10)

where is is the cell input current, and Lfilter is the filter
inductance.

During the switching state I, the capacitor charging
current and the instantaneous voltages can be expressed
by (11) and (12):

ic1 = is − il, ic2 = −il (11)

vdc1 =
1
C1

∫
ic1dt, vdc2 =

1
C2

∫
ic2dt, (12)

where il is the input current to the load side H-Bridge.
In the complimentary switching state II, the inductor volt-

age can be expressed as seen in (13):

vL = Lfilter
dis
dt
= vs − vAFE = vs + Vdc2 (13)

The capacitor charging currents can be expressed as (14):

ic1 = −il
ic2 = −is − il (14)

Based on the findings from (11), (12), (13), and (14), the
capacitor charging and discharging for the Semi-Reduced
Power Cell is seen in Table 7.

Due to the additional complexities regarding capacitor
charging and discharging, the control scheme for the H-H cell
cannot be used with the Semi-Reduced Power Cell. With the
Semi-Reduced Cell, an additional capacitor voltage balanc-
ing controller is required for proper control and operation,
as seen in Fig. 14.
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FIGURE 14. Control scheme for semi-reduced power cell [65], [66], [68], [70].

TABLE 7. Capacitor charge and discharge conditions.

FIGURE 15. Half-bridge average circuit model [12].

3) DC-LINK VOLTAGE RIPPLES
The Semi-Reduced cell suffers from second-order ripples
from the output H-Bridge inverter, similar to the conventional
and H-H cell. However, the DC-link capacitors also expe-
rience fundamental and second-order ripples from the grid
side due to the capacitor charging and discharging condition
defined by Table 7 [66].

The Half-Bridge AFE can be represented using an average
circuit model seen in Fig. 15, where α is the duty cycle ratio

for the upper switch and (1−α) is the duty cycle ratio for the
complimentary switch.

Based on the average circuit model, each capacitor’s
instantaneous active power can be expressed by (15) and (16)
under unity power factor operation [66].

pc1(t) = αVdc1 ∗ is = αVdc1 ∗ Is sin(ωint)

= Vdc1

(
VAFE Is
2Vdc

(cos(δ)− cos(2ωint − δ))

+
Is
2
sin(ωint)

)
(15)

pc2(t) = −(1− α)Vdc2 ∗ is

= Vdc2

(
VAFE Is
2Vdc

(cos(δ)− cos(2ωint − δ))

−
Is
2
sin(ωint)

)
, (16)

where Vdc1 is the average voltage of c1, Vdc2 is the aver-
age voltage of c2, VAFE is the magnitude of the AFE output
voltage, Is is the magnitude of the grid current, Vdc is the
voltage of the DC link, ωin is the angular frequency of the
grid and δ is the phase shift from the AFE output and the grid
voltage.

As capacitors experience voltage harmonics, the same as
power harmonics, (15) and (16) demonstrate the existence
of input fundamental and second-order voltage ripples as
shown in Fig. 16(a). However, due to the configuration of
the capacitors in the Semi-Reduced power cell, the total
DC-Link voltage will be subjected to second-order harmonics
only, Fig. 16(b), as the fundamental ripples are 180◦ out of
phase [66].

4) CELL INPUT CURRENT HARMONICS
Similar to the H-H cell, the Semi-Reduced power cell will
experience second-order harmonic ripples due to the voltage
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FIGURE 16. DC-capacitors and DC-link voltages for semi-reduced cell shown in [12].

FIGURE 17. Semi-reduced cell input current with 50 Hz input frequency and 20 Hz output
frequency as shown in [12].

ripples in the capacitors and lower-order harmonics as shown
in Fig. 17. Additionally, higher-order harmonic ripples from
SPWM switching will be present [65], [66], [68].

5) COMPLIANCE WITH GRID CONNECTION STANDARDS
The Semi-Reduced cell can satisfy the grid connection stan-
dard by utilizing the same interconnection as the H-H cell,
as seen in Fig. 11. In [66], an additional interconnection,
shown in Fig. 18, is used to satisfy the grid connection
standards, as seen in Fig. 10. The interconnection is sim-
ilar to the interconnection used in the H-H cell. However,
the transformer is a three-phase transformer with separate
single-phase secondary winding. The low order harmonics in
the primary input current are eliminated by applying a 120◦

phase shift to the capacitor voltage ripples in each row of
power cells. Fig. 19 shows the input primary current using
Fig. 18 interconnection.

Similar to the H-H cell, the low order cancellation method
is only effective when the number of cells per phase is a
multiple of three [65], [66].

6) SWITCHES RATING
The analysis completed with the H-H cell can be used on
the Semi-Reduced cell to determine the required switch rat-
ing. As the H-Bridge output is double the half-bridge output,
the following conclusion can be made for the Semi-Reduced
power cell’s maximum RMS output phase voltage:

Vph,half−bridge = 0.35Vdc (17)

The input power can be represented, as seen in (18):

Phalf−bridge = Vph,half−bridge ∗ Iph,half−bridge (18)

Taking (17) and (18), the relationship between a 2L-VSI
and the Semi-Reduced power cell can be represented by (19):

Iph,half−bridge = 3.46Iph,3φ (19)

The relationship derived from (19) illustrates that the cur-
rent rating of the switches for the Semi-Reduced cell needs
to increase by 246% compared with a 2L-VSI.
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FIGURE 18. Interconnection of 7-level CHB semi-reduced cells [66], [70].

FIGURE 19. Primary input current using Fig. 14 interconnection as shown in [12].

C. REDUCED POWER CELL
1) POWER CELL STRUCTURE
In [67], a power cell with the least switch-count is proposed.
The H-Bridge output inverter is converted to a half-bridge
inverter compared to a Semi-Reduced power cell, and the
total switch count reduces to four. The reduced power cell
can be seen in Fig. 20. As the reduced power cell is a further
reduction from the H-H cell and the semi-reduced power
cell, the limitation imposed by the structure of the previously
analyzed power cells applies to the reduced power cell.

2) EASE AND SIMPLICITY OF AFE CONTROL
IMPLEMENTATION
The reduced power cell proposes the same AFE structure as
the semi-reduced power cell. As a result, the findings are
shown in Table 6, and 7 remain the case for the reduced power
cell. The control scheme, seen in Fig. 14, is required for this
power cell’s proper control and operation.

FIGURE 20. Reduced cell power cell configuration [67].

3) DC-LINK VOLTAGE RIPPLES
The analysis conducted for the Semi-Reduced cell can be
used to determine the DC-Link voltage ripples for the
Reduced cell. Using the average model, as seen in Fig. 15,
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FIGURE 21. Reduced cell input current for 50 Hz grid frequency and 20 Hz
output frequency, as shown in [67].

FIGURE 22. Reduced cell primary input current as shown in [67].

the instantaneous powers for both capacitors can be described
by (20) and (21), as shown at the bottom of the page, [70],
where αin and αo are the inverter input and output duty ratios,
respectively. Vdc1 and Vdc2 are the average voltage of c1 and
c2, VAFE is the magnitude of the AFE output voltage, Is is
the magnitude of the grid current, Vdc is the voltage of the
DC link, ωin is the angular frequency of the grid, ωo is the
angular frequency of the output, δin is the phase shift between
the AFE voltage and current, and ∅o is the phase shift between
the output voltage and current.

From (20) and (21), both capacitors in the Reduced cell will
consist of fundamental and second-order harmonic ripples
from both input and output. However, due to the phase shift of
the fundamental harmonic ripple between the two capacitors,
the total DC-link will only contain second-order harmonics
from the input and output of the cell.

4) CELL INPUT CURRENT HARMONICS
As the Reduced cell share the same input configuration as the
Semi-Reduced cell, the harmonics in the input current remain
similar. The second-order harmonic ripples are reflected from

the capacitors’ voltages to the input current, in addition to
the higher-order harmonic ripples from the SPWM switch-
ing [67]. Fig. 2 shows the cell input current for 50 Hz input
frequency and 20 Hz output frequency as shown in [67].

5) COMPLIANCE WITH GRID CONNECTION STANDARDS
The same interconnection shown in Fig. 11 and Fig. 18 can
be utilized to cancel the lower-order harmonics in the primary
currents. As with the previous cells analyzed, the number of
cells per phase must be a multiple of three for the intercon-
nections to be effective [67]. Fig. 22 shows the input primary
current when the interconnections are used as shown in [67].

6) SWITCHES RATINGS
The Reduced cell replaces the H-bridge output inverter with
a half-bridge inverter to reduce the switch count. For the
Reduced cell to generate the same voltage output, the DC-link
must be increased by 100%. The voltage ratings of all
switches must be doubled compared to the conventional
10-switch regenerative power cell.

With the DC-link voltage doubled, the relationship
between a 2L-VSI and the Reduced cell AFE can be repre-
sented by (22):

Iph,half−bridge =
3.46
2

Iph,3φ (22)

Therefore, the AFE switches current rating for the Reduced
cell will be 73% higher compared to the 2L-VSI switches.

D. COMMENTS ON THE EXISTING SINGLE-PHASE AFE
REDUCED SWITCH-COUNT POWER CELLS
The review of the existing single-phase AFE reduced switch-
count power cells demonstrates the feasibility of single-phase
reduced switch-count power cells. However, reducing the
number of switches proposes many challenges [64]–[68]:
• A single-phase AFE interface allows the use of a simpler
transformer. However, the control for single-phase AFE
is more complex than three-phase.

• TheDC-Link voltagewill contain second-order harmon-
ics from both input and output. For Semi-Reduced and
Reduced cells, fundamental voltage ripples are present
in the individual capacitors.

pc1(t) = αinVdc1 ∗ is + αoVdc1 ∗ io

= Vdc1


(
VAFE Is
2Vdc

(cos(δin)− cos(2ωint − δin))+
Is
2
sin(ωint)

)
+

(
VoIo
2Vdc

(cos(φo)− cos(2ωot − φo))+
Io
2
sin(ωot)

)
 (20)

pC2(t) = −(1− αin)Vdc2 ∗ is − (1− αo)Vdc2 ∗ io

= Vdc2


(
VAFE Is
2Vdc

(cos(δin)− cos(2ωint − δin))−
Is
2
sin(ωint)

)
+

(
VoIo
2Vdc

(cos(φo)− cos(2ωot − φo))−
Io
2
sin(ωot)

)
 , (21)
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FIGURE 23. Three-phase reduced switch-count power cell [69].

• The harmonics present can only be eliminated if
the number of cells per phase is a multiple of
three.

• The capacitors in Semi-Reduced and Reduced cells can
experience voltage imbalance due to manufacturing and
operation differences.

• The output voltage level for the Reduced cell is
(n+ 1) compared to (2n+ 1) levels, where n represents
the number of cells per phase.

• The switches’ voltage ratings are doubled for the
Reduced cell configurations.

The existing single-phase AFE reduced switch-count
power cells successfully reduce the number of switches per
power cell. However, as the use of single-phase AFE intro-
duces complex control, low order harmonics, and DC-link
ripples, the practical implementation of the proposed power
cells does introduce challenges.

IV. REVIEW OF THREE-PHASE REDUCED SWITCH
COUNT POWER CELLS
Three-phase AFEs provide a more straightforward control
than single-phase AFEs as a rotating d-q reference frame can
help in the control scheme. Moreover, low order harmonics
from the input primary currents can be canceled without any
limitation imposed by the cell numbers, making three-phase
reduced switch count cells a more suitable option for practical
implementation. A three-phase reduced switch count cell is
proposed in [69], as seen in Fig. 23.

A. POWER CELL STRUCTURE
The Reduced Switch-Count cell introduced in [69] reduces
the number of switches by two per cell by replacing the
2L-VSI with a Four-Switch Three-Phase Inverter (FSTPI).
As the proposed cell maintains the three-phase input and a
single-phase output structure as the conventional regenerative
power cell, the three-phase grid connection is maintained.
The output inverter does not change from the conventional
regenerative power cell, so the modulation and control of the
output inverter do not need to be altered.

B. EASE AND SIMPLICITY OF AFE CONTROL
IMPLEMENTATION
The FSTPI used in the Reduced Switch-Count cell confines
one phase to the DC-link midpoint. As a result, only four
switching states exist, as seen in Table 8 [71]. The possible
switching states give the output voltage vector defined by:

v =
2
3

(
S1 ∗ Vdc + S2 ∗ Vdc ∗ ei

2π
3 +

Vdc
2
∗ e−i

2π
3

)
(23)

TABLE 8. AFE switching states and output.

As the FSTPI has one phase connected to the midpoint
of the capacitor, the SPWM modulation of the other phases
must be modified from (24) to (25) for proper control and
operation [73].

v1−ref = V sin(ωt), v2−ref = V sin(ωt −
2π
3
)

v3−ref = V sin(ωt +
2π
3
) (24)

v1o−ref = v13 = v1−ref − v3−ref =
√
3 V sin(ωt −

π

6
)

v2o−ref = v23 = v2−ref − v3−ref =
√
3 V sin(ωt −

π

2
) (25)

With the previous modification to the modulation signal,
the carrier signal should be multiplied by

√
3 due to the

amplitude of the newmodulating signals. The control scheme
for the three-phase reduced switch-count power cell can be
seen in Fig. 24.

C. DC-LINK VOLTAGE RIPPLES
The instantaneous capacitor voltage of the Reduced Switch-
Count cell can be expressed by (26):

idc−in1 =
Iin
2

sin
(
ωint − θ −

π

3

)
+

√
3
4
min ∗ Iin ∗ cos θ

idc−in2 =
Iin
2

sin
(
ωint − θ −

π

3

)
−

√
3
4
min ∗ Iin ∗ cos θ

(26)

Considering the instantaneous capacitor voltage defined by
(2), the currents for the capacitors can be defined by (27) and
(28) [71]–[73]:

ic1 = idc−in1 − idc−o

=

√
3
4
m ∗ Iin ∗ cos θ +

Iin
2

sin
(
ωint − θ −

π

3

)
−mo ∗ Io [cosφo + cos(2ωot − φo)] (27)
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FIGURE 24. Control scheme for three-phase reduced switch-count cell [69], [71], [72], [73].

ic2 = −idc−in2 − io−dc

=

√
3
4
m ∗ Iin ∗ cos θ −

Iin
2

sin
(
ωint − θ −

π

3

)
−mo ∗ Io [cosφo + cos(2ωot − φo)] , (28)

where min is the modulation index of the AFE inverter, mo
is the modulation index of the output inverter, Iin is the input
current fundamental magnitude, Io is the output current fun-
damental magnitude, θ is the phase shift between the FSTPI
output fundamental phase voltage and current and ∅o is the
phase shift between the H-bridge output fundamental phase
voltage and current.

Each capacitor will experience voltage ripples of input
fundamental frequency (ωin) due to the connection of the
DC-link midpoint. However, the ripples across the two capac-
itors are 180◦ apart, and as a result, these ripples cancel each
other when observing the whole DC-link voltage [71].

The H-bridge output inverter will introduce voltage ripples
of output second-order harmonic frequency (2ωo) due to the
pulsating power. As each capacitor’s second-order voltage
ripples are in phase, the voltage ripple will appear on the
total DC-link voltage. In addition, the DC-link voltage will
experience switching harmonics from both input and output
inverters.

Fig. 25 shows the individual DC-capacitors and total
DC-link voltages as shown in [71].

D. CELL INPUT CURRENT HARMONICS
Due to the capacitor ripples present in the three-phase
reduced switch count power cell, the FSTPI input line cur-
rents contain lower-order harmonics. The DC-link ripples of
2ωo frequency inject ripples of (ωin ± 2ωo) frequencies into
the input current. However, due to the three-phase interface of
the FSTPI, the low-order harmonics seen in the input of the
power cells will not be observed in the primary side of the

FIGURE 25. DC-capacitors and total DC-link voltages as shown in [71].

transformer for any number of cells per phase. The primary
current of the transformer with unity turns ratio can be repre-
sented by (2) when the power cells are configured, as seen in
Fig. 26.

Ip−k =
n∑
j=1

Isk−Aj + Isk−Bj + Isk−Cj, (29)

where k is the grid phase index (u, v, andw), j is the row num-
ber index, p stands for primary, and s stands for secondary.
If the FSTPI is configured as seen in Fig. 26, the low-order

harmonics ripples in the secondary input currents for each
drive phase cell will be phase-shifted by 120◦. According
to (29), the low-order harmonics on the primary side of the
transformer will equal zero for any number of cells [71].

E. COMPLIANCE WITH GRID CONNECTION STANDARDS
In addition to the low order harmonics observed at the input
of the power cell, the reduced switch count cell suffers from
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FIGURE 26. Low order harmonic cancellation configuration [70].

current unbalance due to the fundamental voltage ripples
in each capacitor. The current unbalances observed on the
secondary side of the transformer will not cancel with the
configuration seen in Fig. 26. A phase alternation method,
shown in Fig. 23, can ensure that the unbalance observed
on the secondary side of the transformer is canceled on the
primary side [69].

By alternating the DC-link midpoint connection with each
phase group, the fundamental capacitors’ ripples and the
resulting unbalance are shifted by 120◦, canceling out on
the primary side. The alternation method additionally can-
cels triplen and carrier harmonic components, ensuring that
the input currents observed on the primary side are balanced
and without low order harmonics present. Fig. 28 shows the
primary input currents and their harmonic spectrum for the
connections in Fig. 26 and 27 as presented in [71].

F. SWITCHES RATINGS
As the three-phase reduced switch-count power cell utilizes
an H-bridge inverter in the output, the voltage rating remains
the same as the 2L-VSI. The maximum RMS line-to-line
voltage of the FSTPI utilizing third-order harmonic injection
can be described by (30) [72].

Vl−l,FSTPI = 0.4Vdc (30)

Evaluating the current relationship between the 2L-VSI
and FSTPI based on power, (31) can be derived [72].

IFSTPI = 1.77Iph,3φ (31)

The current relationship, seen by (31), demonstrates that
the current ratings for the FSTPI should be increased by 77%
compared to the 2L-VSI. However, due to the existing har-
monics on the input cell currents, the current rating of the
switches should be doubled.

1) COMMENTS ON THE EXISTING THREE-PHASE AFE
REDUCED SWITCH-COUNT POWER CELL
The FSTPI-based regenerative power cell offers the advan-
tages of the three-phase front end of simpler control and low
order harmonic elimination. However, the DC-link voltage
input fundamental ripples, the low DC-link utilization factor,
and high switches’ current ratings are still remaining chal-
lenges that need to be addressed [72].

V. DESIGN CONSIDERATION
The review of the existing reduced switch-count regenerative
power cells draws the attention to the importance of consid-
ering the design challenges associated with the switch-count
reduction. To keep the same power, the voltage and current
stresses increase. In addition, the reduction of switches num-
ber leads to more low harmonic ripple stresses on the DC-link
capacitors which affect the capacitors’ lifetime [71], [74].

One way to estimate the reliability probability density
function is using the bottom-up approach. For an item con-
sisting of n parts, where the failure of one of the parts leads
to the failure of the whole item and there is no interaction
between the parts’ failures, the resultant item reliability den-
sity function R(t) is modeled as [75]:

R(t) = R1(t) ∗ R2(t) ∗ . . . . . . ∗ Rn(t), (32)

where Rx(t) is the reliability probability density function of
part x and is less than 1.
Based on (32) it can be concluded that by reducing the

numbers of switches, the accompanying gate drivers and con-
trol circuits, the AFE converter failure probability caused by
the failure of these components can be decreased.

Nevertheless, the increased stresses on other compo-
nents such as capacitors while reducing the number of
switches may compromise the long-term converter’s reliabil-
ity [74], [75].

VI. COMPARISON OF REDUCED SWITCH-COUNT POWER
CELLS WITH CONVENTIONAL REGENERATIVE CELL
Table 9 summarizes the comparison between conventional
regenerative power cells and the reduced switch-count power
cells.

Based on the review of the reduced switch-count power
cells, each reduced switch-count topology demonstrates the
criteria of a successful design defined in this paper. Utilizing
a single-phase AFE design can provide a regenerative power
cell with the least switch count, while utilizing a three-phase
AFE design is able to provide a solution that is easier to
implement than the single-phase AFE design.

The H-H cell and the Semi-Reduced cell provide a switch
count reduction of two and four, respectively. The two designs
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FIGURE 27. Proposed phase alternation method [70].

FIGURE 28. Input primary current as resulted from [71] experimental
results.

can achieve the reduction with the use of a single-phase
AFE design. A single-phase AFE proposes a more complex

controller design as a stationary abc frame must be used and
provides a solution that can only meet the grid harmonics
standards in a multiple of three cells per phase. With each
reduction of switches, the current rating of the switches needs
to be increased. The reduced cell design provides a switch
count reduction of six compared to the conventional regener-
ative power cell. The reduced cell achieves the switch-count
reduction by using a half-bridge AFE inverter, similar to the
Semi-Reduced cell but also utilizing a half-bridge inverter on
the output. This results in a regenerative power cell with the
least switch count. However, the reduced cell still requires
a complex controller design, and low order harmonic elimi-
nation can only be accomplished in a multiple of three cells
per phase. In addition, the reduced cell can only provide
(n + 1) output levels due to the output inverter reduction
while requiring a higher switch current rating and double the
voltage rating.

The three-phase Reduced Switch-Count Regenerative cell
provides a switch count reduction of two. The design is
able to achieve the reduction by utilizing an FSTPI AFE
inverter. As the design maintains a three-phase AFE, a simple
controller can be used and can meet the grid harmonic for
any number of cells per phase. Similar to the single-phase
reduced switch-count cells, the reduction of two switches in
the Reduced Switch-Count Regenerative cell requires that the
current ratings for the AFE switches be increased.

The switch-count reduction leads to the reduction of the
switches’ associated costs as can be seen in the table. How-
ever, the AFE power losses correlation is not straightfor-
ward. As the conduction losses are directly proportional to
the square of the cell input current [76], these losses will
increase with the increases current rating to keep the same
power in the reduced switch-count power cells. On the other
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TABLE 9. Comparison of reduced switch count cells referred to conventional regenerative power cell [71].

hand, the switching losses are more coupled with the switch-
ing frequency and number of switches, therefore these losses
will be reduced with the reduction of the switch-count [76].
Therefore, there is a trade-off between switch reduction and
conduction losses.

VII. FUTURE TRENDS
Further switch-count reduced topologies can be investigated.
Based on the analysis of the single-phase and three-phase
reduced switch-count power cell designs, the three-phase
reduced switch-count power cell can be improved to mini-
mize the switch count further. In the single-phase cell designs,
the Reduced cell provided an additional switch count reduc-
tion of two by utilizing a half-bridge inverter on the output.
A three- phase regenerative power cell with six switches can
be a good candidate by utilizing the FSTPI for AFE, and
a half-bridge inverter for the output. The use of an FSTPI
provides a simple controller design and flexible low order har-
monic elimination method evident with the Reduced Switch-
Count Regenerative Cell. The half-bridge inverter will allow
a design of a three-phase regenerative power cell with the
least switch count. However, similar to the Reduced cell, the
proposed power cell requires a higher current rating, dou-
ble the voltage rating, and provides less output voltage lev-
els than the power cells with an H-Bridge output inverter.

While the controller design will be simpler compared to the
single-phase reduced switch-count power cell, there will be
an additional challenge as the half-bridge output inverter will
introduce output fundamental voltage ripples in the DC-link.
This ripple component will affect the operation and stabil-
ity of the rotating d-q frame controller and introduce unbal-
ance in the system. However, with the challenge addressed,
this power cell should meet the criteria set out in this paper
for a successful design and provide a three-phase reduced
switch-count power cell with the least switch count.

Another aspect that can be looked at is new control tech-
niques that can reduce the DC-link capacitor ripple stresses
to improve the capacitors’ lifetime [77].

The advancement in the semiconductor technologies with
the wide bandgap devices (GaN and SiC) provides new poten-
tials to withstand the high current and voltage ratings with
lower conduction resistance and switching losses [78].

VIII. CONCLUSION
This paper presented a comprehensive review of the exist-
ing single-phase and three-phase reduced switch-count power
cell designs for the regenerative Cascaded H-Bridge motor
drives applications. Each power cell design is evaluated
against the conventional 10-switch regenerative power cell
to determine the advantages and disadvantages regarding
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structure, control, and harmonics present in the system. The
key characteristics of the power cells are summarized to iden-
tify the requirements and differences between all regenerative
power cells presented in this paper. Additionally, a new pos-
sible configuration is proposed to reduce the existing three-
phase reduced switch-count power cell.
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