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Abstract: Modular multilevel converters (MMCs) have been conceived as an alternative in front-
end converter applications to enhance the converter system’s reliability, minimize total harmonic
distortion, and improve power quality. These converters utilize several DC-link capacitors and power
electronic switches, along with switches operating with high switching frequencies, to attain the
desired characteristics. Thereby, this paper systematically proposes a novel three-phase asymmetric
hybrid modular multilevel converter (AHMMC) for front-end converters used in lower-medium-
voltage applications. The AHMMC configuration is based on a three-phase converter connected to
a per-phase series arrangement with a cascaded converter module (CCM). The study investigates
the AHMMC and proposes a control scheme, which minimizes the voltage range on switches and
maintains the current to its reference value. Furthermore, the study also introduces an active balancing
of voltage across DC-link capacitors based on the phase opposition disposition PWM (POD-PWM)
method. Our new configuration has features such as low switching loss, reduced DC-link voltage,
a wider modulation range for the unity power factor (PF), and low voltage and current harmonic
distortion. The simulation results are added to verify the performance of the new AHMMC topology
and the usefulness of the modular control scheme. In addition, a low-voltage laboratory prototype
based on customized control and power boards is built to validate the proposed converter and its
control scheme in practice.

Keywords: asymmetric hybrid converter; front-end converter; hybrid modulation; modular multi-
level converter; MMC; power-factor correction; PFC; series-active filter; space-vector pulse-width
modulation; SV-PWM

1. Introduction

The pervasive use of power electronics and inductive loads highlights the need to
focus on line pollution and the low power factor. Considering the power electronic system,
diode and thyristor rectifiers are used commonly in front-end converters as an interface
with the AC mains. However, the non-linear nature of these rectifiers produces harmonic
currents in the AC mains, which result in various power quality issues. Due to these
issues, some techniques, such as active, passive, and hybrid filters [1], have been developed
for conventional rectifiers in existing installations; however, most use expansive and
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bulky filters.

To maintain power quality within acceptable limits, multilevel converters (MLCs) have
recently attracted attention due to their ability to limit the current total harmonic distortion
(THD) to 5%, as specified by IEEE-519. These MLCs have been extensively studied for
high-power applications at medium voltages as they have several advantages, including
low-stress voltage on their switches, minimum voltage harmonics, and low electromagnetic
interference (EMI). Conventional MLCs can be classified as a flying capacitor (FC) [2,3],
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neutral point clamped (NPC) [4,5], or cascaded H-bridge (CHB) [6,7]. However, these
MLC topologies have some disadvantages, for example, the NPC and FC converters have
unequal voltages across switches and complex control for balancing the DC-link voltage,
and the CHB requires more DC sources. Moreover, as the output voltage levels increase,
the component count and voltage balancing control complexity increase, which affects the
converter system’s efficiency and reliability.

Recently constructed hybrid multilevel converters using several conventional MLC
topologies, which are also known as hybrid modular multilevel converters (HMMC), have
been introduced. Some of these HMMCs are an H-bridge with an FC module [8], an
NPC with an H-bridge converter [9], a traditional three-phase two-level converter with
an H-bridge module [10], a generalized FC with an n-level and active NPC (ANPC) [11],
an H-bridge with a half-bridge converter [12], an FC-based ANPC converter [13], a mod-
ular multilevel matrix converter, and a Hexverter [14]. In comparison with NPCs, FCs,
and CHBs, HMMCs have the advantages of high efficiency, high reliability, and lower
modulation complexity [15-17]. The modular multi-level converter (MMC) is a suitable
topology for medium-power high-voltage applications such as HVDC transmission [18,19],
motor-driven applications [20,21], and front-end converter applications [22-24]. Moreover,
the majority of research is focused on various DC-link voltages to raise output voltage
levels and lower redundancy with the same number of components. In the literature, these
topologies are referred to as asymmetric converters [8,25].

This paper investigates the design and control of the proposed AHMMC topology.
Improved output voltage levels with minimum components are realized using the AH-
MMC. To reduce the switch loss, the converter switches can be flexibly operated under the
proposed hybrid modulation technique, which offers a lower switching frequency. The
DC-link voltages are balanced to achieve the required output voltage level. Finally, a labo-
ratory prototype is developed to experimentally validate the proposed converter and its
control scheme. A customized control board is built, which utilizes a micro-controller unit
(TMS320C28346 Delfino™), complex programmable logic device (EPM570 ALTERA®),
and AD conversion to realize the control in practice.

This paper is arranged as follows. Section 2 demonstrates the proposed model con-
figuration and its working principles. Section 3 discusses the employment of the hybrid
modulation strategy and Section 4 describes a modular control scheme for tracking the cur-
rent and maintaining the DC-link capacitor voltage at their respective references. Sections 5
and 6 provide the simulation and experimental validation of the AHMMC and its modular
control method, respectively. Finally, Section 7 provides the conclusions.

2. Proposed Model Configuration

Figure 1 presents the proposed AHMMC topology, which is based on a per-phase
series configuration of the high-voltage two-level three-phase converter (fundamental
converter) with a low-voltage cascaded converter module that generates five levels at the
output. The two-level three-phase converter has three legs; each leg contains two alternately
active switches, which are connected to a common DC source, E. Considering the a-phase
leg, it generates an output voltage level of 0 and E at AC terminal Y. The series connecting
the CCM to the a-phase leg contains six power switches (S,, S, and S and, respectively, S,
S}, and S{) and two DC-link capacitors Cj; and Cj,p. The voltage of the DC-link capacitors
is Ve = Ve = Ve = 0.275E (subscript & is either a, b, or ¢), which yields the maximum
output voltage of five levels at the AC terminal (Vyy), i.e., £2V;,, £1V}., and 0V,.. The
cascaded converter module has redundant switching-state combinations of 1V}, and 0V,
of the output voltage levels, which are listed in Table 1.
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Figure 1. AHMMC topology.

Table 1. Switching modes of CCM.

Modes Switching States Capacitor  Capacitor CCM Vs
Sa Sp Sc G G Vivz)

Table (a) wheni; >0

1 1 1 1 charge charge 2V

2 1 1 0 discharge bypass Ve

3 0 1 0 bypass by pass 0

4 1 0 0 bypass charge —Vie

5 0 0 0 charge charge -2V,
Table (b) wheni; >0

1 1 1 1 charge charge 2V

2 0 0 1 bypass discharge Ve

3 1 0 1 bypass bypass 0

4 0 1 1 charge bypass Ve

5 0 0 0 charge charge -2V,

The AC-side dynamics of the AHMMC system in Figure 1 are expressed by a switched
equivalent circuit in (1)—(3):

di 1
= = 1 (SxVeu + SyVer2 F S:E £ Vgro) M
AVeyr Sy
=X 2
dt C @
dVeny _ Syt 3)
dt  Cpp

where Vg, = Esin(wt) is a grid voltage with a frequency of 50Hz, S, is the switching se-
quence for the different phases to neutral voltage of the three-phase two-level converter [26],
and Sy, and S, are the switching functions of the AHMMC (subscript / is either a, b, or ¢),
which can be expressed by (4) and (5):

Sy = SaSp — SiS 4)
Syn = SpSc — 5S¢ ©)

3. Hybrid Modulation Strategy

For any given topology, the strategy used for pulse-width modulation (PWM) plays a
decisive role in the switch loss. For the PWM method, the number of voltage pulses at the
output is achieved by reference voltage approximation. The present study’s emphasis is on
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the modulation scheme, which should be designed so that the switches with the highest
voltage stresses operate at low switching frequencies and the low-stress switches operate at
high frequencies. The PWM modulation strategy is divided into two parts: a PWM strategy
for the three-phase converter and a PWM strategy for the per-leg CCM. Since the switches
of the three-phase inverter are under higher voltage stress, they should be operated at the
lowest frequency with the fewest pulses possible in each fundamental cycle. The CCM’s
switches are classified according to their voltage stresses, followed by the elaboration of
the middle-leg switches and the outer-leg switches in a section (III-C). The approach used
to determine the timing of these pulses is to alternate the PWM techniques [17,18]. In the
literature, the modulation methods studied for MMCs include fundamental switching-
frequency PWM [27], carrier-based PWM [28,29], space-vector PWM [30-32], and selective
harmonic elimination (SHE) PWM [13]. The SV-PWM-based technique is widely used in
applications, such as motor control, electric vehicles, and grid interfacing, due to its many
advantages [33-35].

3.1. Three-Phase Converter Modulation

Since the stress on the three-phase converter is higher, SHE-PWM and SV-PWM are
studied as low-frequency-switching modulation techniques. The increased switching tran-
sitions per fundamental cycle increase the zero crossing requirements in the harmonic
reference signal, which are compensated for by the per-leg CCM. In SHE-PWM, the switch-
ing transitions of five angles (x1-a5) in the first-quarter cycle of the fundamental period
are optimally chosen to eliminate the first four lower-order non-triplen harmonics [36].
As a result, the switching losses associated with the middle leg of the cascaded converter
increase. Figure 2 depicts a fundamental signal comparison of the phase voltage of the
three-phase converter, which is achieved using the SHE-PWM and SV-PWM methods, for
the harmonic compensation reference signal calculation. To target minimum switching
effort, SV-PWM operating at 150 Hz is suggested.

—Fund —Fundamental component
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Figure 2. Signal comparison for harmonic compensation reference signal calculation. (a) SHE-
PWM as a modulation strategy for 3-phase converter. (b) SV-PWM as a modulation strategy for
3-phase converter.

Referring to Figure 3, for different switch combinations of the three-phase converter in
Figure 1, the output state voltage vector is mapped to distinct active vectors V1—Vj in the
alpha-beta coordinates. Additionally, the space vectors Vj and V7 are zero vectors with
zero magnitudes located at the center of the hexagon. In the proposed SV-PWM method,
a hexagon is split into three sectors: sector I, which contains two active vectors V; and
Vy; sector II (V3 and V), and sector III (V5 and V). Considering sector I, V1 and V; are
applied to the on-time interval T1, and the zero vectors V( and V7 are applied to the off-time
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interval TO, where the vector application time T1 and TO are calculated in terms of angles
and can be equated as:

Ty = 120° x My (6)
_ 0
Tp = 120° x (1 — My) (7)
where M is the modulation index of the two-level three-phase converter. In this method,
the active vectors are placed in the center between the symmetric zero vectors. For this
modulation strategy, as an example of a particular vector at a modulation index m = 0.9,
the waveform appears as depicted in Figure 3b. The converter’s fundamental component
is kept in phase with the grid voltage and only the time interval (on and off time intervals)
changes, which varies according to the modulation depth.
1 1
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Figure 3. SVM technique for three-phase converter. (a) Pole voltages of upper switches (S, S3, Ss) at
m = 1. (b) Pole voltages of upper switches (S1, S3, S5) at m = 0.9. (c) Phase voltages at m = 1. (d) Phase
voltages at m = 0.9.

The maximum voltage requirement of the summated DC-link voltage (V1 + Vo)
for harmonic compensation also depends on the modulation strategy of the fundamental
converter. To compare the DC-link requirement, SHE-PWM is considered another possible
candidate to operate the fundamental converter switches with 500 Hz low-frequency
switching. For different modulation depths, the results in Figure 4 show the DC-link
capacitors’ voltage (in the CCM) to compensate for the harmonics. However, the selection
of the SHE-PWM technique as the modulation strategy for the fundamental converter
requires a higher DC-link capacitor voltage than the SV-PWM technique. Based on the
above discussions, the SV-PWM technique (150 Hz switching frequency) is chosen as the
modulation technique for the fundamental three-phase converter.

—e— SV-PWM SHE-PWM
0.8
0.7
0.6 i
©
E 0.5
S
< 04
<
5
O 03
o
0.2
0.1
0
0 0.2 0.4 0.6 0.8 1 1.2

Modulation Index

Figure 4. SHE-PWM vs. SV-PWM DC-link requirements at different modulation indexes (m).
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3.2. Modulation Range

Considering the SV-PWM modulation strategy, the maximum output voltage of the
cascaded converter module also relies on the modulation index My of the two-level three-
phase converter, as expressed by Equation (8):

®)

where V,, () 18 the reference voltage vector and E is the magnitude of the DC bus. Slightly
modifying the modulation index range results in a high impact on the DC-link voltage
requirement for harmonic minimization. Figure 4 depicts the maximum CCM modulation
index (m) of 10% that can be achieved. The maximum modulation index m = 1.10 requires
a DC-link capacitor voltage of (%)E (DC-bus voltage). As the modulation index of the
fundamental converter decreases to m = 0.88, the sum of the DC-link voltages of 0.47E is
required to minimize the harmonics produced by the fundamental converter, as shown
in Figure 4. Reducing the DC-link voltage requirements for harmonic compensation
minimizes the voltage stress on the semiconductor switches, which provides an advantage
over varying the switching frequency according to the system design.

3.3. Cascaded Converter Module Modulation

The switches used in cascaded converter modules are classified into two groups:
(i) high-voltage low-frequency switches, and (ii) low-voltage high-frequency switches. For
the design aspect, the middle-leg switches S, and S|, of the cascaded converter module in
Figure 1 handle high-voltage stress, i.e., 2Vj.. As the third harmonic forms a zero sequence,
the resulting zero crossing frequency of these switches is 550 Hz, resulting in reduced
switch loss. The outer-leg switches of the cascaded converter module are under low stress,
ie., V., and as a result, they are switched at four times the frequency of the middle-leg
switches. To generate all the levels and fulfill the requirements of balancing the DC-link
capacitor voltages, a phase opposition disposition (POD) PWM method is employed in the
cascaded converter module, as shown in Figure 5. In this method, the carrier signals have a
level shift and a phase shift across the zero references. The resulting equivalent frequency
using this method is 3.2 kHz, with the highest effective frequency being 1.6 kHz, which
results in further distribution of losses in the system.

0.6- Phase voltage V",
0.4 /

0.2 Fundamental
0 / component
02f of Vin

L L L
0 0.004 0.008 0.012 0.016 0.02

. | ,ﬂmw “.ﬂ ’H“m)""h.w
<otV NW I MN VAN

-0.6

Signal mag.
Carrier signals

.
0 0.004 0005 o012 Rg/‘rence signal Vy, 002
T

T
Switched output

/ waveform

L L L
0 0.004 0‘008 0.012 0.016 0.02

Time (sec)

Figure 5. POD-PWM control method.
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The complete modulation strategy for the AHMMUC is as follows: (i) the high-voltage
three-phase converter offers fundamental component support and is run at a low switching
frequency, and (ii) the CCM as a series-active filter compensates the high harmonics
generated by the fundamental converter. The output of the CCM depends on the magnitude
of the reference modulating signal, as shown in Figure 4. As the CCM acts as a series filter,
the reference modulating signal for this module is obtained from the phase output voltage
by subtracting its fundamental component. Here, the maximum modulation index is
considered for the three-phase converter. Therefore, the resulting reference modulating
signal for the CCM generates an output voltage of three levels, as shown in Figure 5.
Figure 6 depicts the output voltage of the a-phase leg V,; of the AHMMC at different
switching angles, as shown in Table 2.

V’a”
N =V,
0]
0 61 0203 7/2 r LI L] 2=
s | | |

Voltage mag
|
AN

Figure 6. Phase-output voltage of the AHMMC operating at a different angle.

Table 2. AHMMC output phase voltage (Vay).

Angle Vyz Vin Van = Vyz + Vg,
0<6<6 0 1E 1E
6, <6 <6, Vie iE 1E+ Vy,
6y <6 <63 0 3E 3E
03 <0< m/2 Vige 2E 2E+ Ve

The overall output phase voltage of the a-phase V;;, is mathematically expressed by
Equations (9)-(11):

Van = Va/n + Vyz ©)

/ 4 o 1 i
v = EE ; - (cos(gr +8f) + Mg)(sin(rwt)) (10)
Vyz = V), — (%E(COS(% +05) + My)(sin(wt))) (11)

where 6 is calculated from the off-time interval T of SV-PWM applied to the fundamental
converter, which varies with the modulation depth M ¥ of the fundamental converter, and r

is the harmonic component.

4. Control Scheme

Despite the aforementioned merits, MMCs require many DC-link capacitors to gen-
erate a multi-level output. A challenge for MMCs irrespective of the module type used
is the voltage balancing [37,38] needed to enhance the converter’s reliability. In order to
tackle this issue, various methods have been proposed in the literature. Voltage balancing
techniques among phase clusters are proposed in [39]. One method for voltage balancing
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is the independent control of each phase cluster’s active power [40]. Another proposed
method involves DC-link voltage balancing using negative-sequence currents [41].

To track the proposed converter current and regulate the DC-link capacitor voltage
to their respective reference values, a control algorithm is employed, which consists of
decoupled, current-control, and voltage-control techniques. The decoupled voltage-control
technique is further classified into control objectives, which are (i) the average voltage
control between the three-phase converter and the CCM, (ii) inter-module energy balancing
among the CCMs, and (iii) individual capacitor voltage balancing in the CCM. The functions
of blocks A, B, C, and D shown in Figure 7 are summarized as follows: (i) block A: feed-
forward fundamental component support, (ii) block B: harmonic signal extraction for the
CCM, (iii) block C: zero-sequence voltage calculation, and (iv) block D: controlled current
signal from the decoupled control loop.

v*caI , v*cuZ ~~~~~ v*cc2

, —
7 ¥ A
6 Average chvg * H-
Capacitors - Calculation of * : %
V Voltage 1 ,—>{Zero-Sequence Vo P
y “(avg) | Jo—>| Voltage - v '3
ref(an)dc Common Mode s
Voltage Averaging : §
1/Vdc =]
AVabe) {3 3 , g
Van - " " V han E @
~—>| Subtracting |V han,V*hbn) *hen 3 ’ er
V bi |Fundamental v NG V' hbn ‘o
V’en |Components 3Modulating signal V,hcn ‘7
1/Vde L1 3 )
1/Vdc % % * \]
V - V an P* Vi VbV —
an —» —»| Average an Decoupled current
Vbn - \% bn‘ Mode V¥ control reference 5]
- V' Voltage
Ven LV ¢l Control Ven
[A]
|< ------------------------------------- ->|

Average power control of the whole converter
Figure 7. General block diagram of the AHMMC’s control.

4.1. Decoupled Current Control Loop

The effectiveness of a converter system is determined by the performance of current
control; therefore, the current control is required to respond fast to transients and exhibit
satisfactory steady-state behavior. Current control in the synchronous reference frame (SRF)
(dq coordinates) offers attractive features, which are widely known and applied in most
PWM schemes [42,43].

In this study, the output voltage generated by each phase-cascaded converter module
determines the converter current control that is in use. This control strategy’s primary goal
is to provide the required voltage for the needed output current. The current control has
two main paths: the feed-forward fundamental component support, which is provided
by the three-phase converter, and the harmonic and fast current control support, which
is provided by the cascaded converter module, as depicted in Figure 7. The decoupled
current control loop in Figure 8 is applied to the cascaded converter modules, as these
converter modules provide high-frequency support. Thus, the reaction will be faster if the
grid voltages change abruptly.

Referring to Figure 1, the following current-voltage equation (12) is deduced by
ignoring the resistive components.

Vgao Van d ig
Vo | = [Ven| =L | (12)
Vgeo Ven ic
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Vy vai,v bi/V ci

Ve(abc)
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Figure 8. Current control implementation in the SRF.

The Park transformation matrix attaining the d-q components of the three-phase
currents i,, iy, and ic, and voltages V;;, Vp,, and V¢, is provided in [42] and in (13) and (15)
as follows:

> sin(wt) sin(wt — 37)  sin(wt + 37)
Tp=14/= (13)

3 cos(wt) cos(wt—3m) cos(wt+ 3m)
Therefore
'Dd Vﬂi’l
L] } =Tp | Vi (14)
1 VC?I
i '
M = Tp |4 (15)

Considering a balanced three-phase voltage, v, will be zero as Vg is aligned with the
d-axis. Applying the d-q transformation, the three-phase active and reactive power can be
expressed by (16) and (17), respectively, as follows:

P =3 | wuia) + (o) (16)
Q=3 (o)~ (vuiy) 7

which shows that by controlling i; and i; independently, the control of active/reactive
power will be achieved. The current commands ij and i; of their respective axes are
expressed by (18) and (19) as follows:

iy="1 (18)

=1 -0 (19)

where p* and g* are the active and reactive power commands, respectively. Here, a strictly
unity power factor is considered. 4* = 0 guarantees the system operation at a unity power
factor. The controlled reference signal is achieved by the inverse d-q transformation, as

expressed in (20).
{vfj} ﬁﬂ { OL ) L} {ﬂ f rg - l‘d]
vy w 0 iq Iy — g

K / [13 - l:d} dt 20)
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Applying the d-q to abc transformation gives the decoupled current controlled signals
V>, Vi, and V7 shown in Figure 8, which are applied to the cascaded converter modules
shown in Figure 7.

The current control loop bandwidth relies on the PWM'’s frequency in order to lessen
the effect of distortion in the current resulting from abrupt voltage dips or swells in the
grid. Equation (21) describes how the PWM is changed in the DC voltage feed-forward

control loop to lessen the influence of DC-link voltage ripples:

|Vout| ‘Vout| |Vout‘ - Vcl
d=1la +a +a 21
( Vo >V, 3 Ve @
Vout| = V, .
+a47| Out‘|/ CZ) x Sign(Vout)
cl

where the duty ratio for the cascaded module output voltage levels is denoted by d and, a1,
ay, a3, and a4 are the PWM output conditions given in Table 3. The output direction of the
PWM is determined by Sign(V,,) in (22):

. 1 if Vour >0
Sign(V, = - 22
gn(Vou) {—1 if Vour < 0 22
Table 3. PWM Operating Conditions.
Operating Condition a1 ap as ag

V¢ is a lower capacitor

| Vout |< Ve 1 0 0 0
Ve <‘ Vout |<
0 0 1 0
(Vcl + Vc2)
Voo is a lower capacitor
| Vout |< Vo 0 1 0 0
ch <‘ Vout |<
0 0 0 1
(Va1 + V2)

4.2. Decoupled Voltage Control Loop

The imbalance of voltage in the DC-link capacitors in the per-phase cascaded module
arises mainly due to the inaccuracy of the PWM gating signal over a cycle and the real
component produced by the non-linearity of the semiconductor devices. To mitigate
this balancing issue, a decoupled voltage balancing control is employed with the control
objectives that are classified and discussed below.

4.2.1. Average Voltage Control

The sum of the charge across the average-mode DC-link capacitor (V,; and V,2) in
each phase of the cascaded module is finite. An energy exchange is required between
the three-phase leg/inverter or grid to compensate for the total energy. The total sum of
all the charges across these cascaded modules will decide the amount of energy that is
required to be absorbed from the AC main or three-phase converter. As the fundamental
component of the voltage is a positive sequence and the current is sinusoidal, the sign of
the positive-sequence voltage will decide the direction of the energy exchange between
the cascaded modules and the grid or three-phase converter. If the sum of the capacitors’
energies in the cascaded modules is less than the reference value, the energy will be
absorbed from the three-phase converter or grid. If the energy is higher, it will transfer to
the three-phase converter or grid. Therefore, average DC-link capacitor voltage balancing
is attained through positive-sequence voltage. Figure 9a shows the average-mode DC-link
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capacitor voltage control loop. The reference signal for controlling the average-mode
DC-link capacitor voltages per phase is given in (23):

sin(wt)
AV, 2
AV, | = AV |sin(wt = Z7) (23)
AV,
. 2
sin(wt + 571)

To keep the sum of the capacitors’ energies in the cascaded modules balanced at the
required value, the average sum of all the DC-link voltages of the cascaded modules is
compared with the reference DC value. The error signal is given to a PI controller to attain
a compensated AV reference signal, which is deduced in (24)—(26):

o 1 dVC,wg 2
E. = ZC( T ) (24)
1
Veag = 3 Yo ) Ve (25)
h=a,b,cl=1,2
* K
AV = (Vref(ﬂvg)(dc) — ch;g) (Kz + é) (26)

Vref (do)
Ve, -\ l
Ve, _.O_.I}_:Q_» AV
Ve, —/
(a
ia

Va
Ve, — 'Q - -AP* Phasor VO*
Ve, 3| voltage O—
@) 0 Calcul- v -
% i m
PI tion

Ve, _>_C>—; —»
AP
"l

(b)

Figure 9. Voltage control loop. (a) Average-mode DC-link capacitor voltage control loop.
(b) Difference-mode DC-link capacitor voltage control loop.

4.2.2. Inter-Module Power Balancing

In practice, after transferring the average power, the AHMMC cannot be naturally
balanced because of component parametric variances or different control signal delays,
which inevitably cause unbalanced power among the cascaded modules. Redistributing
the power among the cascaded module converters is carried out to address the uneven
energy distribution. A corrective voltage control, i.e., difference-mode voltage control, is
realized, which is dependent on injecting zero-sequence voltage. By implementing the
difference-mode DC-link capacitor voltage control, power among the cascaded modules
is exchanged by zero-sequence voltage injection, ensuring that the power will not appear
at the output of the cascaded converter modules. Hence, the power is exchanged equally
among the cascaded modules. The analysis of the difference-mode DC-link capacitor
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voltage control is shown in Figure 9b. The average active power due to the zero-sequence
voltage can be calculated by (27) and (28):

Pu0+PbO+Pc0:0 (27)

where o
Pao = Voel®Ie® (28)

Similarly, the change in the power commands for the a-phase, b-phase, and c-phase
can be expressed by (29):

sin(wt)
APy ) 2
AP = Voel'I sin(wt — §7T) (29)
AP}
. 2
sin(wt + gn)

The controlled converter currents, which are in phase with the grid voltage, are
assumed to contain positive-sequence currents, and the power command in phasor form
by the zero-sequence voltage is given by (30) and (31):

A PF = Re [(Va —ij)Ia} (30)

AP} = Re [(Va ij)Ih} (31)

The zero-sequence voltage is calculated by comparing (30) and (31) and is given
as follows:
Vo= (Va— V) (32)

4.2.3. Individual Capacitor Voltage Balancing

Once the power is distributed equally among the cascaded modules, it is essential
to balance each DC-link capacitor’s voltage to the desired reference, which is accom-
plished by the voltage swapping approach, which utilizes the redundant switching states
shown in Table 1. Based on the relationship, redundant switching states are used for
charge swapping:

*  When (i(4) X Vem) < 0,if Ve < Vg, Table 1 (b) will subsequently be chosen.
e When (i) X Venz) > 0, if Vepr > Ve, Table 1 (a) will subsequently be chosen.

where i(hdc) is the DC reference current direction (subscript & is either a, b, or c). The
voltage balancing of the capacitors is accomplished using the relation of the selected tables
mentioned above.

5. Simulation Results

A simulation of the AHMMC configuration shown in Figure 1 is performed in MAT-
LAB/Simulink. Using the specifications mentioned in Table 4, the simulated findings from
the research were scaled to the experimental results.
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Table 4. Proposed system’s parameters.

Parameter Symbol Value
Inductance L 0.7 mH
DC-link Capacitor C 20 mF
Cascaded

Converter PWMreg 3.2 kHz
Three-phase

Converter SW req 150 Hz
Capacitor Voltage Ve 110 V,
Grid Voltage(rms) Vgo 110V
Grid Current(rms) Is 15 A
DC-bus Voltage E 300V

Extensive simulations were conducted to choose the components. Capacitors were
chosen based on a peak-peak voltage ripple of 2%, whereas inductors were chosen for a
peak—peak current ripple of 0.5% at the maximum rated current. A switching frequency of
3.2 kHz was chosen because the outer-leg switches on the cascaded converter module were
under minimal voltage stress (1.6 kHz effective switching frequency). By operating the
outer-leg switches of the cascaded converter modules S, and S, at a switching frequency of
3.2 kHz, the current ripple, inductor size, and overall system costs were minimized.

Figure 10 demonstrates the simulation waveforms of the single-leg phase-output
voltage of the AHMMC topology. The output voltage V,, was obtained by adding the
a-phase output voltage of the fundamental converter to the output voltage of the cascaded
converter module. It is clear that the fundamental converter with high-voltage stress on the
semiconductor devices was switched at a low frequency, whereas the cascaded converter
module was switched at a high frequency to compensate for the harmonics produced by
the fundamental converter.

Signal mag.
- -
ey -y
(=1 (-3 =]

0 0.02 0.04 0.06 0.08 0.1
300 - —Van|
200
100

0

-100
-200
-300

0 0.02 0.04 0.0 0.08 0.1

Time (seconds}
Figure 10. Single-leg phase-voltage of AHMMC (V ;).

Figure 11 shows the simulation results of the three-phase phase voltages. At the
maximum modulation index M¢ =1 of the fundamental converter, the AHMMC topology
generated an output voltage of seven levels. When the modulation index value was reduced
to M = 0.9, the converter fundamental component was in phase with the grid voltage and
only the sampling time changed, which varied with the modulation depth, as shown in
Figure 12. Figure 13 shows the simulation results of the three-phase line voltages. The
output line voltage of the AHMMC topology was V3V, and at Mf =1, it generated
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an output voltage of nine levels. Figure 14 shows the output line voltages when the
modulation index value was reduced to My = 0.9.

mn I mn e
M I

Wll | i Wll I !

0

Slgnal mag.

0. 01 002 0. 03 0. 04

Time (seconds)

Figure 11. AHMMC output phase voltages at My = 1.
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Figure 12. AHMMC output phase voltages at M¢ =09 .
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Figure 13. AHMMC output line voltages at My = 1.
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Figure 14. AHMMC output line voltages at My = 0.9.
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Figure 15 shows the waveform of the proposed converter current. It is clear that the
converter tracked its reference current, which was realized in the dg reference coordinates.
The current tracked the reference value I, ¢, even when it changed direction (180° out of
phase with the grid voltage) to ensure a bidirectional active power flow. Figure 16 shows
the simulation results of the converter phase voltage and current with variations in the
power transfer (when the amplitude of the reference current was changed from a 50% to a
100% converter rating).

Changing I, direction

1 1 —— Currant a-phase

15 ! 1 — Current b-phase
7\ Cureent c-phase’
7.5
1
2 1
£ 1
- o}
e I
o I
»
7.5
1
A5 1 I Changing I,.r amplitude

I 1 1 ]
0.02 0.04 0.06 0.08

Time (seconds)

Figure 15. AHMMC current waveform.
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Signal mag.
&

~

=]

4
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Figure 16. AHMMC phase voltage and current with variations in the power transfer: (a) phase
voltages, (b) converter current.

A decoupled voltage control technique was applied to maintain the balance of the
summated DC-link capacitor voltage in the cascaded module to its reference value. How-
ever, the DC-link capacitor voltage of the cascaded modules was not naturally balanced and
was affected when the output terminal is connected through one of the DC-link capacitor
terminals. The DC-link capacitor voltage in each cascaded converter module, V.1 and
Vena (subscript n is either a, b, or ¢), diverged from its reference value and entered into
an over-charging /under-charging state, respectively. The individual DC-link capacitor
voltage balancing in the cascaded converter modules was realized by the charge-swapping
technique using the redundant switching-state selection, which converged the capacitor
voltages to their respective reference values. Figure 17 depicts the simulation results of the
balanced DC-link capacitor voltages of the cascaded converter modules. The balancing of
the summated DC-link capacitor voltage, which was achieved by redistributing the power
among the cascaded converter modules, is shown in Figure 17a. Initially, swapping was
enabled that converged the DC-link capacitor voltage to its reference value. When the
swapping of the cascaded converter module was disabled, the DC-link capacitor voltage
deviated from its reference value, as shown in Figure 17b.
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Figure 17. Balanced DC-link capacitors: (a) balanced summated DC-link capacitor voltage, (b) devia-
tion of the DC-link capacitor voltage from its reference value when voltage swapping is disabled.

6. Experimental Results

Using a low-voltage laboratory prototype, as illustrated in Figure 18, the proposed
converter and its modular control strategy were experimentally validated. A customized
control board was built, which utilized a micro-controller unit (TMS320C28346 Delfino™),
complex programmable logic device (EPM570 ALTERA®), and AD conversion to realize
the control in practice. It can be observed that all the experimental results are in good
agreement with the results achieved in the simulation.

Figure 19 demonstrates the experimental results of the single-leg phase-output voltage
of the AHMMC topology. The converter output voltage V,, was obtained by adding
the a-phase output voltage of the fundamental converter to the output voltage of the
cascaded converter module. Figure 20 shows the experimental results of the three-phase
phase voltages. At the maximum modulation index M =1 of the fundamental converter,
the proposed AHMMC topology generated an output voltage of seven levels. Figure 21
depicts the experimental waveform of the output phase voltages at M¢ = 0.9 in which the
fundamental component of the converter was in phase with the grid voltage, and due to
the variation in the sampling time, the modulation depth changed.

Oscilloscope

4 f o M
X "% SN "3
/4// &

Figure 18. Low-voltage laboratory prototype.
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Figure 19. Experimental waveform of single-leg phase-voltage of AHMMC (V) tracing channels 1,
2,3 (300 V/div).
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Figure 20. Experimental waveform of AHMMC output phase voltages at My = 1 tracing channels 1,
2,3 (150 V/div).
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Figure 21. Experimental waveform of AHMMC output phase voltages at My = 0.9 tracing channels 1,
2,3 (200 V/div).



Energies 2023, 16, 1572

18 of 22

Figure 22 shows the experimental results of the three-phase line voltages. The output
line voltage of the AHMMC topology was v/3V,y; therefore, at M ¢ =1, it generated an
output voltage of nine levels.
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Figure 22. Experimental waveform of AHMMC output line voltages at My = 1 tracing channels 1, 2,
3 (150 V/div).

Figure 23 shows the experimental waveform of the proposed converter current. It can
be seen that the converter tracked its reference value I,,¢, even when it changed direction
(180° out of phase with the grid voltage) to ensure the bidirectional active power flow.
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Figure 23. Experimental waveform of AHMMC current tracing channels 1, 2, 3 (10A /div).

Figure 24 depicts the experimental waveforms of the DC-link capacitor voltages of
the CCMs connected to the a- and b-phase legs of the three-phase converter. Initially, the
swapping in the a-phase cascaded converter module was disabled, which resulted in the
deviation of the DC-link capacitor voltage from its reference value. When the swapping
was enabled, the DC-link capacitor voltage converged to its reference value.
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Figure 24. Experimental waveform of the balanced DC-link capacitor voltage tracing channels 1, 2, 3,
4 (80 V/div).

Figure 25 shows the experimental results of the converter phase voltage and current
with variations in the power transfer (when the amplitude of the reference current was
changed to a 100% converter rating). Table 5 presents the simulated and experimental
current total harmonic distortion (THD) at various power ratings.
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Figure 25. Variations in power transfer. (a) Experimental waveform of phase voltages tracing channels
1,2,3(100 V/div). (b) Experimental validation of converter current tracing channels 1, 2, 3 (15A/div).
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Table 5. Converter current THD.

Current THD Power Rating
25% 50% 100%
Simulation
5.31 2.83 1.38
Experimental 7.2 5.33 4.21

The proposed converter was compared with similar works in [44,45] in terms of the
output voltage levels, required number of components, and THD percentage of harmonic
content. The comparison is provided in Table 6.

Table 6. Comparative analysis of converter topologies.

Parameters
Converter System DC
V-Level Switch Diode Capacitor Current THD
Source
AHMMC 9 8 0 1 2 421%
MLI [44] 8 6 4 2 6 1.25%
MLI [45] 19 12 1 2 2 4.30%

It is evident from Table 6 that the performance of the proposed AHMMC is better than
that in [45] in terms of the THD and those in [44,45] in terms of the component count.

7. Conclusions

A new topology for a three-phase AHMMC for a medium-voltage high-power front-
end converter is proposed, which is a per-phase series arrangement of a high-voltage
three-phase half-bridge converter with a low-voltage cascaded converter module. The
proposed modular control scheme, which is a combination of control techniques, i.e.,
SV-PWM, POD-PWM, inter-module energy balancing through zero-sequence voltage,
and active swapping, is employed to decrease the voltage stress on the converter, keep
the DC-link voltage balanced, and track the current to its reference value. Furthermore,
the active switches’ categorization of the proposed topology is performed according to
the voltage stress: (i) high-voltage low-frequency switching, and (ii) low-voltage high-
frequency switching. The features of the AHMMC topology include the minimization of
the harmonic contents injected into the AC mains, a wider modulation range for the unity
power factor, reduced conduction and switching losses, low DC-link capacitor voltage
requirements for harmonic compensation, and the elimination of a bulky transformer. The
detailed topology design and effectiveness of the modular control scheme are thoroughly
examined. The efficiency and usefulness of the proposed topology are verified through
simulation results, and experimental results via a customized laboratory prototype based
on control and power boards are presented to validate the system in practice.
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