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Abstract: This article proposes the study, control and analysis of the topology of an AC-AC modular
multilevel converter, known in the literature as the Hexverter. The Hexverter is capable of converting
the energy between two AC systems with a reduced number of elements, if compared with other
modular multilevel topologies, which makes this topology attractive in AC-AC applications. How-
ever, there are few studies about the Hexverter in the literature, so this work presents its operation
principle, conducts modeling, and proposes a control scheme for the converter’s proper operation,
validating the operation and control via hardware-in-the-loop emulation.

Keywords: AC-AC converter; Hexverter; modular multilevel converter

1. Introduction

One of the main industrial applications for static converters is the electrical drive for
variable speed motor control. Typically in these applications, the conversion is performed in
two stages. The energy from the electrical grid, considering the fixed voltage and frequency,
is rectified to a regulated DC bus, and in the second stage, the DC bus voltage is converted to
a three-phase system with variable voltage and frequency that controls the driven machine,
regulating its torque and speed [1-5].

This AC-DC-AC conversion is widespread in the literature and is widely employed
in industry, being generally employed for converters in the back-to-back configuration.
This solution for AC-AC energy conversion is very robust; however, a DC bus with high
voltage levels is required, employing electrolytic capacitors, which are bulky components
with a high failure rate and a short service life [6].

The AC-AC conversion may also be achieved by a direct converter, i.e., without an
intermediate energy storage stage. Among the direct converters, the matrix converters [7]
stand out, which present high power density once capacitors are not employed in these
topologies. However matrix converters can only be employed in applications where
the output voltage is lower than the input voltage, and the lack of capacitors makes the
converter control more complex. Once the converter dynamics are more susceptible to
parametric variations, the switches actuation must be accurate to prevent short circuits or
opening of an inductive circuit [8,9].

Another application for direct frequency converters that has become more popular
in recent decades is the real-time emulation, PHIL (power hardware-in-the-loop) [10-12],
whereby the converter can emulate loads, such as linear loads, non-linear loads, or electric
motors. At the same time, it regenerates the energy to the electric grid, allowing these
converters to be employed for the development and testing of electrical and electronic
equipment such as electronic converters, motor drives, and protection systems, in addition
to enabling tests on more complex systems that could not be tested in any other way, such
as transmission lines, power systems, and micro-grids. Studies show that PHIL emulation
presents better results than numerical simulations [12].

In recent decades, modular multilevel converters have been widely studied and are
beginning to be employed in medium voltage applications, such as rectifiers, active filters,
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and motor drives. More recently, different MMC topologies have been proposed, mainly in
three-phase AC-AC conversion [13].

The main MMC AC-AC topologies are the indirect MMC converter (back-to-back
topology), the direct matrix converter (M3C), and the Hexverter. Other topologies have also
been proposed, such as in [14], where the Hex-Y topology is proposed, being a combination
of different MMC, aiming to combine the different advantages of each converter.

A more recent work [15] proposes modeling and control in a unified two-frequency
dq framework and develops a virtual V2 to achieve converter power balance. At the same
time, it evaluates two modulation strategies (nearest level control and phase-disposition),
validating the results via simulation.

This paper presents the analysis and modeling of the Hexverted, an AC-AC modular
multilevel converter, and proposes a control strategy that allows the conversion between
two three-phase electrical systems with different levels of voltage, currents. and frequency.

Employing the synchronous and stationary reference frame, the converter current
and voltage transfer function can be obtained, which allows classical control theory to be
employed for the controller’s design, resulting in simpler control for implementation and
providing regulation with a proper transient response.

The control strategy is experimentally validated by employing hardware-in-the-
loop emulation.

2. The Hexverter Modular Multilevel Converter

The Hexverter topology, as presented in Figure 1, consists of six arms connected to
each other in the shape of a hexagon, hence the name Hexverter (hexagonal converter) [16].

Similar to other modular multilevel converters, the Hexverter’s arms consist of an
inductor, to limit the circulating current, and n sub-modules that impose the arm’s voltage,
controlling the power flow between the two AC systems.

It is important to note that the sub-modules of the Hexverter must operate in four
quadrants (bidirectional in current and voltage) since it is an AC-AC converter. As depicted
in Figure 1, the H-bridge converter is employed for the sub-modules.

Figure 1. Hexverter topology depicting the connections between the six arms and the sub-module’s
H-bridge topology.



Energies 2022, 15, 8519

30f17

The AC systems are designated as port 1 (P1—relative to the phases A, B, and C) and
port 2 (P2—relative to the phases R, S, and T), as the input port and output port, respectively.
P1 and P2 can have different electrical characteristics of frequency, phase, reactive power,
voltage, and current amplitude.

Hexverter Operation Principle

Assuming that the converter is operating properly, it can also be assumed that port P1
is composed of the phases A, B, and C, and port P2 is composed of the phases R, S, and T.
The following equations describe the voltages and currents:

v, = Vpysin(wit) ip = Ipysin(wit + 1) )
vy = Vpysin(wit — 2%) ip = Ipysin(wit — 2?71 + 1) 2)
ve = Vpisin(wst + 2?”) ic = Ip1sin(wrt + %T +¢1) ®)

= Vppsin(wyt) ir = Ipysin(wot + ¢2) @)
vs = Vppsin(wyt — 2?”) is = Ippsin(wyt — 2?7( + ¢2) ©)
v = Vppsin(wyt + 2?”) iy = Ippsin(wot + Z?N + ¢2) (6)

Considering the port voltages applied to the converter and the currents drained /injected
into the ports and neglecting the voltage drop in the arm inductor, the voltages in the two
adjacent arms are roughly equal to the line voltage applied by the respective port, while
the current that circulates in each arm is equal to the phase current.

This results in the arm’s voltages being given by:

= Vpysin(wqt) — Vppsin(wst) (7)
vy = Vppsin(wayt) — Vpysin(wqt — 2?7-[) (8)
v3 = Vpisin(wyt — 2?71’) — Vpasin(wyt — 2%) 9)
vy = Vposin(wyt — 277[) — Vpisin((w1t + 2?71) (10)
vs = Vpysin((w1t + 2?”) — Vposin(wyt + 2?71) (11)
ve = Vppsin(wyt + 2?7[) — Vpisin((wqt) (12)

Furthermore, the arm currents are given by:

i1 = %sm(wlﬂr 76T )+ i@sm(wzt+ Z —¢2) (13)
iy = %sm(wlt +Z )+ fl/)%sin(wzt—i— =~ ) (14)
is = Ij%sm(wlt 7; 1) + %sin(wzt + % — ) (15)
iy = Ij%sin(wlt - 7; ¢1) + \/gsm(wzt - g — ) (16)
is = i%sm(wlf +——¢1)+ \/gsm(wzf -5 —¢) (17)
ig = %sm(wlt—i— 4 ) + i@szn(w t+— 5 —¢) (18)
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It can be noted that each converter’s arm has voltage and current components from
both ports, given by the phase current and voltage, which implies an additional 30° lag
between arm voltage and current components from the same port.

3. Hexverter Modeling

For modeling the Hexverter, the quasi-instantaneous average model of the converter
will be considered, as presented in Figure 2, where the n sub-modules of the converter are
substituted by their equivalent circuit.

R

Figure 2. Equivalent circuit of the Hexverter, where the sub-modules are replaced by the equivalent
model of a voltage source on the AC side and a current source on the DC side.

The converter model is obtained in a synchronous reference frame for the current
control of the port and in stationary reference frame for the DC bus voltage control of the
sub-module.

3.1. Synchronous and Stationary Reference Frame Transformation

Here, we present the transformations employed for converter modeling and control.
The synchronous reference frame (dq0 transformation) and stationary reference frame (30
transformation) are considered.

The synchronous voltage transformation (dq0 reference frame) is given by

0 0 —\/73 =21 Tsin(wit) —cos(wrt) 0 0 0 0] [o1]
3 3 -3 -3 cos(wyt)  sin(wit) 0 0 0 0f|ov
? 0 0 —? 0 0 sin(wyt) —cos(wat) 0 0] |vs (19)
-3 1 1 -1 0 0 cos(wyt)  sin(wyt) 0 0] |vg
BB 3 0 0 0 0 1 0] |os
VRV S T 0 0 0 0 1] o]

where it can be seen that the stationary reference frame transformation is multiplied by the
rotation matrix. Similarly, the synchronous transformation for the converter currents can
be given as follows:

=
\
I—=
\
—_
|

-3 3 2 [sin(wit) —cos(wit) 0 0 0 0| |4
? @ - @ 0 cos(wyt)  sin(wit) 0 0 0 0| |i
T B -1 0 0 sin(wyt) —cos(wyt) 0 0] |is (20)
_§ @ @ — ? 0 0 cos(wpt) sin(wyt) 0 0] |iy
1 1 1 1 1
? 715 % 712 0 0 0 0 1 0 %5
I 0 0 0 0 1] |ig]

It can be seen that the voltage and the current are different. This is due to the converter
geometry and the currents and voltages on each of the converter’s arms.
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Although both transformations are power-invariant, they are not orthonormal, which
implies that the inverse transformation is not equal to the transpose. However, the inverse
voltage transform is equivalent to the transpose of the current transformation. Similarly,
the current inverse transformation is equal to the voltage transformation transpose.

Another important observation is that applying the power invariant dq0 transfor-
mation to the ports’ voltages and currents results in the same direct and quadrature
components as those calculated by Equations (19) and (20).

For the arms” DC buses, the following transformation can be considered:

Uccal [ % }I _% % _}I _%— Uccl

44

vccpl 0 @ - @ - ? @ 0 vcee

wee| _ |4 8 1 LT ] e on
veepz 0 0 \/Tg — % — @ % vccs

vccoy 1 -1 1 -1 1 -1 vces

vccoa L1 1 1 1 1 1] Lucce

The arms’ DC bus transformation aims to decouple the influence of each arm’s current
and voltage from the bus voltage. This will become more apparent later, when the DC bus
voltage equations are presented.

3.2. Input Current Model and Transfer Function

By equating the converter equivalent circuit depicted in Figure 2, it is possible to
obtain the following matrix equation, which describes the current in the Hexverter’s arms.

1 0 0 -1 0 07 [v d, 1
0 -1 0 1 0 o0 l|o dy 1
20 1 0 0 -1 0] |o ds 1
310 0 -1 0 1 0l |o]  |d|"Vec |1 |Yem (22)
0o 0 1 0 0 -1 |os ds 1
-1 0 0 0 0 1 Ut d6 1

Applying the voltage and current dq transformation, it is possible to obtain the input
current equations in dq coordinates for the converter, which are described by the matrix
equation as

(Lp1 + 3Lc)igp Vap1 dap1 0 —w © 0 0 0] [iam 0
(Lpy +2%Lc)iq1 Ugp1 dgp1 w 0 0 0 00 ig1 0
(Lp2 + 5Lc)igpa Vgp2 dap2 0 0 0 —wr 0 Of Jigp 0
. = — nVee + N — 23
(Lp2 + 2L¢)iga P2 dgp2| {0 0 w2 0 0 0| |ip 0 (23)
(Lpl + L.+ Lpz)ioy 0 doy 0 0 0 0 0 0 iy UCcM
Leion 0 don O 0 0 0 0 0l Lia 0

From the input current equation, it is possible to obtain the equivalent circuit in dq
coordinates, as shown in Figure 3.

It is possible to observe that, with the synchronous transformation, four equivalent cir-
cuits were obtained for the differential components of the currents, wherein the components
from P1 are independent of the P2 components.

In addition, the model is similar to other three-phase AC converters, which allows
the same control strategies to be employed for the input currents, which are already well-
described in the literature.

The other two circuits control the common mode currents. The iy will only circulate if
the two ports’ neutral points are connected, and the iy is the converter circulating current.
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Figure 3. Equivalent circuit for the converter currents in dq coordinates.
3.3. DC Bus Voltage Model and Transfer Function

To obtain the stationary reference frame equivalent model and subsequently the
transfer function for the DC bus voltage, the same procedure is adopted as the one for
obtaining the input current model, being equated with the DC bus voltages as:

vcct diiy
vcc2 dyip
C 9 |vces d3i3
== = , 24
n ot | vcca dyiy (24)
vccs dsis
vcce dele

By pre-multiplying the equation by the DC bus voltage transformation presented in
Equation (24) and substituting the duty cycle and current values by the components in the
«f stationary reference frame, it is possible to obtain the equation for the equivalent DC
buses in the stationary reference frame.

Some of the DC bus current components are neglected because they do not influence
the average bus voltage. This occurs with components that are the products of the current
and duty cycle between port 1 and port 2 (ix1da2, in1dp2, ip1da2, ip1dp2, ia2du1, in2dp1, ip2dat,
and igdpg) since they have different frequencies, the average value is equal to zero, and
they only contribute to the DC oscillating voltage.

Furthermore, the iy is null since there is no connection between the two systems’
neutral point, so this component of the DC bus current may be neglected. Considering this
simplification, it is possible to obtain the following equations for the DC bus voltages:

C o . de dp2 o dy  dp imdg igide . de dy V3dp
— =0 =ip(—= ——=)—i + )+ - ioan(o — = 25
3;UDCal 1x2(8 8\6) ﬁ2(8\/§ 8) a3 a3 OA(8 > g ) (25)
Co o ode o dpry . de dpr . dada ipidpr . dp dpt V3dy
= —vpcg =i + ) gy (2 — + — iop (== — £ 26
Ca Coda At dpt dy . dwde ipdp . dy de V3dp
— =0 =il ——#=) Tip1(—5 — - - +ioa(—o — == 27
3 UDCw2 w1(=g 8\/5) p1(—g 8\/5) w3 av3 0a(~g > g ) (27)
Co cooda dpry . dy | dpt | dwde | ipdpr . dpt dp | V/3dy
— =0 =iy (—%= — ) —ig(— + +ioa(— — & 28
L 31VDCh2 a1(8\/§ g ) i 8\/5) 23 a3 al—g = g ) (28)
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giv i — daipt  dpria1 | dwipy  dpoiao 29)
n g Oocoy = dovios = =7 Ve 7 NG

Coa . . . ) .

~ 55 Vpcos = dutiar +dprip1 +duziaz +dpaipp + dosion (30)

Note that the currents in port 2 are imposed by the control, and the currents in port
1 must be regulated so the active power in both ports is equal, discounting the converter
losses. By ensuring this, it is possible to regulate the total voltage (vpcoa).

Considering this, the only variables left to regulate the other five DC voltages com-
ponents are the circulating current (ipa) and the common mode voltage imposed by the
converter with the duty cycle dyy.

From the a8 DC bus voltage equations, it is possible to define the following transfer
functions for the control of the DC voltages:

Upca1(s) _ 1Dy

iOA S) - Cs (31)
vpcpi(s)  nDp (32)
iOA(S) o Cs
vpca2(s) _ 1Dy
iOA S) N Cs (33)
vpcpa(s)  nDpy (34)
iOA S) - Cs
vpcoy(s) _ nDopy
iQA S) a Cs (35)
vpcoa(s) _ nDp
iz1(s)  Cs (36)

It is important to note that the circulating current (ipa) is responsible for controlling
all five differential DC voltage components (vpca1, ¥Dcg1, UDca2, UDcp2, and vpcoa). To
achieve this for each differential DC voltage component, the control must impose a circu-
lating current in the same frequency and in phase with its relative voltage; for example,
to control the vpc,, the circulating current must have a component in phase with the
voltage v,1.

In Equation (29), it can be seen that the vpcpy is dependent on the reactive power in
both ports of the converter, which means that the reactive power being processed in each
port will directly influence the balance of the DC buses. In other words, if the Hexverter
operates with reactive power, it will cause an imbalance in the DC buses that will need to
be compensated for.

4. Control

In this paper, the Hexverter is considered to be connected with two three-phase voltage
sources, with different characteristics in terms of voltage and frequency. This occurs in
applications such as the connection of two electrical grids or the connection of generators
with mains, mostly in the field of wind generation.

It is essential to note that the converter can also operate by controlling the output port
(P2) voltage if it is feeding a load, when the voltage is not imposed in the converter port by
an external source.

The converter has two main control loops, a faster internal loop that controls the
currents and an external slower loop that controls the DC bus sub-module voltages. Fur-
thermore, a power loop that generates the current reference for one port must be considered,
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for instance, an MPPT algorithm for a wind generator or a power-flow reference (active
and reactive power) for the connection between two electrical grids.

4.1. Current Control Loop

The current control loop is responsible for imposing the currents in the ports and the
circulating current in the converter (ipa). It can be observed that there is no connection
between the two system neutrals, which implies that the current iypy is always null since
there is no path to its flows.

For the ports, the control in dq coordinates is considered similar to any three-phase
converter where the current error is applied to a controller—a PI controller in this case.
Afterward, the decoupling is applied to the PI output, generating the reference for the
converter modulator.

To control the circulation, a PI controller is employed, the input being the current
reference subtracted from the i)y measured, and the output being the duty cycle dya.
Figure 4 depicts the control block diagram.

Decoupling
. 123
1, —> CZ_ > ddz - dq0 _’dz
d 1
1, —>| C > S > d.
2 ; 2
7 dyp d
g —> q > > — a,
2
24 — q > ; *’ —> d4
by —> QY | s d5
d
; 0A
b, —> dq0 CiA > 123—>d6,

%
ZOA
Figure 4. Current control scheme for the Hexverter.

4.2. Voltage Control Loop

The voltage control loop regulates the voltages in the sub-module’s DC buses, generat-
ing the current reference for port 1 and the circulating current (ips ). In this work, the current
reference for port 2, generated by the power flow reference algorithm, is already considered
to be known, so these currents are regulated by considering an imposed reference.

As previously stated, the voltage vpcoa is controlled by the P1 currents i;p; and igpy,
igp1 being related to the active power and i;p; being related to the reactive power.

The vpcgy is controlled by imposing a vgy value of voltage. In this work, the vgy
imposed is equal to %sin(mlt) + %sin(aﬁt) ; this reduces the peak amplitude of the
voltage imposed by each converter arm allowing the DC bus voltage usage to be maximized.
The effective control of the vpcgy is achieved by controlling the circulating current igx.

The remaining differential components of the DC bus voltage are controlled by adding
alternating components to the circulating current igs. Ideally, the current’s components
should be in phase with the voltage imposed by the converter; however, considering that
the phase shift between the converter and the load/feed is typically low, it is possible to
synchronize it with the ports’ voltage considering a small loss of performance.

The DC bus voltage control is presented in Figure 5, where it can be observed that this
control loop generates the references for the ijp; and igp currents.
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Figure 5. Voltage control scheme for the Hexverter.

4.3. Converter Parameters and Control Design

For the proper operation of the converter, a suitable design of the converter parameters
(inductances and capacitances) and the controllers is required. Here, we present the design
guidelines employed in this work.

To calculate an appropriate value of grid inductance, the power flow equation between two
buses with a inductive transmission line is considered, which results in the following equation:

Vgrz'd 1V conv

Ly = %sin(é) (37)

Considering that the grid voltage (Vglr ld) is approximately equal to the voltage imposed
by the converter (V3{") and assuming a small value for the lag (smaller than 5°), it is
possible to calculate the grid inductance with the converter power and the frequency
of operation.

The adopted circulating inductance (L.) is 10% of the grid inductance.

In order to calculate the sub-module’s capacitance, the oscillating power in the arm is
considered, which results in the following equation to calculate the sub-module capacitance
with the desired voltage ripple:

(38)

Cong = 1 (IP1VP1 n 1P2VP2>
47T11VDcAV fp] fPZ

This equation considers the converter operating with the unit power factor in both ports;
thus, only the ripple from the double frequency of each port is considered. However, when the
converter operates with reactive power, an increase in the voltage ripple is observed, mainly
in the frequency equal to the difference of the two ports’ frequency (w; — wy).

With the current and voltage transfer function, it is possible to design the current loop
control and voltage loop control, employing classical control theory to design the controllers.

It is important to consider that the most internal control loops (current control loops)
must have a faster response than the external control loops (voltage control loops).

In this paper, the phase-shift modulation is considered, and the duty cycle generated
by the current control is directly applied to the modulators that generate the pulse for each
respective arm sub-module, with each sub-module from the same arm being shifted by

n

360 degrees divided by the number of sub-modules per arm (3600 ) .
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5. Experimental Results

To obtain the experimental results for the Hexverter, the OPAL-RT OP-5700 was
employed to emulate the converter. The HIL is responsible for emulating the Hexverter. The
control was implemented in a Cyclone V FPGA, as seen in the control board. The control
board samples the HIL's analogs output and generates the PWM pulses to control the
Hexverter, which is being emulated in the HIL. The emulation system is shown in Figure 6.

Control board OPAL-RT OP-5700

PWM signals

_—

Converter variables

Figure 6. A picture of the control board where the control strategy is implemented, and the HIL
OPAL-RT OP-5700, which is responsible for the real-time converter emulation.

The emulated converter is considered to be connected to two grids with different
frequencies, and the power flow is considered to be from port 1 to port 2. The converter
parameters are depicted in Table 1.

Table 1. Converter parameters specification.

Parameter Value
Port 1 frequency fe =60Hz
Port 1 voltage Vp1 = 13.8 kVrMs
Port 2 frequency fe=50Hz
Port 2 voltage Vp1 = 13.8 kVrums
Switching frequency fs = 2000 Hz
DC sub-module voltage Vpc = 4000 V
Number of sub-modules n==6
Sub-module bus capacitance Csp = 500 uF
Grid line inductances Le =1.0mH
Arm circulating inductances L. =100 pH

Here, we present the experimental results obtained with the FPGA-based control board
and the OPAL hardware-in-the-loop. The results considering the steady-state operation of
the converter are presented first, and the transient response performance is presented last.

5.1. Steady-State Operation

Figure 7 shows the voltages in the converter ports. It is possible to observe the three-
phase voltages that are imposed in the Hexverter ports.

Figure 8 shows the currents in the converter ports. It is possible to observe the three-
phase currents, which are regulated by the control, in the Hexverter ports.

The line currents in both ports can be observed, with a nominal value of 209 A and,
consequently, a nominal power of 5 MW.

Figure 9 shows one voltage and one current value from each port of the converter,
phase A from port 1 and phase R from port two. The active and apparent power per phase
(calculated from the phase voltage and line current product) are shown.
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Figure 8. Hexverter line currents in both ports, where the 209 A rms value is measured in both ports,

with a frequency of 60 Hz in port 1 and 50 Hz in port 2.
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Figure 9. Converter operation with 5 MW power: phase voltage and line current in phase A port 1
and phase R port 2, showing the apparent and active power per phase in each port.

It can be seen that the converter operates with nominal power (5 MW or 1.66 MW
per phase) and unit power factor in both ports, as evidenced by the apparent power being
approximately equal to the active power.

Figure 10 presents the DC bus voltage from four sub-modules from distinct converter
arms. It can be observed that all the sub-modules have approximately the same average
voltage (4 kV) and reduced ripple, as shown in detail in Figure 11.
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Figure 10. Sub-module DC voltage from four different converter arms.
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The sub-module DC voltage ripple is relative to the single-phase power processed by
the Hexverter’s arms, being basically composed by the frequencies wi — w», 2wy, 2wy, and

w1 + wy.

Uner TELEDYNE LECROY
q‘ Everywhereyoulook™

18

0 m\V offseff 0.00 V offsetl 0 mV offset]  0.00V offset 25MS 5\ dge Positive
Figure 11. Sub-module DC voltage ripple from four different converter arms, showing only the
voltage alternating components.

The synthesized arm voltages are presented in Figure 12, where the voltages of arm 1
and arm 2 are shown, as well as their sum, which is the V4p line voltage.
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Figure 12. Voltages synthesized by two adjacent Hexverter arms. The sum of both results in the line
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voltage imposed by the converter.

It can be noted that the maximum voltage imposed by the converter arm is equal
to 5Vpc. This reduction of one level is achieved by the third harmonic injection in the
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modulation. Without the third harmonic, it would be necessary to use all six levels to
achieve the peak voltage demanded to control the port’s currents.

Figure 13 shows the Hexverter circulating current for the converter, operating with
unit power factor in both ports. In this particular case, the circulating current is relatively
small since the imbalance comes from the grid imbalance and deviation of the converter
parameters due to the tolerance of the components.
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Figure 13. Circulating current in the Hexverter, with the unity power factor in both ports.

In an operating situation with reactive power in one port, the circulating current
would increase significantly. In this case, the current circulation in the converter could
be reduced by increasing the common mode voltage level (third harmonic). However, to
increase the common mode voltage, it would be necessary to increase the total DC bus
voltage and eventually have more sub-modules per arm, leading to an over-dimensioned
DC bus.

The operation with reactive power is presented in the following figures. It is considered
a power factor of 0.9 in port 2, while port 1 operates with a unit power factor.

Figure 14 presents the voltage and currents from phase A (port 1) and phase R (port 2).
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Figure 14. Converter operation with 5 MVA apparent power in port 2 with cos(¢) = 0.9, and port 1
with 4.5 MW and the unit power factor.

A leading current can be observed in phase R, while the current in phase A is in phase

with the voltage.

In this case, as the converter processes reactive power, there is an imbalance in the com-

mon mode voltage (Vyy), which is compensated for by increasing the converter circulating
current, as depicted in Figure 15.
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Figure 15. Circulating current for the converter while processing reactive power.

As the common mode voltage is fixed to achieve the minimum DC bus voltage
necessary to synthesize the line voltage, a significant increase is implied in the circulating
current (igp) to provide balance for the DC buses.

The processing of reactive power also increases the interaction between current and
voltage from different ports, which increases the sub-module’s DC bus ripple, mainly in
the frequency (w; — wy), due to the increase in the oscillating power in this frequency in
the arm, as shown in Figure 16.
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Figure 16. DC voltages from four different sub-modules, considering the operation with reactive

power.

5.2. Transient Response

The transient response of the converter to a step in the current reference in port 2 is
presented in Figure 17. It can be seen that the converter can achieve a fast current transient
response. At the same time, the voltage loop has a slower response.

Figure 18 shows the DC voltages from the converter arms, without the average component.

It can be observed that the voltage is maintained after the transient response. It can also
be observed that the ripple increases with the increase in power processed by the converter.

In addition, the control transient response was observed for the converter soft start
with a ramp response for port 2. Figure 19 shows the transient response of the port 1 and
port 2 currents for the ramp response range from 0% to 100% of power injected into port 2.
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Figure 17. Transient response showing the port currents for a step from 50% to 100% in the power
injected in port 2 of the converter.
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Figure 18. Transient response showing the DC bus voltages for a step from 50% to 100% in the power
injected in the port 2 of the converter.
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Figure 19. Transient response showing the port currents for a ramp from 0% to 100% of power
injected into port 2 of the converter.

The DC bus voltages for the ramp transient response are presented in Figure 20.
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Figure 20. Transient response showing the arms DC voltages for a ramp from 0% to 100% of power

injected into port 2 of the converter.

In this case, the sub-modules” DC voltages present a source of constant error during
the transient response, achieving voltage regulation after the current in the port reaches its
nominal value.

6. Conclusions

This paper presents a modular multilevel AC-AC converter modeled in a synchronous
reference frame. The converter transfer functions were obtained, and a control scheme was
proposed by employing classic control techniques.

A control strategy was proposed that regulates the currents in both converter ports
as well as the circulating current and the DC sub-module bus. The control was validated
by real-time emulation, employing the OP-5700 OPAL-RT real-time emulator, providing
suitable results. The converter regulated the port currents with reduced harmonic distortion
and also regulated the DC bus voltages.

As observed in the experimental results, the injection of the third harmonic allowed
the DC bus usage to be maximized. This is an interesting aspect of the control, which allows
the total DC bus voltage level to be reduced, or the converter redundancy to be increased,
allowing the converter to operate with n — 1 sub-modules.

On the other hand, choosing the third harmonic injection to be 1/6 of the voltage
amplitude implies the need for a high level of circulating current when the converter
operates with different levels of reactive power between the two ports. This might be a
limiting characteristic when using the converter in applications such as motor drives.

This could be observed when comparing the circulating currents of the converter
operating with unit power factor in both powers (which presented a value of approximately
1% of the arm current). Meanwhile, when the converter operates by processing reactive
power (cos(¢) = 0.9), the circulating current increases to the same level as that of the
converter line voltage.

The proposed control strategy is suitable for the operation of a converter with unit
power factor in both ports; however, some modifications will eventually be necessary if
operation with reactive power processing is considered. Increasing the third harmonic
injection would represent a trade-off between the necessary bus voltage and the circulating
current amplitude, depending on the reactive power that is processed by the converter.

The main contribution of this paper is the proposal and modeling of a simple Hexverter
control strategy with a control scheme for the converter’s proper operation, allowing the
design of controllers with classical control theory, which is widely known and is employed
in various applications. The Hexverter is suitable in most high-power medium-voltage
applications, such as wind power generation, medium-voltage motor drives, or connections
between two electrical grids with different frequencies.
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