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A Unidirectional Insulated AC-DC Converter Based
on the Hexverter and Multipulse-Rectifier

Gustavo Lambert
Patrick Wheeler

Abstract—This paper proposes an insulated two-stage ac—dc
converter to be applied in unidirectional power flow systems. The
two-stage structure is the combination of a Hexverter and a series-
type 12 pulse rectifier. The key features of the proposed structure
are inherited from the modular multilevel converter concept such
as modularity, scalability, and expandability. Besides the topology,
this article presents a complete control strategy based on the output
(dc) voltage regulation and Hexverter’s stored energy. In particular,
an unusual method to regulate the Hexverter’s branch energy
unbalances is proposed. All currents in the Hexverter are controlled
which increases the robustness for operation in harsh environments
such as subsea systems. Mathematical analysis of the control loops
is carried out to develop the necessary control-oriented models for
each control loop. The converter and the control strategy are veri-
fied through experiments in a 24 cells Hexverter and a current-fed
series-type 12-pulse rectifier.

Index Terms—AC-DC, current source, hexverter, multipulse
rectifier, medium frequency.

1. INTRODUCTION

EVERAL offshore facilities are usually dependent on gas
S turbines, which operate continuously in a harsh environ-
ment to supply power and gas compression for the subsea
processing systems. In the harsh environment where these ma-
chines are installed issues with the turbine, although not so
often, can delay the production and compromise the operation.
Then, alternative methods for supplying the system or even
restructuring it in a subsea power grid can potentially reduce
the cost and complexity of bringing offshore hydrocarbons in a
more processed form to the surface. Together or instead of the
gas turbines, alternative power supplies as offshore wind farms
[1] or energy from onshore, as the Valhall project [2], seem
very good alternatives to increase significantly the reliability

Manuscript received January 30, 2019; revised May 11, 2019; accepted July
8, 2019. Date of publication July 17, 2019; date of current version December
13, 2019. This work was developed with the support of the Programa Nacional
de Cooperagdo Académica da Coordenagdo de Aperfeicamento de Pessoal de
Nivel Superior — CAPES/Brazil — Finance Code 001. The authors also would
like to thank FAPESC and UDESC for their financial support. Recommended for
publication by Associate Editor A. Mertens. (Corresponding author: Gustavo
Lambert.)

G. Lambert and Y. R. De Novaes are with Electrical Power Processing group
(nPEE), Santa Catarina State University, Joinville 89219-710, Brazil (e-mail:
gustavolambert @outlook.com; yales.novaes @udesc.br).

A. Costabeber and P. Wheeler are with PEMC group, University of
Nottingham, NG72RD Nottingham, UK (e-mail: alessandro.costabeber@
nottingham.ac.uk; pat.wheeler @nottingham.ac.uk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2019.2928555

, Student Member, IEEE, Alessandro Costabeber
, Senior Member, IEEE, and Yales R. De Novaes

, Member, IEEE,
, Member, IEEE

’Generator bus/Grid Connection‘ | @

‘ ac power line ! @

Fig. 1. Simplified power system block diagram for ac transmission and dc
distribution. The VSD main loads are high-power pumps, compressors, and
drilling machines.

and availability of the system. In addition, they may reduce the
environmental impact of the offshore industry.

Modifications in the power supply of such a subsea power
system, however, requires attention not only in the power supply
itself but also in all the elements involved in the power trans-
mission, distribution, and the electronic equipment, as reported
in [3]. Due to the harsh environment of a subsea power system
(very high pressures and high temperatures), there is a concern
to all the various power components such as pressure tolerant
power electronics, high-voltage circuit breakers, power umbil-
ical, wet-mate connector, and others. Moreover, such systems
are expected to operate for a long period without failure or even
maintenance since the access to the equipment is difficult due
to the distance and pressure involved. Consequently, one of the
main key features of subsea equipment is reliability [4].

Among the possible arrangements a subsea power system
could have, this paper is focused on the unidirectional power-
flow arrangement as shown in Fig. 1. Also, for the distances
involved, it is assumed that the ac line is economically and
technically viable [5]. Then, the choice for ac lines benefits from
the developed protection mechanisms and equipment. For the
power loads, it is considered that the majority are driven by a
variable speed drive (VSD) fed by the dc distribution lines. The
latter removes the need for a rectification stage commonly found
in VSDs and, ideally, avoid the energy quality problems related
to the ac lines, such as resonances and harmonics circulation
[6]. For such a scenario, this paper addresses a power electronic
converter topology that enables the connection between the ac
power line and the dc loads (ac—dc block in Fig. 1). Due to
the power levels (MW) and distance, this converter is expected
to operate with ac input in the tens of kV range while the dc
output may range in the units of kV. For this task few are the
power electronics means to process the energy without the use
of low-frequency transformers. Recently, the more successful
results have been achieved by the modular multilevel converters,
of which developments in its family are reviewed in [7].
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Nevertheless, the isolation feature is important for the opera-
tion, thus a transformer must be incorporated into the structure.
One possibility is to create a mix of modular multilevel convert-
ers and low-frequency transformers [8], [9]. Another alternative
is to operate the transformer with a frequency higher than the
ac power line. This could be achieved by modifying the ac—dc
structure into an ac(low frequency)—ac(medium frequency)—dc
one. Such a link would be a design variable and could be used
to reduce the size of the transformer and the energy variation in
the modular multilevel converter. Among the modular multilevel
converters able to create this ac link, the main alternatives are
the back-to-back MMC (BTB-MMC), the modular multilevel
matrix converter (MMMC) and the Hexverter. Although com-
parisons have shown that the BTB-MMC and the MMMC as
usually superior to the Hexverter [10], [11], in this application
it might not be true. Since there is no frequency lower than
the grid where high power is required, the main advantages
for the MMMC are not seen. In the case of the BTB-MMC,
there is a chance that for increased blocking capabilities the
full-bridge submodules (SM) are required instead of half-bridge,
which would increase greatly the number of elements. Then,
although just slightly better, the Hexverter is chosen among
the other due to its blocking features and a smaller number of
elements, which includes not only the branches but also auxiliary
circuits and sensors. Not only the second ac link but also the
use of a solid-state active converter enables stable operation,
within limits, even under severe voltage or frequency variations.
Furthermore, other functionalities could be incorporated in this
active converter, e.g., the ac line reactive power compensation.

Considering unidirectional operation, the multipulse rectifier
class is selected for the ac—dc conversion [12]. This rectifier
provides galvanic isolation and reduces the amount of non-active
energy circulating in the ac-stage. Furthermore, MVdc level
can be reached using low voltage rectifier bridges connected
in series.

As a result, this paper presents the two-stage arrangement
composed of an ac—ac converter and an isolated multipulse
rectifier. More specifically, this is realized by the Hexverter and
the series-type 12-pulse rectifier arrangement. In addition to the
structure, the analysis and development of the control strategies
are also shown. The converter’s operation and control strategy
are presented along with necessary mathematical analysis to ob-
tain control-oriented models. The proposed Hexverter’s branch
energy regulation loops are based on the works of [13], [14].
But in our approach, we use information from the submodule’s
voltages, decomposed by the 50 transformation, to generate
the circulating currents references for the branch energy control.
Furthermore, the Herverter’s input currents are defined by the
stored energy and the Hexverter’s output currents are set by the
12-pulse rectifier in an inner loop for the output voltage control.
Experimental results are shown to verify the converter operation
and to test the proposed control strategy.

II. HEXVERTER ELEMENTS AND DEFINITIONS

The Hexverter, first proposed in [15] and further discussed
in [16], is a modular multilevel converter able to perform
three-phase to three-phase ac—ac conversion. This converter is
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Fig. 2. Hexverter voltage and current references for the sources (vy , and
ig,y) and branches (vy, 5, and iy, o).

composed of six branches connected in series where each branch
has a cascade connection of N submodules. For ac—ac operation,
each SM is required to be bidirectional both in voltage and
current. Because of it, the most common choice is the full-bridge
converter. As other modular multilevel converters, inductors
(Lyp) are inserted in series with each branch to limit the current
derivative during the SM switching process. According to [17],
the Hexverter is classified as double-delta bridge-cells. Further
details on the topology can be found in [11].

The ideal Hexverter has two different three-phase three-wire
systems (system 1 and system 2 as shown in Fig. 2). For the
converter analysis the voltage and current references are defined
according to Fig. 2. Then, assuming no current circulation in
the branches, by the Kirchhoff voltage law each branch voltages
(Vb,m, m={1,2...,6}) as function of system 1 (vy, k=
{1,2,3}) and system 2 voltages (va ., k = {1,2,3}) are

_ - _ - _Ul,l_
Vp.1 1 00-10 01

V1,2
Vb.o 0-10 1 0 0 —1

V1,3
Vy3 01 0 0-10 1

= V2,1 (1)

Ub,4 0O 0 -10 1 0 -1

V2,2
Uy 5 0010 0-11

V2,3
lovs] [-10 0 0 0 1 —1

_vSt_.

where v, is the voltage difference between system 1 and sys-
tem 2 center node, which is named star voltage.

Due to the coupling existent in a three-phase three-wire sys-
tem, these set of equations can be simplified by the use of a3
transformation into a decoupled two variables system.

N [eys ] |
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Fig. 3. Proposed ac—dc structure composed by a Hexverter and a 12-pulse
series type rectifier. Each Hexverter’s branch is composed of an inductor and a
group of full-bridge converters connected in cascade (SMs).

Using the Ti,3 and (1), the branch voltages can be rewritten
as (3). In this representation of the converter voltages, the
addition of a common voltage (vgm) to all branch voltages is
suggested in [15]. This voltage is defined as vgyy, = Z?n:l Vb,m
and used to control the circulating current ..., which is defined

as e = Y0,y ibm /6.
[vp1 ] ! 0 -1 0 1 Y] [via]
Up2 2 =V3/2 1 0 —11/s V1,3
v | _ “1/2 V3/2 1/o —V3/o 1 1/g |20 3
Upa /s V3Ja —1/3 VB3 —1 1/g vag|
Vs “1/2 =V3/3 1/2 VB[ 1 1/g Vst
| Vb6 | -1 0 -12-V3/2—-116| |veum]

Hexverter’s operation requires each branch to synthesize volt-
ages with the frequency of system 1 and system 2. The operation
of the Hexverter focus on the balancing of system 1 and system 2
voltages by the branch voltages. Then, the voltage of each adja-
cent branch pair must at least balance one system’s line voltage.
For instance, the adjacent pair voltage vy 1 + vy 2 exchange
power with the line voltage vq 2 — v1,1 while the adjacent pair
vp,2 + Vp,3 exchange power with the line voltage v o — v2 1.
The use of (1) or (3), naturally results in a correct match of
branch voltages and the voltages from system 1 or system 2.
For example, the resultant voltage of vy 1 + v, 2 voltage has
a frequency f; and the resultant voltage of v 4 + vp 5 has a
frequency fo.

III. AC-DC CONVERTER OPERATION AND CONTROL

The proposed converter is shown in Fig. 3. The first stage
(Hexverter) converts the input (system 1) ac into output
(system 2) ac which has a higher frequency. The second stage is
the isolated series-type 12-pulse rectifier with capacitive filter.
Regardless of the control strategy, the ac—ac converter is meant
to be operated as a balanced three-phase sinusoidal current
source to feed the 12-pulse rectifier, accordingly to the approach
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Fig. 4. Block diagram of the output voltage (v,) control and system 2 current
(i2,8) control.
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Block diagram of the total voltage (v ) control and input current (i1, o 3)

Fig.5.
control.

presented in [12]. This operation mode presents advantages
as the ac side inherited short-circuit protection, transformer’s
voltage step limited by the output rectifier voltage and current
limiting during overloads.

In compass with the operation, the control strategy is re-
quired to control the output voltage and the Hexverter’s stored
energy. This is realized by a central unit, which limits the
modularity and expandability but is less complex than a dis-
tributed strategy [18]. These requirements are addressed by
the control strategy through three external control loops: the
output voltage control, the total voltage control, and the branch
energy regulation loop. In comparison with [14], [16], the
work in this paper does not set the input, output, or branch
power directly. Here the Hexverter’s powers (input, output, or
branch) are set indirectly by the output voltage, by the SMs
total voltage and by the branches total voltages differences. This
approach was chosen to give direct control over the variables of
interest.

A. Output Voltage Control

The output voltage control is composed of a cascade of two
loops as shown in the block diagram of Fig. 4. The inner
loop controls the 12-pulse rectifier input current, which are
the currents of system 2. These sinusoidal currents references
are an orthogonal set (45 ,, and i; ) that is modulated in ampli-
tude by the outer loop control action (u,,) in the block w,,/af5.

B. Total Voltage Control

This loop indirectly controls the Hexverter’s stored energy by
the outer loop. For the sake of simplicity, the control variable
is set to be the sum of all SM capacitor voltages. In the inner
loop of this cascaded strategy, the input currents are in-phase
with system 1 sources and their amplitudes are modulated by
the total voltage loop control action (u.) in the block w,;/af3.
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Fig. 6.

Branch energy regulation loop and circulating current loop.
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Fig.7.  Block T2 expanded to show the branch equivalent total voltages (vg,m )
and 4,1 - . . Uy, 5 relations.

C. Proposed Branch Energy Regulation

As other modular multilevel converters, the Hexverter re-
quires control methods to evenly distribute the stored energy
among its SMs. The energy distribution unbalances can be
split in two categories. The first occurs among the SMs inside
each converter’s branch. This is basically due to the adopted
modulation and differences in losses of each SM. Such unbal-
ance is usually compensated by sorting algorithms [19], [20].
The second is a result of the power absorbed or provided by
each branch. This result is exploited in [14], where the authors
explain the branch power and suggest how to regulate it by
the means of different components in the star voltage (vs;) and
in the circulating current (%) Which gives several degrees of
freedom usable or not accordingly to the Hexverter’s operation
frequencies in system 1 and 2.

Following the main principle beyond the branch energy reg-
ulation that is to control the branch power in order to charge
or discharge it. To regulate the energy distribution between
the branches, the resultant power of v - 4¢irc, 1S proposed the
controlled by i, while vy, is set constant. The i elements
are chosen to compensate specific branch energy unbalances.
These are monitored by the means of each branch equivalent
total voltage (v .,,), which is the sum of all capacitor’s voltages
in a given branch (vg,m,m € {1,2,...,6}). Although a fixed
value of v is proposed, it is known from the literature that there
is an optimal ratio vs; /icr value for different power situations
[21].

The proposed cascaded control loops for the branch energy
relation and the circulating current are shown in Fig. 6 and
further detailed in Fig. 7. Notice that instead of calculating
the required branch power as previously presented by other
authors, this strategy uses the information contained in V, ,,
to generate the circulating current reference (¢, ). Ideally, ¢

circ circ
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has in its composition a dc element from w,, 1, two ac elements
with frequency wi (u,,, andu, 3), and two ac elements with
frequency wa (; uy,4 and u, 5).

In total, the circulating current reference is meant to be
composed of five control actions (u, ,, € {1,2,...6}). The first
portion (u, 1) is relative to the adjacent power, which is a con-
sequence of different reactive powers in system 1 and system 2,
discussed in detail by [16]. The remaining portions result in un-
balances measured by the branches connected to the line voltages
of system 1 (vq4,1 + Vg2, - ..+ vq,6) and branches connected to
the line voltages of system 2 (vg2 + 04,3, . .. Vq,6 + Vq,1). This
information is then modulated by cosines or sines of the re-
spective system frequency, in order to produce an instantaneous
branch power that compensates the unbalance.

For a given difference from vy ,, reference (N - Vs, = V)
and the measured voltage, the resultant error can be obtained by
Cym = Vq* — vg,m- This implies in the following control actions
derived as functions of e, ,,:

Uyl = —€y1 T €y2 — €y 3+ Eya—Eys+ Eye 4)

Uy 2 COS(91)'|:2 (ev,l + ev,2) —€y,3 —€y4d — Eys5 — ev,6:|

3
&)
Uy,3 = sin(6y) - (6”73 + 60,4\;;1),5 - Gv,6> ©)
e COS(GQ)-[GUA +eus5tevs +3ev,1 — 22+ ev,S):|
(N

which results in the circulating current reference

i:irc = Kuv . (uv,l + Uy, 2 + Uy,3 + Uy,4 + U'U,S)- (9)

Note that the addition of branch powers due to the control
actions s 2, . . ., Uy, 5 1s zero. This characteristic enhances the
stability of the method because the energy extracted from a pair
of branches is send to the remaining ones. To prove this statement
consider the branches 1 and 2, they are connected in parallel
with the line voltage v11 — v1,2. The instantaneous power in
this branch combination is

P12 = Vp,1 " ip,1 + Vb2 - 2. (10)

It is known that the branch current has several components,
but the interest here is in the power generated by the energy
regulating loop. Then, assuming the circulating current control
to operate adequately, the remaining power is

(1)

which can be rewritten using the vy, ,,, in a3 coordinates. Also,
for the sake of simplicity, the circulating current is supposed to
be composed only by 74, + iy, + is,. Due to the superposition
principle what is obtained for the system 1 currents (¢1) is also
valid for system 2 currents (i2). Then, for the system 1 frequency,
the power produced by the circulating current in the branch pair

P12,ic = (Vb1 + Up,2) - Tcirc
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P12,ic1 = (Vb1 + Up2) - Ko - (Uy 2 + Uy 3) - (12)

Substituting the branch voltages values by vg; and vgyy,

3 V3
P12ic1 = (2 V1,0 7 U1,/3> Koy (Uv,z + uv,S) (13)
All the other adjacent branches power can be obtained in the
same fashion

Paser = V3015 Ky -ty 3 (14)

Ps6.e1 = (—3/2:01.0 — V3/201 5) - Kyp-(ty 2 + uy3) (15)
Paz.ca = (3/202.0 — V3/2025) - Kyp-(thy s +ty5)  (16)

P45,c2 = \/g CPNCI Kuv s Uy,5 (17)

Dotz = (=3/2v9.0 — V3/202.5) Kyp-(ty 4 + Uy 5) (18)

where p12.c1 + P3a,c1 + Dss,c1 = 0 as well as pa3 o + pas.c2 +
Pe1,c2 = 0.

The same reasoning applies to u,, ; and the power generated in
all branches due to it. For instance, the expected average power
in the branch 1 (1,4p1) 18

ﬁl,uvl = Ust * Kuv s Uy, 1 (19)

where all six branches will have the same power magnitude.
However, branches 1, 3, and 6 differ from branches 2, 4, and 6
in power flow due to vg; polarity.

IV. CONTROL-ORIENTED MODELS

For the development of the control-oriented models it is
considered that the Hexverter’s system 1 and 2 are balanced
three-phase voltage sources. Although some characteristics of
the 12-pulse rectifier are considered for the output voltage
control, the current control of the Hexverter only accounts for
the needed power. In terms of energy, the only element storing
energy considered is the SM’s capacitor. And, each Hexverter
branch is assumed to have an equivalent submodule per branch,
which voltage and capacitance values are the series equivalent
of its SMs.

A. Input, Output, and Circulating Current Models

For the proposed control strategy the Hexverter, current mod-
els are already available from previous publications as [15], [16],
where the coupling between the Hexverter currents is shown.
Since external inductances are inserted to make L, < Ly, Lo
and R, < Ry, Ry true. The decoupled currents model pre-
sented in [15] is presented in the form of Laplace transfer
functions as

Il a(S) Il 5(8) 1

’ = = = 20
Via(s)  Vig(s) Lis+ R 0)
127(1(8) _ 12”@(8) 1 (21)
Vaul(s)  Vap(s) Las+ R
Icirc(s) - 1
Vim(s)  6Lys + Ry 22)
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where the four a3 converter voltages (vy q, . . . U2 g) are related
to the control actions (U1 ,q, - .- U2,8) Y Vg y = Ugy - N - Vi, -
kpwm» Where kywm is the modulator gain, = € {1,2} and y €

{a, B}

B. Total Voltage Model

This model is developed considering the difference between
the input power (P;) and the output power (P). Such power
difference (AP = P, — P») implies in charging or discharging
all the Hexverter’s SMs. For a balanced three-phase system, the
power variation and the converter’s stored energy variation are

APzS-vl-il—szw

dt
where ¢; and v; are the source’s current and phase voltage,
respectively. Then, the total energy variation (AWr) is mod-
eled as the series equivalent of all capacitors in the Hexverter

(Csm/(ﬁ : N)) by

(23)

Csm 2 2
AWrp = o N (”tf - Uti) 24)

where vy is the final voltage and vy; is the initial voltage.
Substituting vy = vy; + Avy into (24), the AW becomes

CSTTL
12-N
If the value (Aw;)? itis assumed small enough to be neglected

when compared to 2 - vy; - Avy, the power variation is

d(A WT) Csm * Vg d(AUt)
AP = = . . 2
dt 6-N dt (26)
Since the control variable related to the P; is the input current

amplitude, (26) is rewritten as

AWrp = (2 v - Avg + (Avt)Q) : (25)

Cs’m * Uty d(AUt)
6-N dt
where the input current amplitude value assumes a pure sinu-

soidal wave.
Finally, the transfer function relating the total voltage varia-
tion (V;(s)) and the input current (I1 px(s)) is
Vi(s)  18w:N 18-v1-N

ILPk(S) B \/i'vti'csm's B \/§6vamcsm3

where P, is assumed to be a perturbation in the model.

3evp iy pr/V2 = +P (27)

(28)

C. Output Voltage Model

The transfer function for a 12-pulse rectifier with an input
balanced sinusoidal current source has already been presented
in [22]. The small-signal model is

Vo(s) _ 3 mpy [1+cos(30°)] -sin(15°) - Z, 29
I pis(s)

T Npy (Z, - Cy-s+1)
where I i (s) represents the amplitude of a balanced three-
phase sinusoidal current source reference. The transformer pri-
mary and secondary wye windings turns ratio is n, , /1, and
the output load impedance is Z,,.
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D. Branch Energy Exchange Models

For the outer loop of the control strategy presented in Fig. 7,
there are two transfer functions to be obtained in order to design
the gain /,,,,. One is the relation between the voltages difference
(Vq,dif = Vg,1 + Vg3 + Vg5 — Vg2 — Vga — Vg6) and the circulat-
ing current reference (4,1 = Ky Uy 1). The other is the pairs of
voltage differences (2V, — vg,1 — vg,2, .. .) and their circulating
current references (,2 = Ky, Uy,2, . - .), which even seeming
unrelated have all the same dynamic.

Once the power produced due to the circulating current is
known by (19), all six branch power equations related to 7, are
added as

6vst - Kyp - Uyt =D1 —P2+P3 —Pa+Ps—ps  (30)

considering an operating point and a small-signal variation
(vg,1 = Vg1 + 14,1 and 4,1 = Iy1 + 4y1). The use of the ca-
pacitor’s energy (E,1 = Csmvi1/2 N) derivative gives

Com .d (2-Va.aif Ugait + 773,dif)
2-N dt '
If the second-order (1737 4i¢) and dc (1,,1) elements are neglected,

the use of Laplace’s transformation provides the transfer func-
tion

6Ust . (Z:vl + Ivl) -

€1V}

Viaie(s)  6:-Nwgy 6y 32)

Iv1(3> N Vq'Csm's B ‘/;mcsms

In the case of the alternating current elements of the circu-
lating currents, the model is developed using (14) but any other
would result in the same. As in the previous case, the stored
energy information of the branches related to the power P34 o1
is used

d 1 Csm'v2
1= V3 Ky Upy = — | = ———B4 33
Paser = V314 U3 = 4 (2 5N ) (33)

where vg,, = Vg3 + Vg4, Kyo-Uy,3 = iy3, and the system 1 peak
value of any phase voltage is V; . In addition, it is assumed the
operating point and small-signal perturbations vy, = Vg, +
Dgy, and i,z = I3 + iy3. Thus,

Csm d (2'Vq34'f}%4 + 77234)
AN dt '

Once more the second order and dc elements are neglected.
Applying the Laplace’s transformation and extending the results
for the other loops

\/g'vl,pk'(lv.'.% + gv3) -

(34)

Vaq(s) _ Vaq(s) _ 2.N.\/§.Vka _ \/g'Vl,pk (35)
11)3(5) 11)2(5) qu'csm's ‘/sm'Csm'S
Vaq(s) _ Vaq(s) _ 2'N'\/§'V2,pk _ \/§'V2,pk (36)
Lia(s)  Is(s) Vag-Com-s VemCsm-s

where V,, = Vi, = Vs + Vou = 2-N -V,

V. DISCUSSION AND EXPERIMENTAL RESULTS

The experimental verification of the proposed converter is
realized using the setup shown in Fig. 8. In total there are 24
full-bridge cells. The control platform is composed of one digital
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Fig. 8. Prototype in the rig (left to right 12-pulse rectifier, Hexverter, Variac,
and PC for the interface).

TABLE I
CONVERTER PARAMETERS
Parameter  Value Parameter  Value
f 50 Hz f2 200 Hz
Ly 5mH Lo 3mH
Ly 0.99 mH Csm 300.8 uF
N 4 ni2 2.79
Vsm 150V Vst 0.1-N-vgm
V1,rms 150V Vo 200V
R, 30.6Q Co 1650 pF

signal processor (DSP) and four field-programmable gate array
(FPGA). The DSP board has a Texas Instruments 225-MHz
TMS320C6713 which is responsible for executing the control
laws and for the interface with a personal computer (PC). While
the other control boards (containing FPGAs, Actel ProAsic3
A3P400) are used for the data acquisition and the pulse-width
modulation (PWM) of the control signals. Connected to the DSP
board, it is equipped a daughter card for the interface and online
data logging through a MATLAB host port interface.

All the experiments parameters are shown in Table I where the
given capacitance results in an H constant of approximately 60
ms [23]. Further than these, the DSP control loops and FPGA
sampling frequencies are set to 7.2 kHz. The obtained results
were captured with an oscilloscope Tektronix MSO 2024 but
some internal variables were acquired FPGA.

The steady-state operation stability is verified through the
controlled input currents, dc output voltage, and SMs’ voltages
as shown in Figs. 9 and 10. These input current are ideally
synchronized with the grid by the use of a phase-locked loop.
In particular, it is shown by each branch modulation index in
Fig. 11 that no saturation occurs under normal operation.

The regulating branch energy loops control action w, are
shown in Fig. 12. For the adjacent power loop (control action
Uy,1), the gain K, is adjusted in order to provide a gain margin
of 30.3 dB at 51.3 Hz and a phase margin of 14.2° at 8.81 Hz.
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Fig. 10.  All the 24 submodule’s capacitor voltages. In each graph, the four
voltages of each branch are plotted.

Note that the measured v, gir is filtered by a 2.5 Hz low-pass
filter. The other regulating energy loops have a gain margin of
25 dB at 3.6 kHz and a phase margin of 88.4° at 130 Hz, which
are the same because system 1 and system 2 phase voltages are
ideally the same.

The proposed control strategy is verified by each loop main
waveform. For the Hexverter current controllers, the o vari-
ables are shown in Fig. 13(a) and (b), respectively. While the
circulating current controller is shown in Fig. 13(c). Note that
different than [14], our compensating power does not reach
zero (Ust - ieire)- The dc level in it indicates (1 # Qo and the
periodical oscillation indicates the nonactive power required
by the 12-pulse rectifier due to the remaining harmonics. Both
causes unbalance in the branch’s energy.

System 1 and system 2 current controllers use a resonant plus
proportional structure. While the circulating current controller
is a proportional controller only. In all cases, the proportional
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Fig. 12.  Control actions of each loop in the Hexverter’s branch energy control.

controller is adjusted for the Bode Diagram zero cross frequency
to be around 1.2 kHz, which is six times lower than the control
law calculation frequency.

The converter stability is put under test by a fast step-up
and an abrupt step-down of the output voltage reference. The
intermediate voltage level is chosen in order to provide a power
variation of 50%. Both output voltage controller and the total
voltage (v;) controller are proportional plus integral controllers.
The sensed output voltage is filtered by a 20 Hz low-pass filter.
While the total voltage is filtered by a 15 Hz low-pass filter.
The output voltage controller is tuned to have a gain margin
of 35.1 dB at 153 Hz and a phase margin of 51.4° at 16 Hz
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In particular, a new method for monitoring and action upon
Hexverter’s branch energy unbalance is explained and detailed.
Experimental results verify the steady state and transient stabil-
ity of the converter and its control strategy.

Since the control strategy is based on the Hexverter’s current
control, the converter inherits short-circuit protection from the
Hexverter point of view. Also, apart from the output filter and
power line parasitic elements, even the rectifier current is limited
under transient overloads. For instance, this feature eases the
commissioning of its loads.

The energy regulation in all stages (even distribution and total
value in Hexverter plus the output voltage) have been accom-
plished by the means of a simple control strategy. However,
further analysis must be done when in the presence of a VSD
as a load. Also, transmission/distribution lines from the input or
the output must be taken into consideration.

Finally, although one rectifier output is shown, the structure
itself and the control strategy allows the insertion of multiple
outputs by adding other windings in the transformer or another
multipulse rectifier.
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VI. CONCLUSION
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