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ABSTRACT This paper proposes a novel branch voltage-balancing control strategy for a hexagonal converter
(Hexverter). First, the state-space model based on the double-dg transformation is analyzed in-depth along
with the necessary basic mathematical derivation, and the active/reactive power control model in the dg
reference frame for the Hexverter is proposed. Second, a zero-sequence double-loop network consisting of
a Y-loop and a Hex-loop circulating current was established. This study proposes a method to suppress
the Y-loop circulating current by connecting a capacitor at the neutral point. We then establish a novel
branch voltage-balancing control strategy based on the transfer power model. The essence of the proposed
control strategy is to control the charging and discharging states of each submodule via the zero-sequence
voltages and the Hex-loop circulating current to regulate the power transfer between adjacent submodules
and branches, thereby effectively ensuring the dynamic balance of the DC voltages of the submodules.
The branch voltage-balancing control model and power control model proposed in this paper are based on
zero-sequence and positive-sequence networks, respectively. The relative independence of the positive- and
zero-sequence networks leads to decoupling of the branch voltage-balancing control model and the power
control model; thus, the respective control objectives can be achieved by adjusting the respective control
variables independently. It has a stronger adaptability to diverse power grid operating parameters. Finally,
the validity and correctness of the mathematical model and control strategy proposed in this study are verified
using MATLAB/Simulink.

INDEX TERMS Hexverter, double-dq transformation, the zero-sequence double-loop network, the transfer

power model, the voltage balancing control, circulating current suppression.

I. INTRODUCTION
The AC-AC converter is a family of power electronic topolo-
gies that can connect two AC systems of different frequencies
directly without a central DC link [1], [2]. It is suitable
for use in fractional-frequency transmission systems (FFTS),
multifrequency power systems, high-power low-speed motor
drives, asynchronous power system interconnections, and
other scenarios.

A modular multilevel matrix converter(M3C) [3]-[5] is
a typical AC-AC converter. M3C requires nine branches to
achieve power conversion, and each branch is cascaded by
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several full-bridge submodules. Therefore, the topology leads
to a larger volume and a higher cost. In addition, M3C has
numerous circulating current paths, which complicate the
circulating current analysis and suppression control.

Based on M3C, a particular topology named the hexagonal
converter (Hexverter) was proposed in [6]. Compared with
M3C, the number of branches was reduced from nine to six,
and the volume and cost were also significantly reduced.
In addition, Hexverter has only one circulating current path,
which simplifies the circulating current analysis and sup-
pression control. Therefore, Hexverter has great potential for
various applications.

In the last two decades, many scholars have focused
on their operating principles and control-oriented models,
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as well as the necessary mathematical analysis. The electrical
characteristics and control strategy of Hexverter are obtained.
In [7], the authors developed a state-space model of Hexverter
in the o8 frame and verified its operating characteristics using
an experimental prototype. In [8]-[10], based on the state-
space model, a frequency-decoupled branch current control
model in the dq reference frame was presented, and the oper-
ating principle and characteristic waveforms were verified
with a simulation and experimental prototype. To solve the
problems of difficulty in tuning proportional-integral (PI)
parameters to ensure global stability, a global asymptotical
stable control scheme of Hexverter based on the IDA-PBC
methodology was presented in [11].

According to the characteristic analysis of branch power
[6], [12], the branch power differs between adjacent branches
depending on the difference between the reactive powers in
both systems. The branch power differs leads to a significant
imbalance of adjacent branches and further results in a system
breakdown or insufficient branch voltage reserves for the
control system. Moreover, differences in DC capacitor losses,
switching losses, and PWM asymmetry will cause a slight
imbalance between the DC voltages of each submodule.
Therefore, branch voltage-balancing control and circulating
current suppression control are important for the steady-state
operation of the Hexverter. Regulating the modulation ratio
in a small range is a conventional method to realize voltage
balancing for multilevel converters [11]. Compensating for
branch power differs by superimposing common-mode volt-
ages on the neutral points, and injecting circulating current is
another solution to this problem [13], [14].

The branch power differs significantly when the difference
between the reactive powers in both systems is significant.
Compensation for significant power differs requires a wide
range of modulation-ratio adjustments. This affects the con-
trol performance of active and reactive power and makes
the tuning of proportional-integral (PI) parameters difficult.
Moreover, the topology and grounding method jointly deter-
mine the circulating current path of Hexverter. A typical
power system has multiple grounding points, which provide
numerous circulating current paths. This complicates the cir-
culating current analysis for Hexverter. Circulating currents
in different paths have different characteristics and should be
analyzed separately. However, none of the previous studies
has addressed these problems.

In this study, a novel branch voltage-balancing control
strategy was proposed. First, based on the state-space model,
a control strategy in a double-dq frame for Hexverter was
proposed [15]. It realizes flexible active/reactive power con-
trol on both sides and achieves overall stability of the stored
energy. Second, a novel branch voltage-balancing control
strategy based on the transfer power model was established.
Based on the control strategy, the transfer power among adja-
cent branches can be regulated by the zero-sequence voltages
and Hex-loop circulating current, and it is performed to effec-
tively ensure the dynamic balance of submodules DC volt-
ages. Finally, the validity and correctness of the mathematical
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model and control strategy proposed in this study are verified
using MATLAB/Simulink.

The remainder of this paper is organized as follows.
In SectionII, the operating principle of Hexverter is
described, and the double-dg transformation based on the
state-space model is analyzed in depth along with the nec-
essary basic mathematical derivation. In Section III, the con-
trol scheme of Hexverter is described, including a novel
branch voltage-balancing control strategy based on the trans-
fer power model. Section IV describes the construction of a
simulation model of the asynchronous power system inter-
connection based on Hexverter using MATLAB/Simulink.
This verifies the feasibility of Hexverter and the effectiveness
of the control scheme proposed in this study.

Il. PRINCIPLE OF OPERATION

A. TOPOLOGY OF THE HEXVERTER

The Hexverter topology is illustrated in Fig. 1. Hexverter
consists of six identical branches that formed a hexagonal
ring. Each branch is cascaded by n identical full-bridge
submodules and branch inductances. Hexverter directly con-
nects two three-phase systems. The two three-phase systems
are alternately connected to the connection points of the
branches [15].

4. submodules
6,106/ - v..,.,m o .J

branch
inductance

FIGURE 1. Hexverter topology.

B. BASIC MATHEMATICAL MODEL

1) VOLTAGES TRANSFORMATION

The equivalent circuit of Hexverter is illustrated in Fig. 2. The
submodules in each branch are replaced by a variable voltage
source u; with j € {1, 2, 3,4, 5, 6} in series with the branch
inductance / and equivalent internal resistance r. The branch
currents are i; with j € {1, 2, 3, 4, 5, 6}. The voltages and
currents of the primary-side AC system are up; with j € {a, b,
c} and ip; with j € {a, b, ¢}, and those of the secondary-side
AC system are ug; with j € {a, b, c} and i; with j € {a, b, c}.
The voltage between the neutral points of the two systems
1S UpN.
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According to the Kirchhoff voltage law (KVL), the state-
space equations of Hexverter can be determined from Fig.2.

Upa i d i ui Usa
Uph | = —r | iz | — la B+ us |+ | up
Upc I5 15 us Usc
UnN
+ | unN ()
UnN
Usa i dl® up Upb
usp | = —r| iy | — ZE ig |+ | us | + Upc
Usc l6 16 Ue Upa
UnN
— | unN (2
UnN

Both branch voltages and currents contain two frequency
components for both systems [6]. The subscripts -fp and -fs
represent the primary-and secondary-side frequency compo-
nents of the variables, respectively. The frequency-decoupled
voltage equations of (1) are obtained in (3):

Upa 1-fp d i1-fp Ul-fp
upp | = —r| izqp | — IE i3fp | + | usgp
Upc 15-fp I5-fp Us-fp
UnN
+ UnN
. N 3)
11-fs d U1-fs Ui-fs Uga
O=—r| izg | — ZE i35 |+ | usgs | | usp
I5-fs I5-fs us.fs Usc
UnN
+ | unN
UnN

Apply dq transformation to (3). All the variables in (3) are
dg-transformed at the frequencies of each AC system, and the
voltage equations of branches {1, 3, 5} in the dq0 reference
frame are obtained as follows:

Uxd-fp ixd—fp ixd—fp
Usgtp | =7 | Ixgfp | T 15 Ixq-p
Ux0-fp ix0-fp ix0-fp
—ixq-fp Upd 0
+ lwp ixafp |+ | upg | — 0
0 Upo \/g UnN
Uxd-fs Ixd-fs d Ixd-fs
Uxgfs | =7 | ixgfs | T l a Ixg-fs
Ux0-fs Ix0-fs Ix0-fs
—ixg-fs Usd 0
+ lws | ixafs | — | Usqg | — 0
0 Uso \/§ UnN
4)
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where {ixq-fp, ixg-fp» ix0-fp } indicates the dg0 current compo-
nents of {iy.fp, i3-fp, i5-fp } at the frequency of the primary-side
AC system. Similarly, {ixq-fs, ixq-fs, ix0-fs } T€present the dq0
current components of {ij.fs, i3.fs, i5-¢s} at the frequency of
the secondary AC system.

The double-dq transformation matrices are defined by:

. . 2 . 2
sin (Xp) sin <Xp — §n) sin <Xp+§n)
2 2 2
Cp = \/; cos (Xp) cos (Xp — §n> cos <Xp+§n>
1 1 1
L V2 V2 V2o
- ) 2\
sin (Xg) sin (XS — gn) sin <XS + 571)
Cs = 2 Xs) X 2 Xs + 2
s=y3 cos (Xs) cos [ Xg 371 cos | X 371
1 1 1
NG NG NG

)

where X, = wpt, X5 = wst + @ps. In addition, w, and ws are
the angular frequencies of the AC system. ¢, represents the
phase difference between two AC systems.

According to (2), the state-space equations of branches
{2,4,6} in the dq0 reference frame are obtained as
follows:

Uyd-fp Iyd-fp Iyd-fp
Uygdp | =7 | iygqtp | +!1 ar Iyg-fp
Uy0-fp Ly0-fp Ly0-fp
—lygfp Upd 0
+lop | dyasp | =Bp | upg [+| O
0 Up0 ﬁ UnN
Uyd-fs iyd—fs d iyd—fs
Uygds | =7 | ygts | +1 ar Iyg-fs
Uy0-fs Ly0-fs Ly0-fs
_iyq-fs Usd 0
+ lwy yafs |+ | usq | + 0
0 Us0 \/3 UnN
(6)

where {iyq-fp, iyg-fp, Iyo-fp} indicates the dg0 current compo-
nents of {i2.p, i4-fp, i6-p } at the frequency of the primary-side
AC system. Similarly, {iyq.fs, iyg-fs, Iyo-fs} indicate the dq0
current components of {i g, i4-fs, ie-fs} at the frequency of
the secondary AC system. The additional matrix By, is defined
as follows:

0 1 0
B,=C,|0 0 1[c;! (7
1 0 0
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According to (4) and (6), the state-space equations of the
branch voltages in the dq reference frame are expressed as

uxatp | | Ip+r  —lop || ixdfp L | U
| Uxgfp | | lop  IpET || ixgfp Upq
Uxd-fs | _ Ip+r —lws Ixd-fs | Usd
| Uxg-fs | L lag lp+r ] Ixg-fs Usq
Uyd-fp | _ Ip+r _lwp iyd-fp _B Upd
| Uygfp || lop  IpET || iygfp P | upg
uyafs | | lptr  —lw Iyd-fs 4|
Uyg-fs lag lp+r lyg-fs Usq
- - - - 8) FIGURE 2. Equivalent circuit of the Hexverter topology.
. . where the additional matrix D, and Dy are defined by:
where p = d/dt denotes the differential operator. The p s Y
additional matrix Bl’D is the upper-left 2 x 2 matrix of 0O 0 1
the Bp. Dp — Cp 1 0 0 C—l
0O 1 0
2) CURRENTS TRANSFORMATION (13)
According to Kirchhoff circuit laws (KCL), the state—space 0 0 1
equations of Hexverter can be determined Di=Cs|1 0 0|Cy 1
from Fig. 2. 0 1 0
B ipa 7] i ] [ ig ] According to Equation (10), the state-space equations of
ipb — i3 |+ i 9) the secondary-side AC system in the dq0 reference frame are
i ipc i is ] i is ] obtained as follows:
Isa i 5] isd—fp ixd—fp iyd—fp
;sb + ;3 - ;4 (10) isgtp | =+ | ixgtp | = | fygtp
L se L5 L6 L isO-fp | | ixO—fp iyO—fp (14)
The frequency-decoupled current equations of (9) are it | [ i caots iyd-fs
obtained in (11): isgts | =+ | ingts | = | iygts
- . r. . i50- ix0-f Iy0-
ipa-fp it-fp i6-p | !sO-fs | | Ix0-fs y0-fs
ipbfp | = i |+ | infp Substituting (12) into (14), the state-space equations of the
. . . branch currents in the dg0 reference frame can be expressed
Ipc-fp 15-fp l4-fp
- - - ) (11) as:
Ipa-fs l1-fs lo-fs r. 7 . .
; ; | lyd-fp X Ipd-fp Lsd-fp
pb-fs | = 3-fs 2-fs . _ - . .
. . . iygtp | = (Dp—1) Ipg-fp | + | Isq-fp
Ipe-fs I5-fs l4-fs . . .
- - - L lyO-fp | Ip0-fp 1s0-fp
All variables in (11) are dg-transformed at the frequen- B iyd-fs 7 ipd-fs idfs
i f h Al m, and th rren ions of th . -1 . .
cies of eac C system, a d the current equations of the iygts | = Ds— 1) ipgts | + | isgets
primary-side AC system in the dg0 reference frame are . . .
obtained as follows: L ty0-fs 4 'p0-fs 1s0-fs
- . . ixd—fp . ipd—fp isd»fp
Ipd- Ixd- lyd- . — . .
,pd P ,Xd fp D ,yd p Ixgfp | = (DP - 1) ipg-fp | T Dp | isg-tp
Ipgtp | = — | ixgfp | TDp| iygtp ix0-fp ip0-tp i50-fp
Ip0-f; Ix0-fi Iy0-fi - -
L "pU-Ip p yU-ip . . .
= . . (12) Ixd-fs Ipd-fs Lsd-fs
Ind -f Ixd- Lyd- . —1 . .
.pd fs ‘Xd fs D ‘yd fs Ixg-fs | = (Ds — 1) Ipg-fs + Dy lsg-fs
ogts | = 7| bagets | T D) lygets | ixofs | Ip0-fs i50-fs
| Ip0-fs Ix0-fs Ly0-fs (15)
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Equations (8) and (15) are the derivations of the frequency-
decoupled state-space equations of the branch voltages and
currents in dg coordinates and can be obtained as follows:

(D . 1) Uxd-fp _ lP+V _lwp ipd—fp
P Uxg-fp lwy, Ip+r ipg-fp
u,
Fog- |

Upg
Ds_1 (Ds - 1) txd-fs = lp +r _la)s Isdfs
Uxg-fs log Ip+r || isgfs
—D;] (Ds — 1) Usd
Usq
(Dp — 1) Uyd-fp | _ Ip+r —lwp || ipa-sp
' Uyq-fp lop Ip+r || ipgfp

—(Dp—m[”"d}

Upq

T e Ip+r —los || isufs
) lhyg-fs log Ip+r || isgts

+ (D — 1) [””’}
Usg

(16)

Ill. CONTROL SCHEME
An overview of the control scheme of Hexverter is presented
in Fig. 3, which realizes flexible active/reactive power control
on both sides and achieves overall stability of the stored
energy. It is characterized by a structure consisting of the
following three blocks:

« Outer-loop voltage control block.

« Inner-loop current control block.

o The branch voltage-balancing control block

A. OUTER-LOOP VOLTAGE CONTROL

Fig. 3 shows the outer-loop voltage control, which controls
the stored energy of the Hexverter. The outer-loop voltage
control achieved overall stability of the stored energy. P
and P} are the actual and set values of the active power of
the secondary side system, respectively. Qs and QF are the
actual and set values, respectively, of the reactive power of
the secondary side system. ugc.ay and ugc_av are the actual
and set values, respectively, for the average DC voltage of
all submodules in Hexverter. Q;, and Q; are the actual and
set values of the reactive power of the primary-side system,
respectively.

B. INNER-LOOP CURRENT CONTROL

Fig. 3 shows the inner-loop current control, which can be
derived from (16). Based on the power control model, the
inner loop current control realizes independent control of the
decoupled AC voltages and currents, and achieves flexible
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active/reactive power control on both sides of the AC system.
In Fig. 3, the six-branch reference voltages in dg coordi-
nates are {uxd—fpa Uxg-fp 1y {uxa s Uxg-fs }s {uyd—fp» Uyg-fp }, and
{uyd—fs > Uyg-fs }.

C. THE BRANCH VOLTAGE-BALANCING CONTROL

The branch voltage-balancing control is a key problem for
Hexverter. A branch voltage-balancing control model is pro-
posed in this section.

1) THE ZERO-SEQUENCE NETWORK

The zero-sequence network is shown in Fig. 4. The zero-
sequence voltages of the primary and secondary AC systems
are represented by upo and uy, respectively, and the zero-
sequence currents are represented by i,o and iso, respectively.
The submodules in each branch are replaced by a variable
zero-sequence voltage source ujp with j € {1, 2, 3, 4, 5,
6} in series with zero-sequence impedance r. The branch
zero-sequence currents are ijo withj € {1,2, 3,4, 5, 6}.

The zero-sequence double-loop network is shown in Fig. 5.
The zero-sequence circulating current has two loops. One is
defined as the zero-sequence Y-loop circulating current that
flows through the neutral point of the primary and secondary
sides (as shown in Fig. 5(a), where the solid arrow lines
represent one of the phases). The other is defined as the zero-
sequence Hex-loop circulating current that flows through
the six branches of Hexverter (as shown in Fig. 5(b)). The
zero-sequence circulating currents in the branches include
the Y-loop and Hex-loop circulating currents, which can be
analyzed and controlled independently.

2) THE Y-LOOP CIRCULATING CURRENT MODEL
The zero-sequence Y-loop circulating current is illustrated in

Fig. 5(a). Applying Kirchhoff’s voltage and current laws to
Fig. 5(a) yields:

0 = unN — upo — rixo + Uxo + Uso
0 = unN — upo + riyo — uyo + uso
0 = ~ho o a7
150 = +ix0 — Iyo

ip() = —is0

upo = usp =0

where uyo and ixg are the zero-sequence voltages and currents
of the branches {1, 3, 5} respectively, and uyo and iy are the
zero-sequence voltages and currents of branches {2, 4, 6},
respectively.
From (17), the Y-loop circulating current is:
UnN uxo — Uyo + rix) — riy()

o = —lgg = ———
P s r 2r

(18)

According to (18), the Y-loop circulating current can be
suppressed to zero by setting the value of uyN as
Uxo — Uyo + rix) — riyO

UpN = — 5 19)
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FIGURE 3. Overview of control scheme of the Hexverter.

This paper proposes a novel grounding method for sup-
pressing the Y-loop circulating current by connecting a capac-
itor at the neutral point. A neutral-point capacitor can be
charged or discharged using a Y-loop circulating current.
By regulating capacitor voltage upn to satisty (19), the Y-loop
circulating currents iy and iso can be suppressed. And then,

Ux0 — Uyo

UnN = —
2

(20)
3) THE TRANSFER POWER MODEL
The branch power differs AP between adjacent branches

depending on the difference between the reactive powers in
both AC systems [6]:

V3

AP=22
18

(Qp — Os) 1)

The branch power differs leads to an imbalance of the
submodule DC-links and further results in system breakdown
or insufficient branch voltage reserves for the control system.
When the difference between the reactive powers in both
systems reaches the maximum value, the branch power differs
AP and reaches its maximum value (APpax). AP is a key
problem for the Hexverter control to compensate for the
difference in branch power. To solve this key problem, this
study proposes a transfer power model based on the Hex-loop
circulating current.
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~N |

(b) Hex-loop

(a) Y-loop
FIGURE 5. The zero-sequence double-loop network.

Assuming that the zero-sequence Y-loop circulating cur-
rent is suppressed to zero, the zero-sequence Hex-loop
circulating current ico is as shown in Fig. 5(b) and
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can be expressed as

6

. Uxo + Uyo

zciro=§ uio / 6r = % (22)
i=1

Mode A: If uyg is set to a constant value, then the transfer
power AP,gj is.

uxo + Uyo
2r

where uyg < —+/2r |APmax| O tyg > /28 | APmax].

Thus uyo can be expressed as:

APygj = lciroux0 = Ux0 (23)

2r AP g
1y = —— — uyo (24)
uxo
And then:
rAP,g;
UpN = + 9 Uuxo (25)
Uxo

Mode B: If uyg is set to a constant value, then the transfer
power AP,g; is.

Ux0 + Uyo
2r

where uyg < —+/2r [APmax| Or ttyg > /21 | APmax].

Thus uy can be expressed as:

APygj = iciroUyo = — Uy0 (26)

2r AP,g;
o = ——4 4 27)
Uy0
And then:
rAP,g;
UnN = Fityo — —— (28)
Lty()

According to (22)—(28), the values of {uxq, uyo} determine
the zero-sequence Hex-loop circulating current i and trans-
fer power AP,q;. The relationships between icirg, APygj, and
{uxo, uyo} are listed in Table. 1.

The relationship between {uxg, uyo} and the transfer power
AP, is shown in Fig. 6. For example, as shown in Fig. 6(a),
assuming uxo is fixed at —0.05pu, AP,q; is regulated as uyo
changes in work area A.

In addition, the relationship between the zero-sequence
voltage {|uxol, luyo|}, the Hex-loop circulating current i,
and the neutral point uyN can be analyzed using (20), (22),
(25), and (28). According to (20), the larger the zero-sequence
voltage {|uxol, luyo|}, the larger is the neutral point upn.
According to (22), (25), and (28), the larger the zero-sequence
voltage {|uxol, luyol}, the smaller is the Hex-loop circulating
current i¢io. Therefore, under the constraint of the neutral-
point DC bias voltage, a larger {|uxol, |uyol} should be set
as much as possible to suppress the Hex-loop circulating
current.

According to the transfer power model, the branch energy
can be directly regulated among its adjacent submodules and
branches by the zero-sequence Hex-loop circulating current.
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TABLE 1. The relationships between AP, g, icjro, and uyq, tyo.

direction of

THE VALUES OF {uxo, uyo} ieiro {ddcnn} APagj
when u,>0, u,0>0 x !
If o +iy0>0 when u>0, 1,0<0 ieire>0 AP, >0?
when 1,<0, 1,>0 AP, <03
when u,0>0, u,,<0 .
I uotuy0=0 when 1,0<0, uy0>0 feii=0 x
when 1,,<0, 1,0<0 x
If vy +1,0<0 when uy>0, 1,0<0 icir0<0 AP <0
when Ux0<0, uyo>0 APadi >0

! x indicates that the system cannot be stable.
2 AP,3>0: branch{1,3,5} are discharged, and branch{2,4,6} are charged.
3 AP,4<0: branch{1,3,5} are charged, and branch{2,4,6} are discharged.

4) THE BRANCH VOLTAGE-BALANCING CONTROL

The branch voltage-balancing control is proposed in this
section. The magnitude and direction of the transfer
power AP,qj among the submodules can be regulated by
dynamically adjusting the zero-sequence voltages of each
submodule. The zero-sequence voltages of each submod-
ule can determine the charging or discharging states of the
corresponding submodules, and the steady-state balance of
the branch voltages is achieved. The transfer power control
consists of two control processes.

« Transfer power control of adjacent branches

According to the transfer power model established above,
the transfer power AP,q; between the adjacent branches can
be regulated by controlling {uxg, uyo}. The transfer power
AP, is the key to compensating for the difference in the
active power AP between the adjacent branches. Fig. 3 shows
the transfer power control of the adjacent branches. uydc-ay
and uydc-av are the actual values for the average DC voltage
of all the submodules in branches {1, 3, 5} and {2, 4, 6},
respectively. ux10, ux30, Uxso and uyz0, Uy4o, Uyso are the
zero-sequence voltages of branches {1, 3, 5} and {2, 4, 6},
respectively.

o Transfer power control of adjacent submodules

Based on the transfer power model, the transfer power
AP,4; between adjacent submodules can be regulated by
controlling the zero-sequence voltages of each submodule.
Fig. 3 shows the transfer power control of the adjacent
submodules in the branches. ux10-i, Ux30-i» Uxs0-i and uy2.;,
Uy40-i» Uyo-i (i = 1,2,...n) are the zero-sequence volt-
ages of submodules 7 in branches {1, 3, 5} and {2, 4, 6},
respectively. The number of submodules per branch is n.
The reference voltages of each submodule are {ux1a-i, Ux3b-is
Uxse-i} and {uysa, Uyap-i» Uyeci} and can be calculated
using {ux10-i, Ux30-i» Ux50-i} and {uy20.i, ty40-i» Uyeo-i} (i =
1,2,...n), {de—fps uxq—fp}’ {txa-ts, uxq—fs}’ {uyd—fp’ uyq—fp}’
and {Myd-va uyq-fs}-

D. THE BENEFITS OF THE PROPOSED CONTROL
STRATEGY

The branch voltage-balancing control model proposed in this
study is based on a zero-sequence network, whereas the
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FIGURE 6. The relationship between {uyq, uyo} and the transfer power
AP,g;: (a) mode A; (b) mode B.

power control model is based on a positive-sequence network.
The relative independence of the positive- and zero-sequence
networks leads to decoupling of the branch voltage bal-
ance control model and the power control model, and the
respective control objectives can be achieved by adjusting the
decoupled control variables. Therefore, the control param-
eters of the two controllers can be adjusted independently,
which is beneficial for the design and optimization of the
control parameters.

IV. SIMULATION RESULTS

A. SIMULATION PARAMETERS

Simulation is performed to verify the operating principle of
the Hexverter in Fig.1 which is built in MATLAB/Simulink
software. The key simulation parameters of Hexverter are
listed in Table 2.

B. THE STEADY AND TRANSIENT STATE SIMULATION

To verify the steady and transient performances of the control
scheme mentioned earlier, a series of step changes were set
during the simulation process. The steady and transient per-
formances of Hexverter under balanced and unbalanced grid
conditions are investigated and compared in Fig. 7 and Fig. 8,
respectively.

The corresponding simulation waveforms under the bal-
anced grid conditions are shown in Fig. 7. Fig. 7(a) and (c)
show the AC voltages of the two sides of Hexverter, respec-
tively. Fig. 7(b) and (d) show the AC currents of two sides of
Hexverter, respectively. The branch voltages are multilevel,
as shown in Fig. 7(e) and (f). Fig. 7(g) shows the average DC
voltages of all submodules. Under balanced grid conditions,
the currents exhibit the same changing tendency during step
changes, and the average DC voltage is maintained at the
rated value with a slight fluctuation after step changes.

The corresponding simulation waveforms under the unbal-
anced grid conditions are shown in Fig. 8. Fig. 8(a) and (¢)
show the AC voltages at the two sides of Hexverter, respec-
tively. Fig. 8(b) and (d) show the AC currents at two sides
of Hexverter, respectively. The branch voltages are multi-
level, as shown in Fig. 8(e) and (f). Fig. 8(g) shows the
average DC voltages of all submodules. Under unbalanced
grid conditions, the currents remain balanced and have the
same changing tendency during step changes, and the average
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TABLE 2. Main parameters of simulation.

ITEMS PARAMETERS VALUE
Number of submodules per branch 6
Submodule capacitance 10mF
Branch inductance 1ImH
Hexverter Branch resistance 0.08Q
Neutral-point capacitance 10nF
Nominal Submodule DC voltage 4000V
Nominal Power 20MVA
The primary side Frequency 50Hz
AC system Line voltage RMS 10.5kV
The secondary side ~ Frequency 60Hz
AC system Line voltage RMS 11.4kV

DC voltage is maintained at the rated value with a slight
fluctuation after step changes.

The corresponding simulation waveforms under variations
in the frequency of the AC system are shown in Fig. 9.
Fig. 9(a) and (c) show the AC voltages at the two sides
of Hexverter, respectively. Fig. 9(b) and (d) show the AC
currents at two sides of Hexverter, respectively. The branch
voltages are multilevel, as shown in Fig. 9(e) and (f). Fig. 9(g)
shows the average DC voltages of all submodules. After
the step change in the frequency of the secondary-side AC
system, the secondary current remained balanced and rated.
The primary current returned to the rated value after a brief
transition. The average DC voltage was maintained at the
rated value with slight fluctuation.

The corresponding simulation waveforms under variations
in the frequency of the AC system are shown in Fig. 10.
Fig. 10(a) and (c) show the AC voltages at the two sides of
Hexverter, respectively. Fig. 10(b) and (d) show the AC cur-
rents at two sides of Hexverter, respectively. The branch volt-
ages are multilevel, as shown in Fig. 10(e) and (f). Fig. 10(g)
shows the changes in the frequency of the secondary-side
AC system. Fig. 10(h) shows the average DC voltages of
all submodules. Along with changes in the frequency of
the secondary-side AC system, the primary and secondary
currents remain balanced and rated. The average DC voltage
was maintained at the rated value with slight fluctuation.

The simulation results confirmed that the designed control
scheme can adapt well to the asymmetry of the grid, has
superior steady-state performance under both balanced and
unbalanced grid conditions, and exhibits good control charac-
teristics in transient operations. The control strategy proposed
in this study has stronger adaptability to diverse power grid
operating parameters.

C. THE BRANCH VOLTAGE-BALANCING CONTROL

The following comparative simulations were performed to
verify The branch voltage-balancing control on the energy
imbalance of the submodule DC links. To make the wave-
form differences more identifiable, significant asymmetrical
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FIGURE 7. Steady and transient performances of the control scheme
under balanced grid conditions. The step changes: 1) The active power of
the secondary side steps from 0.0pu to 1.0pu at ¢;; 2) The active power of
the secondary side steps from 1.0pu to 0.0pu at t,; 3) The reactive power
of the secondary side steps from 0.0pu to 1.0pu at t;, and the reactive
power of the primary side remains at 0.0pu. All waveforms are in pu.
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FIGURE 8. Steady and transient performances of the control scheme
under unbalanced grid conditions. The unbalanced grid parameters:

upc = 0.9pu, ug}, = 0.9puy, usc = 0.8pu.The step changes: 1) The active
power of the secondary side Ps steps from 0.0pu to 1.0pu at £,; 2) The
active power of the secondary side Ps steps from 1.0pu to 0.0pu at #,;

3) The reactive power of the secondary side Qs steps from 0.0pu to 1.0pu
at t5, and the reactive power of the primary side Qp remains at 0.0pu.

parameters were set in the DC link of each submodule in the
simulation.

The corresponding simulation waveforms are shown in
Fig. 11. Fig. 11(a) shows the average DC voltages of all
submodules. Fig. 11(b) shows the average DC voltages of
the submodules in branches {1, 3, 5} and {2, 4, 6}. The
six DC voltages of the submodules in branches {5, 6} are
plotted in the graphs shown in Fig. 11(c) and (d), respectively.
The corresponding zero-sequence voltages are plotted in each
graph shown in Fig. 11(e) and (f), respectively.

Based on the outer-loop voltage control, the average DC
voltage of all submodules is kept at 1.0pu, as shown in
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FIGURE 9. Steady and transient performances of the control scheme
under variations in the frequency of the AC system. Parameters:

Ps = 1.0pu, Qs = Opu, Qp = Opu, f = 50Hz. fs steps from 60 Hz to 40 Hz
at t; and step back to 60 Hz at t5.
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FIGURE 10. Steady and transient performances of the control scheme
under variations in the frequency of the AC system. Parameters

Ps = 1.0pu, Qs = Opu, Qp = Opu, fp = 50 Hz, and fs changes from 60 Hz
to 35 Hz during tg and t;.

Fig. 11(a). Because of the asymmetrical parameters of the
submodules and branches, the average DC voltages {uxdc-av,
Uyde-av} and the corresponding DC voltages {ux5dc-i» Uy6dc-i }
i=1,2,..., 6) in branches {5, 6} begin to diverge signifi-
cantly, as shown in Fig. 11(b), (c), and (d).

After applying the proposed branch voltage-balancing con-
trol at g, the zero-sequence voltages {ux10-i, Ux30-i> Ux50-i }
and {uy20.i, Uy40-i, Uy60-i} Were superimposed onto the ref-
erence voltages of each submodule. The zero-sequence volt-
ages {uxs0-i, uyeo-i} (i = 1,2,..., 6) of the submodules in
branches {5,6} are shown in Fig. 11(e) and (f). Based on the
transfer power model, the transfer power AP,q;j can be reg-
ulated by zero-sequence voltages {ux10-i, Ux30-i» Ux50-i} and
{1y20-i> Uy40-i, Uyeo-i }. Submodules with higher DC voltages
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FIGURE 11. Performance of The branch voltage-balancing control.
Parameters: Ps = 1.0pu, Qs = Opu, Qp = Opu. The branch
voltage-balancing control is applied at tg.

are discharged, whereas submodules with lower DC voltages
are charged. The corresponding average DC voltages {uxdc-av»
Uydc-av } and the DC voltages of each submodule were merged
to the rated value and maintained at a constant value with
slight fluctuations. The waveforms of the voltages {uxdc-av,
Uyde-av } and {uxsdc-i, Uyede-i} (i = 1,2, ..., 6) are shown in
Fig. 11(b), (c), and (d). This indicates the effectiveness of the
proposed The branch voltage-balancing control.

The zero-sequence voltages {ux10-i, Ux30-i> Uy20-i> Uyd0-i }
are similar to {uxs0.i, Uy60-i}, and the corresponding DC
voltages {uxidc-i> Ux3dc-i» Uy2dc-i» Uydde-i} are also similar to
{ux5dc-i> Uy6dc-i } and thus are not shown for simplicity.

The following simulations were performed to verify the
effectiveness of the proposed control strategy under typical
operating conditions: The active and reactive powers of the
secondary side of Hexverter were Opu and 1.0pu, respec-
tively. The reactive power on the primary side was Opu.
Because of the asymmetry of the reactive power on both
sides Qs # O, the branch power differs between adjacent
branches. To make the waveform differences more identifi-
able, significant asymmetrical parameters were set in the DC
link of each submodule in the simulation.

The corresponding simulation waveforms are shown in
Fig. 12 and Fig. 13, respectively. The six zero-sequence
voltages and six DC voltages of the submodules in each
branch are plotted in each graph in Fig. 12 and Fig. 13,
respectively. Owing to the asymmetrical parameters in the
DC-link of submodules and the branch power differs between
adjacent branches, more complex transfer power values for
each submodule are required to achieve a DC voltage balance.
The more unbalanced the submodule parameters, the greater
the required transfer power, and the more significant the
difference between the zero-sequence voltages of the corre-
sponding submodules, as shown in Fig. 12. The submodules
in branch {6} have the most severe asymmetrical parameters;
therefore, the differences in the zero-sequence voltages of its
submodules are significant, as shown in Fig. 12(f). Under
The branch voltage-balancing control, the DC voltages of
each submodule are maintained at a constant value with
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FIGURE 12. Waveforms of the zero-sequence voltages of all submodules
under The branch voltage-balancing control. Parameters: Ps = Opu,
Qs # Qp, Qs = 1.0puy, Qp = Opu.
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FIGURE 13. Waveforms of the DC voltages of all submodules under The
branch voltage-balancing control. Parameters: Ps = Opu, Qs # Qp,
Qs = 1.0puy, Qp = Opu.

slight fluctuations, and there are only minor differences in
the six DC voltages in each branch, as shown in Fig. 13. This
indicates the effectiveness of the proposed branch voltage-
balancing control.

V. CONCLUSION

In summary, a novel branch voltage-balancing control strat-
egy is proposed in this study. An active and reactive power
control model based on a double-dq transformation was pro-
posed. It realizes flexible active/reactive power control on
both sides and achieves overall stability of the stored energy.
This study establishes a novel branch voltage-balancing con-
trol strategy based on a transfer power model. The essence of
the proposed control strategy is to control the charging and
discharging states of each submodule via the zero-sequence
voltages and Hex-loop circulating current to regulate the
power transfer between adjacent submodules and branches
and effectively ensure the dynamic balance of the DC volt-
ages of the submodules. The branch voltage-balancing con-
trol model and power control model proposed in this paper
are based on zero-sequence and positive-sequence networks,
respectively. The relative independence of the positive- and
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zero-sequence networks leads to decoupling of the branch
voltage balance control model and the power control model;
thus, the respective control objectives can be achieved by
adjusting the respective control variables independently.
It has a stronger adaptability to diverse power grid operat-
ing parameters. Finally, the validity and correctness of the
mathematical model and control strategy proposed in this
study were verified through a series of simulations based on
MATLAB/Simulink.
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