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A Branch Current Reallocation Based Energy
Balancing Strategy for the Modular Multilevel Matrix
Converter Operating Around Equal Frequency

Boran Fan ', Student Member, IEEE, Kui Wang

Chunyang Gu

Abstract—The modular multilevel matrix converter (M3C) is a
promising topology for medium-voltage, high-power applications.
Due to the modular structure, it is scalable and capable to produce
high quality output waveforms and can be fault tolerant. However,
the M3C suffers from low frequency capacitor voltage fluctuation if
the output frequency is close to the input voltage frequency, which
limits its application in adjustable speed drive fields. This paper
presents a theoretical analysis in the phasor domain to find the
branch-energy equilibrium point of the M3C when operating with
equal input and output frequency first. Then, a branch energy bal-
ancing control method based on branch current reallocation is pro-
posed to equalize the energy stored in the nine converter branches.
With the proposed method, the M3C can effectively suppress the
capacitor voltage fluctuation without injecting common-mode volt-
age or applying reactive power to the input side. Experimental
results are presented to validate the proposed method.

Index Terms—Energy and balancing control, equal frequency,
medium-voltage high-power ASD, modular multilevel matrix con-
verter (M3C), triple-star bridge cells (TSBC) converter.

1. INTRODUCTION

HE modular multilevel matrix converter (M3C) [1] or
T triple-star bridge cells converter [2], shown in Fig. 1, can
be used to connect two three-phase electrical systems (input
side and output side systems) using nine active branches. Each
branch is composed of a cascaded connection of full-bridge
(H-bridge) converter cells and a branch inductor. The topology
enables direct ac—ac bidirectional power conversion and ensures
that the three-phase input and output waveforms close to sinu-
soidal with controllable power factor on the input side [3]-[6]. In
common with other members of the modular multilevel cascade
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Fig. 1.

Circuit configuration of the M3C.

converter family [2], the M3C can easily reach high voltage
ratings as well as significantly reduce harmonics and electro-
magnetic interference. In addition, the modular structure makes
it easier to accomplish construction, maintenance, and thermal
designs. Compared with the back-to-back ac—dc—ac modular
multilevel converter (MMC) configuration [7]-[10], recent re-
searches show that the M3C can be more suitable for low-speed
constant-torque motor drives [2], [11]-[14].

These advantages make the M3C a promising topology for
medium-voltage, high-power adjustable speed drive applica-
tions such as off-shore wind-power generations [15], [16], full-
electric marine propulsion systems [17], etc. However, the M3C
suffers from capacitor voltage fluctuation if the output voltage
frequency is close to the input frequency. When the output volt-
age frequency gets close to the input frequency, the branch power
fluctuation can be at a very low frequency (i.e., the difference
between input and output frequencies), which will result in sig-
nificant capacitor voltage fluctuations [18], [19]. This drawback
limits the broad frequency range application of the M3C.

In order to solve this problem, [4] presents a solution by
injecting circulating currents and applying reactive power at the
input side. However, the reactive power at the input side is not
permitted in some applications as the input side is connected to
the electrical grid. The use of the reactive power may decrease
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grid power quality and increase branch current stresses. The
work described in [6] introduces some common-mode voltage
to avoid the need for reactive power at the input side, a similar
technique to the mitigation control of the MMC at low-speed
range [8], [9]. However, the reference for the common mode
voltage is difficult to design and may cause over-modulation.
The common mode voltage may also lead to premature failure
of motor bearings. The ideas described in [20] use an adjustment
in the motor voltage to ensure that the input and output side share
the same voltage magnitude. This method helps to achieve lower
branch current stresses but it has some operational restrictions.
The condition of the same input and output voltage magnitude is
difficult to hold since in some applications, the voltage levels of
the two three-phase systems are different and even if the voltage
levels are the same, the condition is still difficult to hold as the
motor load changes. In addition, the method in [20] also needs
to apply reactive power at the input side.

In order to avoid the use of reactive power and common-mode
voltage, this paper discusses an alternative control method that
only uses circulating currents in the M3C to equalize the energy
among the nine branches. This paper first proves the availabil-
ity of this consideration and then develops a strategy to de-
sign appropriate circulating currents to equalize branch energy.
Section II introduces the concept of the “basic branch currents”
allocation and explains why the branch energy is unstable under
this current allocation. Section III develops an adjusted branch
current allocation in phasor domain and reconstructs the branch-
energy equilibrium point. Section IV proposes a branch cur-
rent reallocation method based on the theoretical analysis in
Section III. Experimental results are presented in Section V to
validate the method, and Section VI concludes the paper.

II. BASIC THEORY OF THE M3C
A. Double a30 Transformation

Fig. 1 shows the circuit configuration of the M3C. The M3C
connects two three-phase systems using nine branches. In this
paper, the input three-phase system are denoted as “UVW” and
the output three-phase system are denoted as “RST.” In the
M3C, each branch consists of a branch inductor L; and a string
of cascaded full-bridges. Applying Kirchhoff’s voltage law to
nine branches yields

d .
[Vays = [Vio] + Vo] = Ly - pr [is] + [V] ey
where
i Uy —Up Uy —VUs Uy — Ut
[ny,b} = | Uy — Uy Uy — Us Uy — Ut
_Uw —Up Uy —Us Uy — Ut
-ibl ho 13 Up1 Vb2 Vb3
[ib} = |4 W5 b6 [Vb} = |vpa Vo5 Vo6 | - (2)
_ib7 s 1h9 Up7 Vb Vb9

[Vxy b] is the matrix of differences between the input and
output voltages, [i,] is the matrix of branch currents and [vy,] is
the matrix of output voltages of cascaded full-bridges. The dou-
ble 50 transformation is used to decouple the current control
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Fig. 2. Equivalent circuits for the M3C.

for the input, output, and internal currents [3]-[6], [20]-[24].
The definition of the double /30 transformation T'p 47— 1S
shown in (3). It is a linear transformation performed ona 3 x 3
matrix M3,

T
TDu(zlfa{i (MS*S) - Ta,[3M3*3Taﬁ

21
T(yﬁ =510 \/g _\/g . 3
3101

Applying this double o0 transformation to (1) yields

[Vxyblp_ag = [VLb]Dfozﬁ + [Vb]Dfaﬂ = Lb%[ib]pmﬂ

+ lp_ap 4)
where
[ iaa  dap 00""/3
[blp_up = | isa igg 13" /3
Lirst/3 /30
_Uaa Vap  Vald
[Vb]Dfaﬂ: Vga  Vpp VB0
L Vo Vop Voo
00 o
[Vxyblp_as = 0 0 v | 5
L 71}2“ 71}?}“ —Vcom
In matrix [v,, p-ag and [ij]p-as, v3"", v5"" and
in"", ig"" are the input voltages (vy, Vy, vy) and input

currents (4, 4y, iy ) on the o reference frames. v/5!, vfft
s st

and i, iy’ are the output voltages (v, vs, v¢) and out-
put currents (i, is, i;) on the a3 reference frames. In ma-
trix [i,]p—aB; %aas %ad, ia, tgs are the four inner circulating
currents. These four inner circulating currents are independent
of input currents (i, ,, i, ) and output currents (i,, i, it).
They can be used to balance the energy stored in the nine
branches. The nine elements in matrix [v,]p_qg are the out-
put voltages of the nine cascaded full-bridges on the double o3
reference frames. Current control for the M3C can be summa-
rized into nine equivalent circuits as shown in Fig. 2 [16]. As
shown in Fig. 2, a decoupled control on input, output, and inner
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circulating currents can be performed by adjusting the value of
matrix [v,]p_ag.

The value of the common mode voltage v.,,, in Fig. 1 is
equal to the value of ' — v, as shown in Fig. 2. In this paper,
as the consideration is to avoid the injection of common mode
voltage, the value of vy need to satisfy (6). The sum of the nine
cascaded full-bridge output voltages is set to be zero.

9
Voo = Z Ubi/g = —Vcom = 0. (6)
i=1

B. Basic Branch Current Allocation

If set the value of circulating currents i, , ¢ 3, {30 and igg
in [i)]p_ag as zero and apply an inverse transformation of
T pyai—ap,the nine branch currents are shown in (7). The branch
current consists of 1/3 of the x-phase (x = u,v,w) input side
current and 1/3 of the y-phase (y = r,s,t) output side current

Z.b(),l ibU,Z Z.bO‘3 1 iu iu iu ir Zs it
0,4 0,5 b0,6 = 5 by Wy Uy + g s
60,7 60,8 60,9 Ly tw tw e 1s Ut

In this paper, the branch currents in (7) are defined as the
“basic branch currents.” Recent literatures mostly assume this
branch current allocation as the “branch energy equilibrium
point” which implies that this branch current allocation can
naturally balance the energy stored among nine branches. On
the basis of this allocation, circulating currents iy, %03, {3a
and ig5 are designed to compensate possible branch energy
deviations [18]-[20].

C. Branch Power Around Equal Frequency Operation

Here, the input and output systems are assumed to be three-
phase balanced. Phase u/r is 120° ahead of v/s and Phase v/s is
120° ahead of w/t. AC grid voltages and Input side voltages are
defined as

VGu = Om1cos(wit) v, =0, cos(wit+v). (8)
In this paper, as the consideration is to apply no reactive

power at the ac grid, the input side currents are defined in phase
with the ac grid voltages

By = i1 cos(wi t). 9)

The voltages and currents of the M3C at the output side are
defined in (10), where @ is the initial angle difference (r = 0)
between the output voltage v, and the input voltage v, . ¢ is the
power factor angle of the load

Uy = O cos(wat + 0+ 1) i, = imo cos(wat + 6 — o + 7).

(10)

For simplicity, neglecting the branch inductor L, and ac in-

ductor Ly (y; = 0, 0,1 = 0),;), the branch power is in (11)

when the basic branch current allocation in (7) is applied. It
consists of frequency components at w;—ws, wi + wa, 2wy
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and 2w
Poi = (ve = vy)(ia +1y)/3
= Dhilw=wl—w2 + Philw=witw2 + Philo=201 + Dhilw=202-
(x =u,v,w y=r,s,t i=1,2,...9)
(11D

Taking Branches “1, 5, 9” as an example, the frequency com-
ponents at w; — wy are shown as

Pb1,5,9 lwo=wi—w2 = Pui-w2 - cos((w1 —wa)t +6—6) (12)
where
ﬁwl—wQ

— W /52 52 82 52 N
= \/vm17’m2 +U7n22m1 — 2011 0m28m 1%m 2 COS(SO - 9)/6

0= atan(@mlgmg sin @/(ﬁ;nlng cosp — f)mﬁml)). (13)

According to (14), when output frequency w, gets close to
the input frequency wy, the low-frequency power component at
w1 — we, shown in (12), will cause large branch energy fluctu-
ation

1865y = ([ .00 = min ([ ] 00) =25 .
(14)

When w; is equal to w9, the low-frequency branch power
components at w; — wy become nonzero constant so the capaci-
tor voltages will diverge. As aresult, when operates M3C around
equal input and output frequencies, applying the basic branch
current allocation makes the branch energy unstable. Therefore,
the branch currents need to be reallocated.

III. BRANCH ENERGY EQUILIBRIUM POINT OF M3C WHEN
OPERATING AROUND EQUAL FREQUENCY

A. Phasor Domain Analysis of the M3C

As explained in Section II, when the M3C operates with
similar input and output frequencies, the basic branch current
allocation is not the branch energy equilibrium point. In this
section, an adjusted branch current allocation is developed to
reestablish the branch energy equilibrium point. The analysis is
performed in the phasor domain instead of time-domain. This
assists in the visualization of the analysis of branch energy
balancing. Rewriting the definitions of (8) to (10) in the phasor
domain using the complex phasors given in (15)—(18). Phasors
of ac grid voltages are as follows

= A j-(—a
Taw = Oy - €Y

15)

— oA — oA el
Ugu = Om1, UGy = Op1 - €
a = —21/3.

Here, the real axis is in the same direction of phasor v, and
the imaginary axis is 90° ahead of the real axis. The phasors of
input voltages and currents

— ~/ gy — ~f y — ~f 7(— v
Ty =1, - M g, = o - e (a+’)1)vw =o' - o) (—a+71)
(16)

- - ja
Ly = tm1 Ly = tm1 * e’

a7
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Fig. 3. Phasor diagram for the M3C. (a) Branches 1, 5, 9. (b) Phasors in a
given branch.

Taking phase » as an example, phasors of output voltages and
currents

wy —w1)t+0+71) w2 —w1)t+60—p+71)

(18)
In this paper, nine branches are symmetrically separated into
three groups as Branches 1, 5, 9, Branches 2, 6, 7, and Branches
3, 4, 8. Taking Branches 1, 5, 9 as an example, the phasor
diagram is shown in Fig. 3(a). In Fig. 3(a), the real axis and
imaginary axis are denoted as “R” and “I,” respectively. The ac
grid voltages, input side voltages, and currents in (15) to (17)
are shown in red; output side voltages, and currents in (18) are
shown in green.
The phasors of the ac inductor voltages are defined as

T, = Dypg - e i =y el

- . 2 — . A o
Unsu = JwiLgim1  VUpsa = jwiLgip €’

Vs = jwr Lyimie 2. (19)

[Vxy blvec 18 the vector of branch voltages, [Vp]vec is the
vector of the nine cascaded full-bridge output voltages, and
[VLb]vec 18 the vector of the nine branch inductor voltages

[ny,b]vec

- - - - - - - - - T
- [’Uur,b Vusb Outb Vvrb Vvsbh Vutb Vwrb Vws b ’th,b}

Uxy b =Up — Uy T =u,v,w Yy=r,8,1t (20)

[Vblvee = [Ub1 Tvz Ubs Tha Tbs Ube Tp7 Ubs Upo | (21)
T &
[VLblyee = [ULb1 TLb2 Urb3 Uroa ULbs Uree Uror ULbs Urbe) -

(22)

The definition of phasors in [Vxy blvec, [Vb]vec. and
[VLbJvec is shown in Fig 3.(b). The three vectors satisfy
(23)

[VXY—b}vec = [Vb]vec—"_[va}vec'

[€t]vec is the vector of unit phasors on branch voltage di-
rections. [en]vec is the vector of unit phasors perpendicular to
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[et]vec and it lags behind [e¢]yec 90°

3}
ko 1

[et}vec = [k] [VX}’—b]Vec [k} = . ki = —=

. |ny,b|
kg

(24)
[en}vec = _j[et]vec [en]vec = [é;ﬂ grL? s €7L9]T é;” - eja(,,.
(25)

According to (20), [ep]vec can be separated into three groups
and in each groups the phasors satisfy (26) to (28). In Fig. 3(a),
phasors ¢,,; are shown in blue

[en1.5.0]vec = [€n1 ns Eng | = [1 e/ 2] €1 (26)
[en2,6,7]vec = [é;ﬂ éan6 e_a'n7] = [1 el ejZa:I ' gn? (27)
[en3,4,8]vec = [5713 é‘714 é»nS] = [1 eja ej?a] : é'77,3- (28)

Similar to the idea in [25], to stabilize the branch energy in
each branch the cascaded full-bridge output voltage vj,; needs to
be perpendicular to the branch current ;g” (fbi L ;). Obviously,
on each branch, the branch inductor voltage v7;; is perpen-
dicular to branch current fbi (ZbiLULbi). According to (23), to
stabilize the branch energy the branch current ip; should be
perpendicular to the branch voltage vy 1,

qu;J_ffxyfb (r=u,v,w y=rst i=12...,9).
(29)

Combined with (24), (25), and (29), the branch currents
should satisfy (30), where ¢; € ® ¢=1,2,...,9. In each
branch, the phasor ip; needs to be in the same or opposite di-
rection of é,;. In matrix [C], ¢; to ¢y are the magnitude of nine
branch currents. When ¢; > 0, fbi is in the same direction of €),;
and when ¢; < 0, fbi is in the opposite direction of é),;.

[ib]vec = [C] [en]vec [ib]vec = [;bl s be) ]T

1
[C] = (30)
co

Rewrite the definition of basic branch currents shown in (7)
in phasor domain

s = (1/3) T +(1/3) 7,
y=r,s,t.

1=1,2,.9 x=u,v,w

(€19}

In Fig. 3(a), the phasors of basic branch currents ;b(),i are
shown in purple. There exist angle differences between the ba-
sic branch current phasors fbo,i (i=12,...9 and ¢,; (i =
1,2,....,9). The basic branch currents do not satisfy (30). There-
fore, the basic branch current allocation will make the branch
energy unstable, as predicted in Section II-C.

B. Branch Current Magnitude Calculation

Section II-A provided the method to calculate the phase an-
gles of the adjusted branch currents in phasor domain. This
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section provides a method to calculate the magnitudes of the
nine adjusted branch currents. In the M3C, the branch currents
should satisfy the constraints of (32)—(34) at the input side

Gy =g F 2 iy =C1 -Gy A+ oGz (32)
Gy = s + Qb5 + b6 = Co - Eng + C5 - Ens +C6 - G (33)
G = ip7 b8 +ipo = C7 - Gyt + C3 - Eug + Co - Eug. (34)
Multiplying (33) by e/2® and (34) by &/
Gy =y €02 =y Epz A C5 - En1 +Co - B (35)
Gy =ty € =7 Gt sty . (36)

The current constraints (32)—(34) at the input side are equiva-
lent to (32), (35), and (36). It can be proved that the magnitudes
of branch currents ¢; (¢ = 1, 2,...,9) satisfy

Cl =C, =C Cy =C,—=Cr C3 =C = Cg. (37)
As aresult, the branch current constraints at input side can be
represented by a single constraint in (32). Similarly, the branch

current constraints at the output side can be simplified as

G =yt +ips Fiyr =1 Eur + 0o €2 Gy oy - €1 Eps.

(38)

According to (32) and (38), the magnitudes of branch currents

satisfy (39)—(41). The operator “Imag()” denotes the imaginary

component of a phasor and the operator “Real()” denotes the
real component of a phasor.

Imag(cy - €1 +¢2 - Ena +c3 - €En3) = Imag(fu) =0 (39

Imag(ci - €y +co - €% €y +c3- 7% - E,3) = Imag(ﬁ)
(40)

Real(cy - €1 + ¢ - eI @y + eyl €n3) = Real(fr).
41

As the real axis is on the same direction of phasor vg,,,
the constraint in (39) ensures that there is no reactive power
applied at the ac grid. Equations (40) and (41) ensure the current
constraints at the output side. According to (39) to (41), the
magnitudes of the branch currents can be calculated by solving
the linear equations as

T
[A] [Cl (&) Cg] = [B] (42)
where
sin oy sin o9 sin o3
[A] = | sinoy  sin(ope + 2a)  sin(opz + @) 43)
cosop  cos(ope +2a)  cos(ops + @)

A . z T
[B] = [O tmo - SIn(0 — @ + 1) 4o - cos(d — JF’Yl)]
(44)

With the calculated values of ¢y, co, and c3, the magnitude
of the input currents (7,,) can be calculated by (32). Assuming
[c; 5 c5]T is a possible solution of (42), combined with (30)
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and (37) the reallocated branch currents should be
e G =c=c
iblvee = [Cl'lenlvee [CI'=| . | |&=cG=¢
gl \G=ci=c
(45)
In this paper the reallocated branch currents [ip |vec = [ib|%ec

are called the branch energy equilibrium point of M3C when
operates with similar input and output frequencies.

C. Discussion on the Control Availability

As explained in Section I, the consideration in this paper
is to equalize the energy of the nine branches by using only
circulating currents in the M3C. According to the definition
in (15) and (17), there is no reactive power at the input side.
In Fig. 3(a), as the neutral point of the two three-phase systems
(N1 and Ny) are overlapped, there is also no common mode
voltage injected. According to the analysis in Section III-B, if
the matrix [A] is invertible, then the linear equation in (42) is
solvable and the reallocated branch currents can be calculated.
Defining the modulation rate m in (46), the determinant of the
matrix [A] satisfies (47).

m = Oyo /0, >0 (46)

det([A]) = 3V3(1—m?)cosy /2/V/m? — 2cos'm + 1/ . ..

\/m2 + (cos @' +V3sin6)m + 1/

\/m2 + (cos @ — /3sin@)ym + 1 47)

where

0’ = (wg—wl) T+ 0. (48)

If m # 1, according to (47), the determinant of matrix [A]
satisfies “det([A])#0” so the matrix [A] is invertible, then as
explained before the mentioned consideration is applicable and
the magnitudes of the branch currents satisfies

* ok -1 *
[ci s e5]" =[A]'[B] ¢ =¢

*

C S
Cy =Cg = C7

(49)

:CS

S

k% %
C3 = C; = Cg.

If m = 1, the matrix [A] is not invertible. To simplify the
analysis, it is assumed that the input side frequency is equal to
output frequency (w; = wo) and, therefore 0’ in (48) is equal
to 0

am=10=0o0r0 =2n/30rf0 =-27/3

In these conditions, the vector of branch voltages [Vxy b]vec
has zero components, so there is no definition of [ey, |vec. The
branch currents cannot be calculated using the method explained
in Section III-B. If § = 0, input voltages and output voltages sat-
isfy v, = v, U, = Us, U, = ;. Inthis case, the power transfer
from input side to output side can be realized by controlling the
cascaded full-bridges in Branches 1, 5, 9 to output zero voltage
and blocking the cascaded full-bridges in Branches 2, 6, 7 and
Branches 3, 4, 8. Similarly, the control for § = 27/3 and 6 =
—2m/3 are shown in Table I. However, the load needs to be
purely resistive to ensure no reactive power at the ac grid
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TABLE I
OPERATION METHOD FOR THREE SPECIAL CONDITIONS

m=1 Branches 1, 5,9 Branches 2, 6, 7 Branches 3, 4, 8
0=0 * Blocked Blocked

0 =2r/3 Blocked * Blocked
0= —-27/3 Blocked Blocked *

“x’: The output voltage of the cascaded full-bridges is zero.

Fig. 4. Phasor diagram on the condition of “y; = —¢.”
b.m=1860+0,2n/3, -27/3
When m = 1, the determinant of matrix [A] equals to zero. The
rank of matrix [A] is smaller than 2 (rank([A]) < 2). Assuming
[A] = [a; az ag ], where a;, ay, and a3 are column blocks of
matrix A. If the linear equation in (42) has a solution, the rank
of matrix [A B] satisfies

det(|a; a2 B|)=0
det(|a; a3 B|)=0.
det( as agB ):0
(50)
Taking matrix [a; ap B] as an example, its determinant sat-
isfies (51). It can be proved that the linear equations in (42) has
solutions only if condition (52) is met. Since 7; =0, the power
factor angle at the output side is almost zero (the load is almost
purely resistive). In the condition of (52), the basic branch cur-
rents are one of the solutions for the linear equations in (42).
Taking Branches 1, 5, 9 as an example, the phasor diagram is
shown in Fig. 4. As the basic branch currents are in the same
direction as [en]yec, there is no active power on each branch
and the branch energy is stabilized

B V3igm (2cos(0 — 7/3) — 1) sin(y1 + )
4y/1 —cos @ - \/1+ cos(0 + 7/3)

(5D

(52)

rank([A B]) = rank([A]) <2 =

det([a; ag B]) =

=0
sin(y1 +¢) =0=v = —p.
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In conclusion, when magnitudes of input and output voltages
are not the same (m # 1), it is possible to stabilize the branch
energy by using only circulating currents in the M3C. However,
when m = 1, the allocation is only possible when the load
is purely resistive. Otherwise, the common-mode voltage or
reactive power at the ac grid side is required.

D. Adjusted Branch Power

According to the analysis in Section III-C, when the modula-
tion rate m # 1, the matrix [A] is invertible and the solution of
(42) can be calculated as [A]"'[B]. According to (24), (25), and
(30), the branch currents satisfy

[ib]yee = (=) - [C] - [K] - [Vxy bvee-

Taking Branch 1 as an example, the voltage and current pha-
sors in Branch 1 satisfy (54). The branch power on Branch 1 then
satisfies (55), where d = (1 — woLyciky) - ¢1 k1 /2. Similarly,
all the branch powers can be calculated. Branches “1, 5, 9,” 2,
6,7, or 3,4, 8” share a same branch power respectively (p,; =
DPos = Db, Pb2 = Pb6 = Db, Pb3 = Ppa = Ppg) Compared
to the branch power under the basic current allocations in (11)
there is no frequency component wi-w-. As a result, using the
reallocated branch currents can make the branch energy sta-
ble when the M3C is operated with similar input and output
frequencies

(53)

—

Vp1 = Uy — Up 7jw2LbZ.b1 Z.bl - 7]‘ cC1 kl : (Uu - UT)

(54)
Py = vp1ip1 = Real(T1) - Real(fbl) = df[);,%l sin(2w1 t 4 21)
+ ... di?, sin(2wat + 20 + 21)

— 2d0), Oy sin((wy + w2)t + 0 + 271). (55)

IV. BRANCH-BALANCING CONTROL METHOD
A. Branch Current Reallocation Strategy

According to the analysis in Section III, if the voltage mag-
nitude at the input side and output side are not identical, the
reallocated branch currents defined in (45) and (49) can be ap-
plied to suppress the capacitor-voltage fluctuation when output
frequency gets close to the input frequency. In this section,
the theoretical calculation process in the phasor domain ex-
plained in Section III is used as a real-time control method.
The control block is shown in Fig. 5. Generally, there are four
steps to get the reallocated branch currents in the proposed
branch current reallocation method: Step 1. Calculating pha-
sors €, (i =1,2,...,9); Step 2. Adjusting phase angles of €,,;
according to capacitor voltage differences; Step 3. Calculating
branch current magnitudes ¢; (i = 1,2, ...,9) by solving linear
equations [A][c; ¢ c3]7 = [B]; Step 4. Getting the reallocated
branch currents. These steps are marked in Fig. 5.

In Fig. 5, v5"", v3"" are the input side voltage references on
af frames and v, vg"’t are the output side voltage references
on af frames. Currents ¢, , iy, ¢; are the measured three-phase
load currents. Using Clarke transformation to get the magnitudes

and angles of phasors @, U, and 4, as “0.,;, 61, “On2, 0a,”
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Fig. 5. Proposed branch current reallocation strategy.

1(q) fatl’

Fig. 6.

Angle definitions in the proposed control.

and “i,,2, 05 The angle definitions are shown in Fig. 6. 6 is
the angle of phasor ¥, which can be calculated from phase-
locked loops. There exist an angle difference between phasor
Uy and the real-axis R’ shown in Fig. 6. To coincide with the
phasor definitions in Section III, the real axis is moved to the
direction of ¥,,. Subtracted by 6, the angle of ¥, v, and i
are denoted as y1, vo, and 3.

According to (24) and (25), phasors €,1, €,2, and €,3 can be
calculated by (56). Theoretically the calculated €,,1, €,2, and
€, 3 are absolutely perpendicular to ¥y, U2, and 7,3, so there is
no active power in each branch. However, due to measurement
and small calculation errors, the calculated €1, €,2, and €,3
have angle errors. Since €5 to €,9 are calculated by using

(26)—(28), the angle error has a similar effect on Branches 1,
5, 9, as it does on Branches 2, 6, 7 and on Branches 3, 4, 8.
Denoting Branches “1, 5, 9,” 2, 6, 7,” and ‘3, 4, 8 as Branch
Groups 1, 2, and 3, the group capacitor voltages are defined in
(57), where . (i = 1,...,9)is the average capacitor voltage
in a given branch

— ‘7_)’11,_777" — -1711._175 — .(Uu_gt
En1= —J) 5 =7 2= )5 =7 3= I =7
|'Uu - U’I‘| | (T Us' |’Uu — Ut
(56)
UCgp1 = Z U /3 ucypr = Z ug;®/3
i=1,5,9 i=2,6,7
ucgps = Y ugt/3. (57)
i=3,4,8

The angle errors of €1, €,2, and €3 cause an energy dif-
ference among Branch Groups 1, 2, and 3. The phase angles of
€n1, €n2, and €,3 need to be adjusted to regulate the branch
energy. For instance if the group capacitor voltages satisfy
ucgpr < Uex, ucgpa > Uck, ucypz > Uex (U is the reference
capacitor voltage) and the calculated branch current magnitudes
satisfy ¢; > 0, ca > 0, c¢3 < 0, the regulation process is shown
in Fig. 7. In Branch Group 1, because ucg,1 < U.*, an extra
positive active power need to be supplemented, so the phasor
of the branch reference current needs to be moved closer to
the phasor of the branch voltage with an angle of Aay . Since
¢1 > 0, the adjusted &Y is shown in Fig. 7(a). In Branch Group
2, because ucgy,2 > U *, an extra negative active power need to
be supplemented, so the branch reference current needs to be
moved away from branch voltage with an angle of A«y . Since
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Fig. 7. Slight adjustments of €)1, €,2, and €,3.
(b) Branch Group 2. (c) Branch Group 3.

(a) Branch Group 1.

¢y > 0, the adjusted &5 is shown in Fig. 7(b). In Branch Group
3, because ucy,3 > U, *, an extra negative active power need to
be supplemented, so the branch reference current needs to be
moved away from branch voltage with an angle of A« Since
c3 <0, the adjusted &% is in the opposite direction of the
branch current shown in Fig. 7(c). The angle of Aoy, Acas and
Aag can be calculated by proportional-integral (PI) controller
shown in dashed line box in Fig. 5.

With the adjusted &%, &%, and &%, the matrix [A] is
calculated according to (43). Matrix [B] can be calcu-
lated according to (44). Branch currents magnitude c;, ca,
and c3 are calculated by [A]'[B]. The three groups of
[enl,s,g]vem [en2.6ﬁ7]vec’ and [en374,8]vec are calculated ac-
cording to (26) to (28). The nine branch currents satisfy

. . - T .
[129129]‘,9(: = [Zl:lef Zbif)ef Zl:f)ef] =C [en1,5.9]vece]90
.ref i
[1£e267]vec = [’Lbr;f br(,ef br76f] = C [en2,6,7]veceﬂl)0 :
ref T N
[IE?MS]vec = [zb,;f Zb,:f Zbrgef] =C3 [elfll‘},él,S]vec€J90

(58)
However, a direct application of these currents will possibly
influence input and output side three-phase currents. To avoid
this effect, in Fig. 5 a Dual-a/ transformation is performed and
branch current references are applied as circulating currents.
Because of the decoupling of the Dual-a/3 transformation, the
effect on input and output side three-phase currents can then
be eliminated. The introduction of the Dual-«3 transformation
might affect the capacitor voltage balancing but since the phase
angle adjustment is very small as shown in Fig. 7, these effects
can be neglected in practice. The input side current magnitude
5,,11 can be calculated using (59). It is also the d-axis current
reference value for the grid side control under d-¢g frame. The in-
stantaneous voltage drop on branch inductors can be calculated
as (60)

_»ad_]

ccal __ 7 _ a<J ad]
iy = im1 = Real(¢ €1 T C2-€5" +c3-€3 ) (59)
“ref Tref Fref
ULb1 VLb2 VLb3 Zbl %2 Zb3
_ _ . “ref Tref 7 ref
[Vio] = | vrpa vies vips | = Real [jwLy 21,14 Zg}f i
VLT VLbS VLbY el e et
(60)
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Fig. 8. Overall control strategy for the M3C.

B. Overall Control Strategy for the M3C

For the M3C topology the capacitor-voltage balancing control
consists of three levels [5]:

1) overall-balancing control regulates the average value of

all capacitor voltages to the voltage command;

2) branch-balancing control regulates the average value of
capacitor voltages among the nine branches;

3) individual-balancing control regulates the value of capac-
itor voltages of different full-bridge converter cells in each
branch.

Correspondingly, the overall control strategy for the M3C
consists of four modules, grid-side control, load-side control,
branch-balancing control, and individual-balancing control. The
overall control block is shown in Fig. 8.

The grid-side control realizes the overall-balancing control.
It adjusts the active power on the input side to regulate the to-
tal energy stored in all nine branches and ensure unity power
factor at ac grid. In this paper, a traditional d-g frame-based grid-
connect control method is applied [26]. The current reference
value in g-axis is set to be zero. The branch current reallocation
strategy, as explained in Section IV-A, provides a calculated
current reference value on d-axis (i5') in (59). To avoid the
effects of calculation or measurement errors, the reference val-
ues are adjusted by a PI regulator. The PI regulator adjusts 7, ref
from zﬁ,‘” according to the total capacitor voltage dev1at10n. As
shown in Fig. 8, uc®"Y is the average capacitor voltage of all
the full-bridge cells in the M3C. The grid-side control finally
provides the M3C input side voltage references v;,"" and vg"".
The load-side control realizes the regulation of machine speed,
torque or so on. The load-side control provides the M3C output
side voltage references v,*" and vj*".

In Fig. 8, the branch-balancing control regulates the average
capacitor voltages among the nine branches by the reallocation
of the branch currents. The branch current reallocation strat-
egy, explained in Section IV-A, provides the calculated branch
inductor voltages [VLb] and the reference circulating currents
irel Q) gf ) ;Sf , 'ﬂr 5. Applying a double a8 transformation

n [vyp], the transformed branch inductor voltages are shown
in (61). To realize accurate control of the four circulating cur-
rents, according to the equivalent circuits shown in Fig. 2, the
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Fig. 9. Inner circulating current control.

: Lb o Lb . Lb ,Lb
branch inductor voltages v, , v, 3, V5., V53 need to be regu-

lated. The regulation, as shown in Fig. 9, is realized using pro-
portional regulators according to the error between the measured

(fo s Gos®s i ", i3 °) and the reference circulating current
cref sref .ref .ref
values (4 AT )

aa’

Lb Lb
Voo Vap Voo’
_ Lb Lb Lb
Tpuai—ap([VLs])) = | Vsa vgg Vg0 (61)
Lb Lb Lb
Voo Vops Voo

InFig. 8, [V, 1,]D-ap defined in (5) is the matrix of branch
voltages in double a8 frames. In [v, 1 |p-agp, the common
mode voltage v.,,, is set to be zero. As a result, the output
voltage references of the nine cascaded full-bridges are equal to
the difference between branch voltages and the branch inductor
voltages as in (62). The individual-balancing control and the
modulations on converter cells are then performed based on
these voltage references

ref)
vi" ] = [nyfb]Dfa{i_[VLb]Dfaﬁ

wow ] Lb Lb Lb

0 0 ’Ug v Voo Vap Va0
_ uvwW Lb Lb Lb
= 0 . 0 Vg - U‘aaLb UﬂaLb U‘ﬁoLb

5 5t
—v," —vg™ 0 Voo Vo™ Voo

A’Ua o Avay 0 i
+ A’Uﬁa A'Uﬂﬂ 0
0 0 0

(62)

Individual-balancing control balances the value of capaci-
tor voltages of different full-bridge cells in each branch. This
can be achieved by many well-constructed methods like capac-
itor voltage sorting based on phase-disposition carrier pulse-
width modulation (PD-PWM) [8] or reference voltage adjust-
ment for each full-bridge based on phase-shift carrier PWM
(PS-PWM) [27].

C. Control Limitation Considering the Increased Current
Stress

Under the basic branch current allocation, each branch con-
sists of 1/3 of the x-phase (x = u,v,w) input side current and 1/3
of the y-phase (y = r,s,f) output side current. In this condition,
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Fig. 10.  Current stresses on Branches 1, 5, 9 when m = 0.75. (a) Using the

proposed control method. (b) Using the control scheme in [4].

the maximum branch current stress Iy;ax satisfies
Liax = (im1 + tm2)/3.

Neglecting the effect of the ac inductor L, based on the anal-
ysis in Section II, taking Branch 1 as an example, the calculated
branch current magnitudes are

(63)

c1 = (2cosp-sin(f) - m? +sinp - m + 2sin(p — 0)) - ...

\/m2 —2cos(9)-m+1-%2,,L/3/(1—m2). (64)

Defining the nine branch current stresses as %bmi (i =
1,2,....,9) in (65), where “Abs” is the absolute value function.
For a fixed modulation rate m and a fixed load current mag-
nitude i,,-, the branch current stresses are functions of angle
difference € and load power factor angle ¢. Fig. 10 (a) illus-
trates the current stresses on Branches 1, 5, 9 when modulation
rate and load current magnitude are set as 0.75 and 1. Clearly,
the larger the reactive power is at the output side, the larger the
possible maximum current stress is on the branch (shown in red
star)

im1.5.0 = Abs(c1) ipma.6.7 = Abs(ca) tpm3.a8 = Abs(cz).
(65)

The control scheme in [4] injects circulating currents on the
condition that the input and output side three-phase systems
share an opposite value of reactive power. Using the proposed
method in this paper, we can also get the branch current allo-
cation under this condition. According to (39), we only need
to change the first element in vector [B] from 0 to “Un1 SID ©”
since the imaginary part of i, has changed. The vector [B] in
(44) changes to

[B] = [4m1 SN iy sin(@ — @ + 71) o cos(d — @ 4+ 71) "

(66)

Neglecting ac inductor Lg, by solving the linear equation in
(42), the branch current magnitude on branch 1, 5, 9 is

a1 =/m2 —2cos(f) -m+1-2sin(p — ) -49,, /3. (67)

Obviously, the value of (64) and (67) is the same when the load
is pure resistive ( o= 0). Fig. 10 gives the numerical comparison
between the proposed control and the control scheme in [4] in
terms branch current stresses. In Fig. 10, at the extreme condition
(¢=90°) the branch current stress is 30% higher than the branch
stress in [4] but the benefit is that there is no reactive power at
the grid side. In addition, it is convenient to set an adjustment
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Fig. 11. M3C Experiment Platform. (a) M3C main circuit. (b) Central
ciontroller. (¢c) R-L load.
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Fig. 12.  Control system of the prototype.

factor & at the first element of vector [B] as
(B] =
o . o . a r
[5 1 SIN WLy e sin(0 — @ 4+ ¥1 )2 cos(0 — @ + 71)
(68)

Future researches will focus on the adjustment of £ to get an
optimized compromise between the reactive power at the grid
side and the limitation of branch current stresses.

V. EXPERIMENT RESULTS

A. System Configuration and Capacitor Voltage Balancing
Verification

A low-power M3C prototype is build up to validate the pro-
posed analysis and control strategy. The research in this paper
focuses on the branch-balancing control of the M3C. Therefore,
to simplify the platform and control, the individual-balancing
control is simplified by using only one full-bridge cell in each
branch. The experiment platform is shown in Fig. 11. Fig. 12
shows the control system of the prototype. It consists of a central
controller and nine full-bridge cells. The central controller uses
a 32-b floating-point digital signal processor TMS320F28377
and a field-programmable gate array. Each full-bridge cell has
a cell controller based on a complex programmable logic de-
vice. Central controller and cell controllers are connected in an
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TABLE I

EXPERIMENT PARAMETERS
Parameters Symbols Value
Switching Frequency fs 2 kHz
Full-bridge cells per branch N 1
Module Capacitance C 880 uF
Branch inductance Ly 2 mH
AC grid inductance L 5 mH
Capacitor Voltage Ue * 150V
Input frequency f1 50 Hz
Input Voltage Magnitude O 1 80V
Output Voltage Magnitude Dy 2 60V
Load Resistance R 5Q
Load Reluctance L 0or 10 mH

Time (10ms /div)
(a) (c)

7T

Time (1s /div)
(b) (d)

Time (10ms /div)

Fig. 13. Capacitor voltages balancing with R = 5 Q and L = 0, 6 = 120°.
(a) Capacitor voltages. (b) Branch currents. (¢c) Zoomed-in capacitor voltages.
(d) Zoomed-in branch currents.
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Time :5ms /div)
(b) (d)

Fig. 14. Capacitor voltages balancing with R = 5 Q and L = 0, 6 = 120°.
(a) Output line-to-line voltages. (b) Output currents. (c) AC grid phase-to-neutral
voltages. (d) Input currents.

optical ring network. PWM signals and capacitor voltages are
transmitted through this network.

Table I summarizes the circuit parameters used for the ex-
periment. The reference voltage of each module capacitor is set
as Uc* = 150 V.

Figs. 13 and 14 show the experimental results of the prototype
with output fundamental frequency f> = 50 Hz, load resistance
R =5, and load reluctance L = 0, = 120°. Fig. 13(a) and (b)
shows the capacitor voltages and branch currents of Branchs 1, 2,
and 3. Before time #,, the proposed branch-balancing method is
applied. Capacitor voltages coincide to each other and fluctuate
around 150 V. At time #;, the basic branch current allocation
is applied instead. The capacitor voltages become unbalanced
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Fig. 15.  Capacitor voltages balancing with R =5 Q and L = 10 mH, = 150°.
(a) Capacitor voltages. (b) Branch currents. (c) Zoomed-in capacitor voltages.
(d) Zoomed-in branch currents.
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Fig. 16. Capacitor voltages balancing with R = 5 2 and L = 10 mH, 6 =

150°. (a) Output line-to-line voltages. (b) Output currents. (¢) AC grid phase-
to-neutral voltages. (d) Input currents.

quickly. This consists with the analysis before. At time f», the
proposed control is applied again and the capacitor voltages
become balanced again. Fig. 13(c) and (d) are the zoom-in
results of Fig. 13(a) and (b) in steady state. It can be seen that
the capacitor voltages are stabilized and balanced very well. In
addition, there is a number of harmonics in i}, i;,2, and #;,3. It
is because €,,; (1 = 1,2, 3) need to be adjusted according to the
branch energy differences as shown in Fig. 7. These adjustments
will make the direction of €,,; (¢ = 1,2, 3) changes and result in
some harmonics in branch currents.

Fig. 14 shows the output line-to-line voltages v, s, vgt, Uiy,
output currents %,, i, %, ac grid voltages vy, VGv, VGw, and
input currents @,, %,, i, . As the ac grid voltages are in phase
with the input currents, there is no reactive power applied at the
ac grid.

A similar verification is also applied for an inductive load. The
output fundamental frequency f> = 50 Hz and load resistance
R =5 (), load reluctance L = 10 mH, 6 = 150°. In Fig. 15, at
time #;, the proposed control method is replaced with the basic
branch current allocation and at time #,, the proposed control is
restored. These results verify the effectiveness of the proposed
balancing control and Fig. 16 shows that there is no reactive
power at the ac grid side of the converter.

B. Branch Current Stresses Verification

As explained in Section IV-C, branch current stresses can
be calculated according to (64). Fig. 17 shows the comparisons
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Fig. 17. Branch current stresses verification. (a) With R = 5 2 and L = 0.
(b) WithR =5 and L = 10 mH.
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Fig. 18.  Capacitor voltages and branch currents with R = 5 © and L = 0.
(a) Capacitor voltages when ¢ = 150°. (b) Branch currents when 6 = 150°.
(c) Capacitor voltages when 6 = 180°. (d) Branch currents when 6 = 180°.

between the calculated and experimental results. The output
fundamental frequency is set as f, = 50 Hz. In Fig. 17(a) and
(b), the loadsare R =5 Q2 L =0 and R = 5Q L = 10 mH,
respectively. The solid lines are the calculated branch current
stresses of Branchs 1, 2, and 3. The experiments are performed
every 30° on horizontal axis. Experimental results are marked as
“x.” It can be seen that in Fig. 17(a) and (b), the branch current
experimental results correspond to the calculated results well.
Meanwhile, the dashed line in Fig. 17 is the maximum branch
current stress under basic branch current allocation, which is
calculated according to (63). Because of the increased reactive
power at the output side, the branch current stresses increase
more in Fig. 17(b) than in Fig. 17(a).

With load R =5 ) and L = 0, take 6 = 120, 150, and 180 for
example, the capacitor voltages and branch currents are shown
in Fig. 13(c), (d) and Fig. 18(a)—(d). Withload R =5 Qand L =
10 mH, take 8 = 120, 150, and 180 for example, the capacitor
voltages and branch currents are shown in Figs. 19(a), (b), 15(c),
(d), and 19(c),(d).

C. Near Equal-Frequency Verification

The results above validate the theoretical analysis and the
effectiveness of the proposed control method under equal fre-
quency operation (f; = fo = 50Hz). Fig. 20 shows the results
when there is a small difference between the input and output
frequencies. The output fundamental frequency, here, is set as
fo = 49.5Hz. In Fig. 20(a) and (b), the load is R =5 Q L
= 0. Before time ?;, the proposed branch-balancing method is
applied. Capacitor voltages fluctuate around 150 V with a fluc-
tuation of 10 V. At time ¢;, the basic branch current allocation
is applied instead. The magnitudes of the capacitor voltages
fluctuation increase immediately. The voltage fluctuations in-
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Fig. 19. Capacitor voltages and branch currents with R =5 2 and L = 10 mH.

(a) Capacitor voltages when 6 = 120°. (b) Branch currents when 6 = 120°.
(c) Capacitor voltages when ¢ = 180°. (d) Branch currents when § = 180°.
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Fig. 20.  Capacitor voltages and branch currents when the output frequency is
49.5 Hz. (a) Capacitor voltages with R = 5 2 and L = 0. (b) Branch currents
with R = 5 and L = 0. (c) Capacitor voltages with R = 5 Q2 and L = 10 mH
(d) Branch currents with R = 5 ) and L = 10 mH.
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Fig.21.  Capacitor voltages balancing withR=5Q and L = 0, fo = 49.5 Hz.
(a) Output line-to-line voltages. (b) Output currents. (c) AC grid phase-to-neutral
voltages. (d) Input currents.

crease to 460 and —50 V. This consists with the branch power
analysis. At time t,, the proposed control is applied again and
the capacitor voltages become effectively suppressed again. In
Fig. 20(c) and (d), the similar experiment is performed when the
load is R = 5 Q2 L = 10 mH. In Fig. 20(c) and (d), before time
t1, the proposed branch-balancing method is applied. Capacitor
voltages fluctuate around 150 V with a fluctuation of £10 V. At
time ¢, the basic branch current allocation is applied instead.
The magnitudes of the capacitor voltages fluctuation increase
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Fig. 22. Capacitor voltages balancing with R = 5 Q and L = 10 mH, f»
= 49.5 Hz. (a) Output line-to-line voltages. (b) Output currents. (c) AC grid
phase-to-neutral voltages. (d) Input currents.

immediately. At time ¢,, the proposed control is applied again
and the capacitor voltages become effectively suppressed again.

Figs. 21 and 22 show the three-phase voltages and currents.
As the ac grid voltages are in phase with the input currents, there
is no reactive power applied at the ac grid.

VI. CONCLUSION

In the M3C there are typically 3 DOF to solve the problem of
close input and output frequency operation: reactive power at in-
put side, common-mode voltage, and inner circulating currents.
This paper discussed the possibility of using only the inner cir-
culating currents to make M3C applicable for equal-frequency
operation.

In order to confirm this consideration, a theoretical analysis
was first presented in the phasor domain to develop an adjusted
branch current allocation to stabilize the branch energy, which
proved the consideration is available when the magnitudes of the
input and output voltages are not similar. The branch power fluc-
tuations were suppressed effectively with the application of the
reallocated branch currents. Meanwhile when the input and out-
put voltage share a similar magnitude, the consideration is only
possible with a purely resistive load. Therefore, a branch energy
balancing control method based on branch current reallocation
in phasor domain was proposed. Experimental results validated
the theoretical analysis and proved that the low frequency ca-
pacitor voltage fluctuations can be effectively suppressed with
the proposed control method while keeping unity power factor
at the ac grid side and without using common-mode voltage.
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