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Abstract—The Modular Multilevel Matrix Converter
(M3C) is an ac-to-ac converter topology suitable for the
control of high-power variable-speed drives. The control
of this converter is complex, particularly when the two ac
system frequencies are similar or identical because large
voltage oscillations can be produced in the floating capac-
itors within the M3C. This paper proposes a new Vector
Control System based on nested controllers to regulate the
M?3C over the full-range of frequencies. The proposed con-
trol scheme is especially useful to mitigate or eliminate the
oscillations that arise when the frequencies are similar. An
extensive discussion of the model and control of the M3C
is presented in this work. The effectiveness of the proposed
Vector Control System is demonstrated through simulation
studies and experimental validation tests conducted with a
27-cell-5kW M*>C prototype.

Index Terms—ac-to-ac power conversion, Equal Fre-
quencies Operation, Modular Multilevel Matrix Converter

. INTRODUCTION

ODULAR Multilevel Cascade Converters (MMCC) are

a family of power converters proposed initially for
High Voltage DC transmission [1]. M MCC have several
advantages over traditional topologies such as full modularity,
simple extension to high voltage levels, redundancy, control
flexibility and power quality [2]. More recently, recognising
these advantages, MMCCs have been proposed for use in
motor-drives for SAG mills, conveyors, mine hoists and wind
turbine applications [2]-[5].
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Fig. 1. Modular Multilevel Matrix Converter Topology.

The MMCC family is characterised by a cascaded connec-
tion of cells forming a cluster or arm (see Fig. 1) and the
converter voltage rating can be increased by using a higher
number of cells per cluster. The capacitor voltage of each cell
is floating and can be charged/discharged during the operation
of the converter. Therefore, one of the most important control
tasks is to maintain each capacitor voltage within an acceptable
range, mainly for variable speed operation [3]. Of this family,
the most investigated topologies for ac-to-ac applications are
the Modular Multilevel Converter (M?2C) and the Modular
Multilevel Matrix Converter (M?>C), being the M3C' recom-
mended for low-speed high-power applications [2].

The M3C has 9 clusters based on series connected full-
bridge cells allowing direct connection of two ac ports as
shown Fig. 1. This converter is suitable for low-speed high-
power applications because lower circulating currents are re-
quired to mitigate the capacitor voltage oscillations compared
to those required in the M2C [6], [7]. However, the M?3C
has an inherent problem operating when the input/output fre-
quencies are similar/identical because large capacitor voltage
oscillations can be produced [7].

Recently, nested control systems based on decoupled mod-
elling of the M 3C have been proposed [4], [5]. It is claimed
that these approaches decouple the converter voltages and
currents simplifying the control of circulating currents and
common-mode voltage in the M3C. For the sake of simplicity,
in this work the operating range of the M3C will be divided



into two modes: the Different Frequencies Mode (DFM) and
the Equal Frequencies Mode (EFM). When the input-port
frequency is different to the output-port frequency (i.e. lower
or higher by a given threshold), the system is considered to op-
erate in DFM. In this zone, the capacitor voltage mean values
are controlled using either circulating currents or by injecting
a common-mode voltage. Some publications have reported
experimental validation of DFM control systems of the M3C
for drive applications [4], [5] and Wind Energy Conversion
Systems [8]-[10] and ac-ac conversion [11]-[13]. On the other
hand, when the absolute value of the input-port frequency is
very close or equal to the output-port frequency, the system
is considered to operate in EFM, where mitigation signals or
operation point restrictions are utilised in the control systems
to eliminate the oscillations in the floating capacitor voltages
[14]-[18]. The average value of the capacitor voltages are
regulated as in DFM, and the oscillations can be attenuated by
introducing some operational restrictions such as, for instance,
imposing complementary input/output power factors and equal
input/output voltage amplitudes in the converter [14], [16].
Alternatively, common-mode voltages and circulating currents
can be calculated offline and stored in a look-up table as part
of an open-loop mitigation scheme [15], [17], [18]. However,
the use of mitigation signals imposed in an open-loop manner
during EFM cannot compensate for non-linearities, changes in
the operating point and uncertainties in the converter model.
Therefore methods based on using look-up tables cannot
ensure good performance for all operating conditions. In [19],
closed-loop control of the mitigation signals is proposed.
However, in this preliminary work, only simulations results
are presented for the case where the input-output frequencies
of the converter are equal. Moreover, the performance of
the proposed control methodology is not compared with that
produced with the existing control systems. The contributions
of this paper can be summarised as follows:

o To the best our knowledge, this is the first paper where
vector control systems for the M3C are developed and
experimentally validated for the whole operating range.
The performance of the proposed control system is com-
pared with that obtained using some of the previously
reported control methodologies. The voltage oscillations
are directly controlled using the proposed control sys-
tem without using off-line-calculated mitigations signals
stored in look-up tables.

« The proposed control systems can be applied over the
whole frequency range, including DFM and EFM oper-
ation. The floating capacitor energies of the M3C are
regulated using nested controllers, where the outer loops
regulate the capacitor voltages by setting the circulating
current references.

o For EFM, the mitigation signals are regulated using
closed-loop controllers that successfully drive the low-
frequency oscillations, which can otherwise lead to large
voltage oscillations, to zero. Therefore, the control system
has all the advantages of standard vector control systems
which are well discussed in the literature for field ori-
entated control [20] and power converters [3]. This is
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Fig. 2. CCV oscillations.

different to the control systems previously published for
M3C applications (see [15], [17], [18]) where Propor-
tional and PI controllers implemented in the stationary
af frame are utilised, which cannot regulate sinusoidal
signals with zero steady-state error.

o The effectiveness of the proposed control system is
validated through simulations and experiments conducted
with a 27-cell-5kVA prototype.

[I. MODULAR MULTILEVEL MATRIX CONVERTER

The M3C can be represented by a model expressed in
double aB0 frame, obtaining a Voltage-Current model and a
Power-Capacitor Voltage model. The double o530 transform
has been discussed in [4], [S], [10] and it is obtained by using
[Xap0]=[C][Xabc][C]", where [C] represents the Clarke trans-
form and the subscript abc represents natural coordinates. The
main advantage of the double o530 transform is in decoupling
the converter voltages and currents, which simplifies the design
and implementation of control systems [4], [5].

A. Voltage-Current Model of the M?3C

The Voltage-Current model of the M3C' in the double a30
frame is given in (1) [4], [5]:

0 00 ioo 1o 100
V3| 0 0 0|=Lcd |iag igs ios
Umg Umg 0 100 80 %00 0
Vaa VBa Voa 00 vg, 00 O
+ | ap vpp vop | +V3 |00 v, |+ (00 0
Va0 VB0 V00 00 O 00 3v,

Note that the currents 7,0 and igo are only dependent on the
input-port currents, whereas i, and igg are only dependent
on the output-port currents. Furthermore, a4, %84, 8o and
13 are circulating currents which have no effect on either the
input/output ports.

B. Power-Capacitor Voltage Model of the M3C

Assuming that all the capacitor voltages are well regulated
with a value close to the demanded voltage v, then the total
capacitor voltage available in a cluster, referred to as the
Cluster Capacitor Voltage (CCV), can be related to the cluster
power as given in (2).

As mentioned before, the floating capacitors can charge or
discharge during the operation of the converter, and at some
input/output frequency operating points the control systems
required to regulate these variations can be relatively complex.
For instance using a simulation, the nine CCVs are plotted (in
per-unit form) as a function of the input-output port difference
frequency in Fig. 2. The parameters of the experimental setup



presented in Section VI are used. In this case, the input-port
frequency (f,,) is varied from —75Hz to 75Hz while the
output-port frequency (fy) is fixed at 50Hz. The CCVs can
have very large voltage oscillations when f,, is close or equal
to & f,. In the other cases, when the absolute frequencies are
disimilar, the CCV oscillations are not very large. However,
due to the integrating effect of the capacitors, regulation
is required over the whole speed operating range when it
is considered that even small power variations can produce
significant voltage imbalances.

The M3C Power-CCV model of the M3C in double a30
frame is [4], [5]:

Veaa Ucﬁa Vega Paa PBa POa
d ~
OU: dt | Yeap Vegg Vcop | 7 Paﬁ Pgs Pos (2)
Ucao  Ucpo  Ucoo PaO P/ﬁO POO

Where the voltage terms of the left-side of (2) have the
following physical meanings:

o The terms v, ., Vego» Veass Veggs Vepas Vegsr Veao and
Veg, Tepresent CCV imbalances. The mean value of
those terms tends to zero when the converter is properly
regulated.

o The term v, is related to the total active power flowing
into/from the M3C and can be regulated to set the
average total value of the CCVs.

The power components on the right-hand side of (2) can
be expressed as a function of the transformed currents and
voltages as proposed in [5]. For instance, the cluster power
term P,, can be expressed as:

Ist component 2nd component
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3rd t ’ (3)
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P
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The complete expression of the remaining seven power com-
ponents (i.e. Png, Pgo, P3g, Paos Pos Poa, Pog) can be found
in [5]. Assuming that neither circulating currents nor common-
mode voltage are applied, it can be concluded that the oscil-
lations in the capacitors are produced by the first component
of (3). For example, using (2)-(3), the oscillating component
of v, can be approximated as:
o Vinlgsin(¢g+(wg—wm)t)+VyIm sin(¢m —(wg—wm)t)
~ 6CV* (wg—wm)
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where wy, =27 fp, and wy=27 f,. Note that V,,, and V; are the
input-port and the output-port phase-to-neutral peak voltage
magnitudes, respectively. I,,, and I, are the input-port and the
output-port peak current magnitudes, respectively. f,,, and ¢,,
are the input-port frequency and phase angle, whereas f,; and
¢4 are output-port frequency and phase angle. The term ﬁ(’}(f( .
also has components of frequencies f, and f,

The term v, can present theoretically unbounded voltage
oscillations when f,,==f;. In this condition, the same prob-
lem appears in vc,;, Vg, and vey,. In the general case, the
CCVs depending on P, and Pgg can lead to large voltage

fluctuations when f,,=0 and the ones depending on Py, and
Pys when f;=0. However, for drives applications the machine
back emf is very small when f,,,=0 and consequently the
power oscillations at this operating point are relatively simple
to control. Moreover, for the studied system, the grid frequency
is 50Hz and the case of f,=0 is not applicable.

I1l. VECTOR MODEL OF THE M3C

Based on (4), it is concluded that the CCVs are com-
posed of several terms oscillating with different frequencies.
Consequently, it is not straightforward to regulate them by
using a simple controller. For this reason, an additional linear
transformation, denoted XA transformation, can be applied
to enable a vector representation of the Power-CCV model,
where the CCVs are represented by expressions with only one
fluctuating frequency. The XA transformation was proposed in
[18] to obtain a geometrical orientation of the four circulating
currents of the M3C. Additionally, a similar transformation
has been introduced previously in M2C control systems to
consider the interaction of the electrical variables among
the converter upper and lower clusters [21], [22]. The XA
transformation is defined as:
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The YA transformation is applied to the terms v, , Ve,
Ves, and ve,,. Rewriting (2), and considering these new
components yields the Power-CCV model of the M3C in ©A
double-a50 coordinates:
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The new power-terms on the right-hand side of (6) can also

be expressed as a function of the transformed currents and
voltages of the converter as follows:
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At this point, the following classifications for the compo-
nents of the cluster power terms are defined:

« Non-Controllable (NC) Components. These compo-
nents depend on the machine or grid voltages and currents
and cannot be regulated without affecting either the
input/output ports.

o Semi-Controllable (SC) Components. These compo-
nents arise due to interactions between circulating cur-
rents or common-mode voltage with the input/output
ports currents and voltages.

o Fully-Controllable (FC) Components. These compo-
nents arise due to interactions between common-mode
voltage and circulating currents.

Analysing the power terms, it is possible to identify the
unstable operating points. For instance, inserting (7) into (6)
and solving for vczlf, the low-frequency component that might
lead to large oscillations can be approximated as follows:

N Vindg sin(@g+(wg—wm )t)+Vy Ly, sin(@m —(wg—wm )t)
Vera ™ 6CV} (wg—wm)

(15)
From (15), it is concluded that vZ% has large voltage oscil-

lations when f,,~f,. Extending the previous analysis to the

remaining seven CCV terms (i.e. vﬁ?, viﬁ, v(iﬁ, Veaos Vegos

Vega» Veog)» the following conclusions are obtained:
EA when fm~ fo-

A and vcz , When

« large oscillations are produced in v

o large oscillations are produced in v}
f mz_fg‘

o large oscillations could be produced in vc,,, vVcy, When
'm0,

o large oscillations could be produced in ve,,, V¢,, When

fq=0.

As mentioned previously the condition when f,,,~0 is not an
important issue in drives applications because at this operating
point the machine back-emf is very low, and this implies a
low value of the power calculated from V,,I,, [7]. The case
of f4~0 is not applicable for grid-connected applications.

The use of the YA transformation enables better repre-
sentation of the CCVs regarding the input and output port
frequencies because a pair of CCV terms is obtained for each
unstable condition. Furthermore, it is possible to represent
the dynamics of the CCV using just four equations. The
Vector Power-CCV model of the M3C in A double-a30
coordinates is then obtained as:
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YA
Cv} Weia 2§ (Vimaplgns—Vgastmas)
dt 6 aB “Jap Gap ap (17)
'*‘%('Ufnu,;iifﬁ — vgaﬂzlzfﬁ ) — vniQEaAB

dv®?

* Ci NL c -C
Cve—g X5v3 (Vmastmas) (18)
A .
7%(’05704/37'?@,8 +vga51'22()¢[3) \}gvn’l/maﬁ
dv?
* Cap ~ —1 c -C
Cveg 578 (VhasBas) (19)

A
+ \f(vmaﬁzlaﬁ—’_vm gz2o¢[3)

\}vnzga s
where the superscript ¢ represents the complex conjugate
operator and (16)—(19) represent the vector Power-CCV
model of the M3C. Additionally, vector notation is used as
follows:

P1a5 = Py +JP15 7P2a,8 = Py, +JP

Po = Pao-i-JPﬁO; P@ﬁ = H)a+]P0ﬁ

by = Vo TVer Ve, = Vo Hivesy  (20)
Umyps = vma+jvmﬁ, zmaﬂ = zma—|—jzm5

Vgas = VgaTJVgB} Ugap = lgatJigs

where v, and %, , represent the input-port voltages and
currents in 30 frame. Similarly, v, , and %, , represent the
output-port voltages and currents.

The vector vczlf p has a frequency of f,,—fg, v, 5
frequency of f,,+f,, va has a frequency of 2f,,, and v__,
has a frequency of 2 fg ThlS four vector equations allow a
simple analysis and implementation of Vector Control struc-
tures to regulate the floating capacitor voltages as discussed
in the next Section. The previous classification (i.e. NC, SC
and FC) is valid for the CCV vectors as well.

v>2 has a

IV. VECTOR CONTROL SYSTEMS OF THE M3C

The proposed control system comprises a nested structure
for decoupled regulation of the CCVs and for the input-output
ports variables. Each controller is described in the following
subsections.

A. Vector Control System of the CCVs

A Vector Control System for the regulation of v e

Czﬁ‘ﬂ U, 0‘5 ;00 s 1s proposed. The average value of all the
floating capacuor voltages is regulated using the component
Veyo- FoOr the other voltage components in the ¥A double-
af0 coordinates, the control strategy applied depends on the
operating mode. In DFM operation, it is assumed that the
capacitor value is sufficient to attenuate the voltage oscillations
produced at (2fg,2fm, fg £ fm) and only the average values
of the voltages in the ¥A double-a,50 coordinates have to be
regulated to zero using the SC terms of (16)-(19). In EFM,
as well as regulating the average values, the low frequency
oscillations of frequency f,+f,, are regulated to zero using
the FC terms of (16)-(19). The frequency f]** is defined as
the maximum frequency at which to switch between DFM
and EFM. The selection of f]'** depends on the parameters
of the converter such as cell capacitance, input/output port
voltages and power factors. An analysis of the influence of
these parameters is given in [23]. For this work, f7?~0.9f,
is used.

XA
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Fig. 3. Proposed Vector Control System for the regulation of the CCVs.

1) Control of the average component of the capacitor
voltages
The term wv,,, represents the average voltage taken across
all the floating capacitors of the M3C' and it is related to the
active power flowing into the converter Pyy. Therefore, the
following expression is written:

Input Power=P; ,, Output Power= Py, ,, ¢

* dvcoo (vmaima+vm6imﬁ) (vgaiga+vgﬁig,3)
CU 7%P00_ _ 3

c 3
dt 21
The term P,,,; represents the M>C output power, and it is con-
sidered as a disturbance that can be fed-forward. Additionally,
the input-port variables can be referred to a dg frame rotating
at 0, and oriented along the voltage vector v,,. Therefore,
(21) becomes:

dvcy,
dt

The total input-port current reference discussed in Section IV.C
[see (41)] is then composed of ¢,,41 plus the corresponding
power producing current related to the power been transferred
between both ports. Then, 7,,41 iS manipulated to regulate the
average value of the CCVs

2) DFM Control of vcl , and vCMﬁ

As mentloned before, in DFM only the average values
of vcl , and vcz , are regulated. By using complex polar
notation, (16) and (17) can be rewritten as:

Cu; ~ Py = Udemd1 (22)

YA
s Bclap 10 i o s )i(05—0m)
CUC dt Nﬁ(vmdngdq vgdqzmd )e g (23)
YA S Ac e J 0y—0m,
T(Umdq%dq Vgaq ¥2dq © (6 ))
d,UEA
* €228 1 J(G_ +0m)
O'UC dt ~% (’vmdqlgdq vgdq zmdq )e g (24)

1 (. SA ¢ ZAc J(—04+60m)
+\/6(vmdq1'1dq vgd 'leq )

where each vector in XA double-a30 coordinates has been
defined as 25 =a}2e/%, and 0. is the angle of the vector
x, and the common-mode voltage is zero.

The circulating currents are defined as follows to produce
dc components in (23)-(24):

TAx _ 2 DAk 0, . ; SAx ZAx =0
zlaﬁl Zldlh el 1’2aﬁ1 Z2dq1 (25)

Ly Voltage Reference . Single Cell Control &
for each Cell Modulation

Where 112;\‘5*1 and zzzfﬁ*l represent components of the total
circulating current references. Inserting (25) into (23)-(24) and
filtering the ac components yields:

S A% c 5 ZAx
Cuv* ifEA ’U'mdq1'2d(h C * d 7EA NvmdqzldIH (26)
< dt CIQBN \/6 Ve dt czaB \/6
ﬁgﬁ , and Fiﬁ , are the filtered versions of v?ﬁ , and vpz e

The active power flows produced by the right-side com-
ponents of (26) are used to regulate the average component
of viﬁﬁ and v . Notice that in (26) to maximise the
power regulatlon effect produced by the circulating current,
the currents 2120?5*1 and 2220%*1 are controlled to have zero phase
shift with respect to the input-port voltages.

Fig.3 shows the proposed balancing control system. The
average components of both vectors are obtained using syn-
chronous reference frame notch filters [3]. Accordingly, v EA o
is referred to a dg-frame rotating at 6,,.= f (wg—wm)dt, and

TA

g, is referred to a dg-frame rotating at 6, = [ (wg+wm,)dt.
The oscillatory components are filtered and both components
are rotated back to obtain 'vEA and v?f - Then, outer control
loops regulate ’UZA . and ’UC2Q , to zero using PI controllers.
The outputs of these controllers are used to calculate the
reference of the dq circulating currents in accordance with
(25). Additionally, the gains to enable the DFM control are
kDFM =1 and kEFM =0.

3) DFM Control of v?f and vgaB

Similar assumptions to those used in Sub-Section IV-A2 are
valid for the regulation of (18)-(19). Vectors v“ﬁ and vc are

B
rewritten as follows:

af c —§20m, sSAc ) e 2BA
*d'UCO ('Umd rndq)e iz ('Ugdq"lqu +'”gdq"'22dq) (27)
Cv R
¢ dt 3v2
0 c 4 —j26 SA e :BA
Ov* d'vcag —(v 9dq qu) 7209 (”mdq"qdq""":ndq"?dq) (28)
cTat 3v2 V3

The circulating currents are defined as follows to produce dc
components in (27)-(28):

. BAx . LAx_j0 Y Ax EA* 70m

LBy — Ydgs e g722a62 = 7‘2dq2 (29)
Where zlzoﬁ;; and 7,22;‘;2 represent components of the total
circulating current references.

Substituting (29) in (27)-(28) and filtering the ac compo-

nents yields:



Fig. 4. Proposed DFM Control of v, B and v 2
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Again it is assumed that the active power flows are produced
in the right-hand side terms of (30) by currents and voltages
which are in phase. The proposed DFM control system is
presented in Fig. 4 (it has the same structure as the control
system depicted in Fig. 3). The average components ﬁgf are
regulated to zero using circulating currents at wy, whereas
the average components iga , are regulated to zero using
circulating currents at wy,.

B. Open-Loop EFM Control of v;}2 and v;}?

C2a3

In EFM, the CCV oscillations can be partially mitigated
by imposing operational restrictions on the input/output ports
[14], [17]. Moreover there are other methods that use only
circulating currents [15], and a combination of circulating
currents and common-mode voltage to mitigate the voltage
oscillations [17], [18].

In previous works [14], [17] the values of (Q),,=—(, and
Vin=V, are selected for equal frequency operation, in addition
to the regulation of the average component of the CCV vectors.
Note that in these cases, mitigation signals are applied (during
EFM) in an open-loop manner, because large instantaneous
voltage oscillations are not directly controlled to manipulate
the values of (), and V,. Therefore, this is an intrinsically
open-loop control method which cannot compensate changes
in the operating points, incorrect estimation of the reactive
power, measurement errors, etc.

C. Closed-loop EFM Control of v22, and v’%

C2ap

The open-loop EFM control is not always practicable and
any drift or difference in Q,,=—Q, and/or V,,=V; could
produce significant low-frequency capacitor voltage oscilla-
tions [17]. Therefore, to ensure good performance of the
M3C under different operational conditions, a new closed-
loop control system is proposed to operate in the EFM without
operational restrictions. Accordingly, the control flexibility is
increased and the M3C can operate in EFM with different
power factors and voltage amplitudes. In this proposal, the
CCV vectors are regulated using closed-loop vector-control
algorithms implemented in synchronously rotating dgq frames.

As the proposed control system is implemented in
dgq coordinates, (16) is referred to a dg-frame using
0y+= [ (wg—wm )dt, and (17) is referred to a dg-frame rotating
using 6, = [ (wg+wm )dt.

dv A
* ldq ANl 2 .C
CUC ( +]wurvcldq )N 6 (vmdq ngq vgdq Zmdq) (3 1)
SA j30m e SAc,—530, SA
+\[(vmdqz2d e Vg, b2, e 7)) —onty,
d'UEA
* qu EA ~ 1 . _ .
OUC( +qu Cqu) ~ G(vmdngdq vgdqzmdq) (32)
1 goc  EA 30, _.c :SAc, —j30, S A
+\/g(vmdqzldqe vy, 41, €77 ) —updy)

Again the common-mode voltage and the dq circulating
currents should be in phase to efﬁciently produce adjustable
power flows. Additionally, z’lsz and 22 have to be defined
as relatively high-frequency signals to avoid undesired low-
frequency power flows that could lead to large voltage os-
cillations. Owing to these considerations, the dg circulating

currents and the common-mode voltage are defined as:

. N Ax Ax S A% Ax

L1dgs _I1§q3 F(@#)524g, _12§q3 J(t);vn=Vog(t)
Where v,, is a square (or trapezoidal) waveform of frequency
wp. The terms ilszq: and iQEd%: represent components of
the total circulating current references. The functions f(t)
and ¢(t) are in phase, f(t{)=A;sin6,+Assin30, (where
0p=wyt, with w, set at a relatively high frequency) , and
g(t)=sign{f(¢)}. The amplitudes of the constants A;, A3 and
Vo are chosen to reduce the peak of the circulating currents
as proposed in [24]. These definitions imply than the product
f(t)g(t) has a large dc component.

Neglecting the high frequency components in (31)-(32):

(33)

dvZ2

CUZ dtldq ~ é(vgndq igdq - ’Ugdqifndq) ‘/OIldq (34)
dvZ2

CU: d;dq ~ g(vmdqlgdq - vgdqlmdq) %1—2‘1‘1 (35)

To improve the dynamic response, the NC terms of
(34)—(35) can be fed-forward to the total circulating current
(see Fig. 5). Therefore:

c o s C
( mdngdqfvgdq”/mdq)

Ildl}s Ildl}s +Ildqu7 Ildqu 6Vo (36)
SA (Vmgatagy —Vggqtma,)
Iqug Iqug +12dq3f; 2dq3‘f: 4 quV() = = (37)
Finally, inserting (36)-(37) into (34)-(35) gives:
d ;A ’UZA
Cvj—3 ~ VoIt ;Cop—24 ~ —VoIypr (38

The control system for EFM operatlon is presented in Fig. 5.
When f7,,> fras, the circulating currents of (38) are used to
regulate v> , and 'uc2 , in the dg frames using PI controllers.
The dynamlc regulation is improved through feed-forward of
the component I 1%1%3 5 which represents the oscillations of the
NC component. The output of the external control loop is
multiplied by f(¢) and the common-mode voltage is imposed
as in (33). In this case, the weighting factors are selected to
]ﬂDFMZO and kEFle

The control schemes used to regulate the voltage oscillations
during EFM are shown in Fig. 6. The upper graphic shows



Fig. 5. Proposed EFM Control of ”czlﬁﬁ and viﬁﬁ.
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Fig. 6. (a) Proposed closed-loop EFM control system. (b) Open-Loop
EFM Control Strategies.

the control system proposed in this work where the voltage
oscillations in v?ﬁ are directly regulated using closed loop
control. The lower graphic in Fig. 6 shows the control scheme
reported in the literature, where mitigation signals are offline

calculated and applied in an open-loop fashion.
D. Circulating Current Control

In Fig. 3 the overall control system is shown. The clus-
ter currents are transformed to XA double-a30 coordinates
to be compared to the total circulating current references
which are obtained considering superposition of the refer-
ences from the CCV vector control systems. For instance,
Aoy =iy +Hitan, 114y, Because of simplicity, propor-
tional controllers are used to track the circulating current
references. The output of the proportional controllers are
rotated back to Double-a0 coordinates resulting in v},
v(’;ﬁ, vga, and v;; g Thereafter, these voltage references are
referred to the natural (abc — rst) frame to be processed by

the single-cell modulation and control stage (see [10]).
E. Input and QOutput Control Systems

Using (1), and considering that the voltages connected to
the input-output ports are balanced (i.e. v40=vy,0=0) and that
there is no current circulation path between the neutral points
N and n (i.e. igp = 0), the Voltage-Current model of (1) can
be re-written as two independent equations to describe the
dynamics of the input and output ports.

The dynamics of the input-port Voltage-Current Model are

represented in dq coordinates rotating at 6,,,:

Vmd | _ 1 [vao | Le & —wom

vmq \/g UqO 3 Wm %
Similarly, the dynamics of the output-port Voltage-Current
Model are represented in dq coordinates rotating at 0,:

e ] _ 2 Troa] Lo [ -
vgq | V3 | vog 3 |wy, 4
Then, the input-port and the output-port can be controlled

using conventional dg control systems. To achieve decoupled
regulation, the voltage commands are:

imd

] (39)

tmg

lgd

1 (40)

tgq

L . . .
1 U;O Umd 0 % tmd Z:ndfzmd
7 |y | T 7| Lo S B P
Vgo Umgq = 0 Img Lmq—lmg
Lew, . . .
_1 |V0a Vgd 0 —=52| |iga szflgd
ﬁ | = - Lewy . _PI_‘] kg
Yoq Ygq =5+ 0 tgq Y9q " 9q

where PI,, and P, stand for the transfer functions of the PI
controllers used to regulate the currents at each port. The volt-
age references obtained in (41)-(42) are rotated back to double
30 frame resulting in v;,-vj, for the input-port, and v, -vg4
for the output-port. These references are sent to the single-cell
control stage, as shown in Fig. 3. Note that i} ,=i" .. +i" .o,
where i) ,, is the current used to regulate the average value
of the CCVs, and i}, 5 is the power producing current. The
output-port current references are calculated to regulate the
power transferred from the input to the output port. Different
calculations of the current references iy, ;, iy,q, iyq and i; can
be imposed to fulfil the requirements of the application. For
example, the input-port control can be as stated in [10] for
a wind energy conversion system, and as stated in [5] for an
induction machine drive.

FE. Single-Cell Control and Modulation Stage

The voltage references obtained in the control systems
above (i.e. v}, ”Za’ vzﬁ, vgﬁ, Vhos U;O, U5, and va‘ﬂ)
are transformed to the natural reference frame using the
inverse Double-a50 Transformation. Then, single-cell control
proposed in [25] is used. The capacitor voltage of the i*"
[i€ (1,n)] cell is compared to the algebraic-mean value of
the corresponding CCV. The resulting error is multiplied by
the sign of the cluster current to generate either an in-phase
or a 180 degrees out-of-phase voltage with respect to the
cluster current. Therefore capacitor voltage balancing of that
particular cell is produced by supplying or releasing energy
to/from the capacitor, driving its voltage to v}. Finally, phase-
shifted unipolar sinusoidal PWM is used to generate the
switching signals of each cell [25].

V. SIMULATION RESULTS

A 10 MW M3C simulation model has been implemented
in PLECS software to validate the theoretical work. The
parameters considered are shown in Table 1. The control
strategies published in [17] were implemented using the power
terms produced by the circulating current and the common-
mode voltage, and the corresponding results are presented



TABLE |

SIMULATION AND EXPERIMENTAL PROTOTYPE PARAMETERS.

Parameters Simulation Experimental setup

Nominal Power 10 MVA 5 kVA

Cells per branch 7 3
Input Voltage/Freq. 5.39kV/40-50 Hz 200V/-48 to 50 Hz

Cluster Inductor 1.3 mH 2.5 mH

Single cell C. 7 mF 4.7 mF
Capacitor Voltage 2kV 150V

Output Voltage/Freq. 4.6 kV/50 Hz 200V/50 Hz
Switching frequency 0.7 kHz 2.5 kHz

in Fig. 7. Subsequently, the control strategy proposed here
was implemented yielding the results presented in Fig. 8 for
comparison. In each case the power is constant and the input-
port frequency f,, is increased in steps every 2s from 42 Hz
to 50 Hz, as illustrated in Fig.7(a) and Fig. 8(a). For both
cases, the common-mode voltage has an amplitude of 1.25 kV.
Moreover, for closed-loop EFM control, the common-mode
voltage is defined as in (33), with a 3rd order harmonic method
for the circulating currents [24], where A1=1.473, A3=0.295,
and f,=120 Hz.

Fig. 6 illustrated the main difference between the two
approaches demonstrated in Fig. 7 and Fig. 8. The previous
methods regulate the average value of the CCV and use feed-
forward mitigating signals to reduce the voltage oscillations.
On the other hand, the proposal here directly regulates the
CCYV (including the voltage oscillations) in a dq frame.

For each result, the CCVs are successfully regulated to
14 kV, as shown in Fig. 7(b) and Fig. 8(b). The CCV
imbalance terms ve,,, Veoss Veag» Vego are presented in Fig.
7(b) and Fig. 8(b). The terms vc,,, Vc,5> Veags Vcss A€
illustrated in Fig. 7(c). The CCV vectors 'UZAB and 'UCZQAB
are presented in Fig. 8(c), respectively. In both cases, the
ripple of the imbalance terms is properly bounded and it
is not increased as f,, gets closer to f,. However, better
performance is obtained using the method proposed here. In
fact, the eight imbalance terms are bounded inside a 350 V
band, which represents oscillations of =~ 4% of the CCV
nominal value. The control systems presented in [15], [17],
[18] use Proportional and PI controllers implemented in «f
components which cannot regulate sinusoidal signals with
zero steady-state error. In contrast, the proposed closed-loop
EFM control system provides zero steady-state error in the
CCV even when f,,,=50 Hz.Fig. 7(d) and Fig. 8(d) show the
constant power transfer between the ports.

Finally, the circulating currents using both methods are pre-
sented in Fig. 9. Notice that in Fig 9(b), the circulating currents
have a fundamental frequency of 120Hz (due to the definition
of (33)). Additionally, it is observed that the circulating current
magnitude is lower using the method proposed in this paper,
which will result in less additional power losses.

VI. EXPERIMENTAL RESULTS

Experimental results for the proposed control methodology
have been obtained using a 27-power-cell M3C prototype
shown in Fig. 10. The parameters considered are shown in
Table I. The prototype is composed of a control platform and
a power stage. A Texas Instrument 6713C DSP board, three
FPGA boards and additional external boards for computer
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communication and analogue-digital conversion form the con-
trol platform. Additionally, the control platform is equipped
with hardware protections to avoid over voltage/currents. The
voltage protections are activated when any of the capacitor
voltages is higher than 170V or when the currents are higher
than 20A. The power stage of the prototype is composed of
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nine clusters, each one based on the series connection of three
full-bridge cells and one 2.5mH inductor. Each cell uses a
floating capacitor of 4.7 mF. The output-port is connected to
an Ametek Programmable power source, Model CSW5550,
whereas the output-port is connected to another Ametek Pro-
grammable Power Source, Model MX45.
A. Case I: DFM control

In this case, the DFM control systems for v32 . viA "
vcg‘ﬁ and vcg , are tested. The M 3C operates with unity power
factor injecting 4 kW to the input-port. The input/output port
voltages are regulated to 200 V (peak value phase-to-neutral).
Experimental results for variable frequency are presented in
Fig. 11. As shown in Fig. 11(a), a ramp of frequency between
16 Hz (the lower limit of the Ametek Power Sources) and
40 Hz is applied. The 27 capacitor voltages are well regulated
to v:=150 V, as depicted in Fig. 11(b). The CCV vectors

?ﬁ p -viﬁ and vcoo‘ﬁ-'vcg , are illustrated in Fig. 11(c) and
Fig. 11(d), respectively. The average components of the CCV
vectors are ~0 regardless of f,, and the oscillatory compo-
nents in these vectors are bounded inside a £7 V band.

Scope waveforms of the voltages and currents of the M3C
are presented in Fig. 11 for f,,,=25 Hz. Fig. 11(e) from top to
bottom shows: One of the M3C capacitor voltages v,,,,; the
cluster voltage v4,; and the Output-Input ports voltages vy,
(purple line) and v, , (blue line). As shown in Fig. 11(f), the
output-port currents are controlled to a peak value of ~ 14 A.
Moreover, the port currents are not affected by the circulating
currents produced by the DFM control system.

B. Case Il: Open-Loop EFM Control

The M3C is tested for operation at similar input/output
port frequencies. The input-port frequency has been set to 48
Hz, whereas the output-port frequency is 50 Hz. As described
in Section IV-B, Q,,=—Q, and V,,=V,. The remaining
operational set-points are the same as in Case L.

Fig. 12(a) shows that the 27 capacitor voltages are con-
trolled to v;=150 V. The operational restrictions over the re-
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active power and voltage amplitudes, Q,,=—Q, and V,,=V,
mitigate part of the oscillations. Nevertheless, as aforemen-
tioned, the values of (), and V,, are manipulated using an
open-loop control scheme, where it is difficult to drive the
low-frequency oscillating power terms to zero and voltage
oscillations still appear on the floating capacitors. Additionally,
because of the integral effect of the capacitors, even small low-
frequency power terms can lead to significant voltage imbal-
ances/oscillations [see the denominator in (15)]. As stated in
Section IV-C, the voltage oscillations appear in v?ﬁ , (see Fig.
12(b)). However, the CCV vectors v24 ; vl , are well
regulated as shown in Fig. 12(b)-(c). Scope waveforms are
also presented. From top to bottom, Fig. 12(d) illustrates v, ,
(yellow line), vq, (green line), v,,,, (purple line) and v, ,
(blue line). Fig. 12(e) illustrates the grid currents which have a
peak amplitude of = 14 A. Fig. 13 presents results for negative
sequence operation. The input-port frequency is set to —48 Hz.

In this case, the voltage oscillations appear in v?ﬁ p (see Fig.
13(b)). Whereas, CCV vectors v>4 . v, and v , are well

regulated with magnitudes close to zero as shown in Fig.
13(b)-(c). Note that using this regulating scheme the power
oscillations are not directly regulated, and closed-loop control
is not used to compensate for changes in the operating points,
incorrect estimation of the reactive powers, etc. Therefore, in
the experimental implementation, it was not possible to operate
at equal frequencies even though it is theoretically possible.
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c2/3

This is further demonstrated by the experimental results shown
in Fig. 13(d), where the performance for a step change from
48 Hz to 50 Hz is depicted. In this case, the control system
is not able to regulate the capacitor voltage oscillations, and
some of the floating capacitor voltages exceed the hardware
protection threshold, producing a system shut-down.

C. Case lll: Closed-loop EFM Control

In this case, the Closed-loop EFM Control of the M 3C is
enabled. The objective of this test is to validate that the M3C
can operate at EFM without operational restrictions. Therefore,
both port frequencies are set to 50 Hz, and the converter
operates with different power factors. The output-port is set
to operate with P,,= — 3.3 kW and @Q,,=0 kVAr, and the
input-port is set with P;=3.3 kW and @,,=2.1 KVAr (to have
nominal current amplitude in the input-port). The common-
mode voltage is defined as in (33), using a 3rd order harmonic
method for the circulating currents [24], where A;=1.473,
A3=0.295, Vy = 30 V and f,=120 Hz. As shown in Fig.
14(a), the 27 floating capacitor voltages are well regulated to

= 150 V. The vectors UEA >, and v22 ) are illustrated in
Flg 14(b), and v, “6 and v 0 s are 111ustrated in Fig. 14(c). In
this case, the closed -loop control strategy discussed in Section
IV-C, ensures that the CCV vectors are effectively regulated
to zero. Additionally, the ripple in these vectors is bounded
within +5 V. Note that in Fig. 15(d), the common-mode
voltage waveform is presented. Oscilloscope waveforms are
also presented. From top to bottom, Fig. 14(e) illustrates the
same variables than those shown in Fig. 11(e), and Fig. 14(f)
illustrates the grid currents.
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VIlI. CONCLUSIONS

A new vector control system based on the representation of
the M3C converter in A double-a80 coordinates has been
proposed to enable the operation of the converter over a wide
operating range, including equal input/output port frequencies.
For mitigation purposes, the vector control system is orientated
using synchronous axis systems rotating at f,,, & f.

For the implementation of the control algorithms for EMF
operation proposed in this paper, extra voltage/current con-
verter capacity is required for the utilisation of common-mode
voltage and circulating currents during EFM. However, the
open-loop methods proposed in the literature also require aux-
iliary signals, and they are also likely to require extra converter
ratings. As aforementioned, to obtain good performance with
open loop methods during EFM is very difficult and unlikely
to be achieved in a practical implementation.

The proposed control algorithms consider two primary
operational modes, the DFM and the EFM. The control
system for DFM operation regulates the average components
of the CCVs using circulating currents. The control system
for EFM operation considers the use of circulating currents
and common-mode voltage when the difference between the
input/output port frequencies is small. It has been shown that
the EFM control system performs closed-loop regulation of
the CCV vectors driving the low-frequency capacitor voltage
oscillations effectively to zero.

Finally, it is highlighted that the vector control system
discussed in this work, has been theoretically analysed and
experimentally validated using a 27-cell-SkW M?3C prototype.
In the experimental test conditions, decoupled regulation of the
input/output ports, balancing of the floating capacitor voltages
and mitigation of the oscillations in the floating capacitor
voltages have been demonstrated with good performance.
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