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Abstract—The Modular Multilevel Converter is a good
alternative for high power, medium voltage drive applica-
tions due to its modularity and scalability. However, the
control is complex and typically involves several highly-
coupled circulating current feedback loops implemented
using Single-Input Single-Output design tools. Additionally,
each circulating current has many different frequency com-
ponents and electrical sequences to increase the degrees
of freedom in the controller. In this work, the use of Continu-
ous Control Set Model Predictive Control is proposed in or-
der to include cross-coupling and interactions between the
state variables and consider the system constraints, such
as maximum current and maximum output voltage. The
controller is intended for drive applications and is designed
to operate with good dynamic performance over the entire
speed range of the machine. The control methodology
proposed is experimentally validated using an 18-cell MMC
prototype driving a cage machine. Additional experimental
tests are performed using PLECS-RT HIL platforms.

Index Terms—Modular Multilevel Converter, Model Pre-
dictive Control, Variable Speed Drives, Voltage Balancing,
Weighting Factor, Online Tuning.

[. INTRODUCTION

HE Modular Multilevel Converter (MMC) was proposed

by Marquardt in 2003 [1], for high-voltage DC transmis-
sion [2], [3]. However, in recent years its use has been ex-
tended to applications such as Medium-Voltage Motor Drives,
Power Quality Improvement [4], [5], etc. The popularity of
this converter for high-power applications is due, among other
reasons, to its power and voltage scalability, high efficiency
and reduced dv/dt in the voltages [3]. The MMC topology is
shown in Fig. 1; the converter is composed of six clusters, an
AC port, a DC port, and six inductors. Each cluster consists
of “n” half-bridges each of them equipped with a floating
capacitor.

Control of the MMC is complex, considering the Multiple-
Input Multiple-Output (MIMO) characteristic of the converter,
where multiple control objectives have to be achieved. For
example, it is necessary to regulate the voltage of the floating
capacitors, balance the energy stored in each arm, regulate
the circulating currents, and control the currents and voltages
at the AC and DC ports [3], [6]. As reported in several
publications (e.g. [4], [7], [8]) this is difficult to achieve for
drive applications, particularly when the output frequency at
the AC port is low [3], [9], [10]. For these applications,
the operating range is typically divided into two modes,
namely Low-Frequency Mode (LFM) and High-Frequency
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Fig. 1. Modular Multilevel Converter Topology.

Mode (HFM) [4], [6], [9]. Each of these operating modes
requires a different control strategy typically based on multiple
Single-Input Single-Output (SISO) designed control loops.
Although LFM and HFM separation provides control of an
MMC-based drive over the entire operating range [4], [7], [10],
better dynamic performance can be achieved using MIMO
controllers [11].

The MMC has six energy components which have to be
actively balanced, to control the total energy stored in the
MMC capacitors [12] and to achieve LFM or HFM operation.
For example, during HFM, two circulating currents are utilised
for energy balancing purposes; however each circulating cur-
rent comprises a DC component, a positive sequence AC
component and a negative sequence AC component [4]. The
solution normally proposed in the literature is to design the
controllers neglecting cross-coupling between the energies and
the circulating current components (e.g. see [7], [13]), render-
ing sub-optimal performance [14], [15]. To improve the control
performance, MIMO controllers have been proposed in [14].
Nevertheless, conventional MIMO controllers cannot include
constraints such as maximum current and maximum output
voltage in each arm [15]; moreover, saturation limitation of
the currents and voltages is difficult to achieve even in the case
of decoupled SISO controllers. For instance, as demonstrated
in [12], the implementation of anti wind-up schemes to limit
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separate components of the circulating currents, renders a sub-
optimal saturation performance for the total current.

Recently, Model Predictive Control (MPC) has been pro-
posed for power converter control due to its flexibility and
simplicity [16], [17]. MPC algorithms can be designed to
include multiple constraints, achieving a fast dynamic re-
sponse, and can be applied to MIMO systems [5], [18]. For
power electronic applications, the most widely used MPC
methodology is based on Finite Control Set (FCS) algorithms
or FCS-MPC [19]. However, FCS-MPC schemes produce
variable switching frequency [20], [21] and, for converter
structures with a high number of switching states, may result
in an unfeasible computational burden for the control platform
(see [5]). Conversely, a Continuous Control Set (CCS) MPC
algorithm offers a constant switching frequency [22] and the
external modulation stage reduces the computational burden
[15], [23] of the MPC algorithm. In fact, unlike the conven-
tional FCS-MPC applications to MMC, where the computer
burden is heavily dependent on the total number of SMs
(see [5], [22]), the computer burden of the proposed CCS-
MPC is relatively low and has an almost fixed value which is
independent of the number of half-bridge cells.

There are relatively few publications proposing CCS-MPC
algorithms for MMC control. In [22], a simplified optimisation
problem with only two constraints is proposed and graphically
solved. In [15], more constraints are used to limit the total
currents in the MMC and the arm voltages. A MATLAB
solver is used in [15] to obtain the solution of the optimisation
problem and the proposed methodology has been validated
using simulation. Neither [22], nor [15] discus control methods
that can be applied to MMC-based drives where the voltage
and frequency at the AC port are variable.

In this work a two-stage CCS-MPC algorithm is proposed.
The outer CCS-MPC regulates the MMC capacitor voltages
while the inner CCS-MPC regulates the currents. The decou-
pled model discussed in [7], [8] is used to implement the
CCS-MPC. When compared to previous work in the area of
MMC control for drive applications, the contributions of this
work are: 1) The first CCS-MPC algorithm proposed for the
control of MMC-based drives is presented and experimentally
validated using an 18-cell MMC-based prototype driving a
cage machine. It is experimentally shown that two MIMO
CCS-MPC algorithms can replace ten or even more SISO
controllers typically used in MMC-based drive applications. 2)
The implementation of the proposed CCS-MPC is simplified
when compared to conventional control systems reported in
the literature. For instance, in [6]-[9], the parameters of the
circulating currents, such as waveform shape, phase, electrical
sequence, frequency, among others, have to be predefined.
This is unnecessary and automatically accomplished using
the proposed CCS-MPC algorithm. 3) Optimal limitation of
the arm currents and voltages in an MMC is easily achieved
with CCS-MPC using constraints [24], while it is extremely
problematic in a conventional control system [7], [12]; 4) The
proposed CCS-MPC algorithm can operate in either LFM or
HFM with a seamless optimal transition between modes, in
contrast to other control systems reported in [4], [7], [25].

The rest of this paper is organised as it follows. In Section II,

the MMC modelling is briefly described. The MPC formula-
tion to regulate the capacitor voltages and circulating currents
are provided in Section III. In Section IV hardware in the loop
results are discussed and, in Section V, experimental work is
presented. Finally, Section VI presents the conclusions.

Il. MODELLING OF THE MMC

The decoupled model of the MMC discussed in this section
has been reported in previous works [4], [8], and for com-
pleteness it is briefly addressed here. This work utilises the
Y Aap0-transformation to represent the voltages and currents
of the MMC. Using the transformed currents and voltages a
simplified decoupled model is obtained (see [4], [8]).

The Y AapB0-transformation is defined by

[(X]550 = [T)za - [X]5Y - [Clago (D

Where [X ]anJZ represents the matrix with the instantaneous
abc variables (e.g. capacitor voltages, arm currents, etc.) to be

transformed, and the matrices [Ty, and [C], 5, are given by
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By applying this transformation to the converter voltages
and currents, the dynamics of the MMC can be divided into
two models, as shown below. Using the circuit of Fig. 1 and
applying Kirchhoff’s voltage law, the current-voltage model
describing the dynamics of the currents are defined as [10]
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Then, applying (1) to (3) yields the following transformed

model:
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where iZ and zg are the arm circulating currents, i is the DC

port current, vg is the common-mode voltage and v, vg, %q
and ¢g are the machine voltages and currents. These variables
are expressed in a0-coordinates.

The instantaneous cluster power can be obtained by using
the voltages and currents [8], [9], i.e., p} = v!i! Vi € {a,b,c}
and j € {P,N}. Assuming that the capacitor voltages are
close to the reference U, this power is related to the voltage
of the capacitors using the approximation:

R AR
dt VCa Vop Ve ')’LC@E Pa Po DPe

where n is the number of capacitors per cluster, C' is the
capacitance of each submodule and vga, vgb, etc., are the
capacitor voltages. Applying the X A«S0-transformation to the
power-voltage model of (5) yields,
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Replacing (3) and (4) in (6) and after several manipulations
(7) is obtained (see [4], [8]); notice that in (7) the symbol “o”
represents the dot product between vectors and the superscript

[TPx1)

¢’ is the complex conjugate operator. The power Qi 5= pE+

jp% is a vector that represents the power that is transferred
between the converter phases.

1., . L. e_ 1.

Pp = 5 Vactas = 7 (lapLap)” — 50kag 7)
1., . 2, AN -
BaAﬁ = §Vd61aﬁ - gzdcyaﬁ - (Qaglgg) - 2’1)012,8 (7b)
. 2.

pOA I (yaﬂ ozzﬁ) - gldc'UO (70)
s 1. 1 . d
Py = EVdcldc 1 (Qaﬁ Olaﬁ) (7d)

The vector pﬁ and the scalar pOA represent the power

flow between the upper and lower clusters. Finally, in (7d),
p3’ represents the power that is transferred between the AC
port and the DC port of the MMC; this latter power is not
considered in the MPC formulation since it does not depend
on the circulating currents.

[1l. PROPOSED CONTROL SCHEME FOR THE MMC

A control system based on nested CCS-MPC algorithms is
designed and implemented as shown in Fig. 2. The outer CCS-
MPC regulates the voltages of (6), with the exception of vo™,
which is dependent on pg [see (7d) above] and is regulated by
a PI controller. The inner CCS-MPC regulates the circulating
current 1’25 while balancing of the cell-capacitor voltages
in each cluster is performed by a sorting-based modulation
algorithm [17]. As extensively discussed in [7], during LFM
operation, the voltage véa 5 1s approximately equal to the
total capacitor voltage oscillation around the cluster average
voltage. Therefore, in Fig. 2 the reference vé§ represents the
peak magnitude of [v5,, | which is desired (or allowable) in
the capacitor voltage oscillations during LFM.

Weighting Factor ~ Mitigation & Circulating Modulation &
A* Adaptor Balancing Control Current Control Capacitor Voltage
VCd T Nos MPC iEﬁ MDPC vﬁg Balancing
o> = | Eq.(13) [ = o ‘
- tapo>| Eq. (21)
A . A
Vo Machine

Contol JoBmt 11— 1]

Fig. 2. Overall Control Scheme for the Modular Multilevel Converter. The
term véc*l represents the maximum oscillation allowed at low frequency
operation.

In this work, it is assumed that the MMC is feeding an in-
duction machine that is controlled using a conventional rotor-
flux orientated vector control method (see [8], [13]) which is
implemented outside the proposed CCS-MPC algorithm. Fig. 3
shows the control block diagram for the AC [Fig. 3(a)] and DC
[Fig. 3(b)] ports, where ’UdAF and quF are feed-forward terms,
and wy is the frequency of vy. During LFM, a trapezoidal
common-mode voltage interacting with the circulating currents
[see the term 21}0155 in (7b)] is used to compensate the large
low-frequency capacitor voltage oscillations. As discussed in
Section I, circulating currents must include multiple frequency

components to balance the capacitor voltages properly. How-
ever, note that the current waveforms will have trapezoidal
components at LFM to compensate for power oscillations
caused by the 0.5Vj.i,4 term when a trapezoidal common-
mode voltage is used. The trapezoidal waveform allows the
magnitude of the circulating currents to be reduced. A com-
parative study on the effects of using sinusoidal and square
wave circulating currents is presented in [26]. The amplitude
of the common-mode voltage is regulated using (8). In this
equation, a voltage margin of ~ 20% in the cluster voltages is
considered to ensure control of the circulating currents [25],
[27], [28] and to manage external perturbations. As shown,
(8) assumes that the machine stator voltage is dependent on a
V/F relationship; therefore, the voltage margin to synthesise V,
during LFM is larger. The trapezoidal voltage is automatically
removed at HFM using the information from the weighting
factor controller (see Section III-B).

VO:O.8VdC (l_we> ®)
2 Wn,

where w,, is the nominal machine frequency.
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Fig. 3. AC and DC port controllers. (a) Machine Control and (b) Total
Energy Control.

Finally, to solve the CCS-MPC problem, an active-set
method is used [29]. For optimal problems with a reduced
number of restrictions, such as the one discussed in this work,
the active-set algorithm is usually one of the best in terms
of speed and accuracy compared to methods such as interior-
point or gradient projection [30], [31]. Details concerning the
implementation of the algorithm are discussed extensively in
[12], and a detailed description of the active-set method is
presented in [24], chapter 16.

A. Mitigation and Balancing Control

For balancing purposes, a discrete-time state model of the
system is obtained by substituting (7a) - (7c¢) in (6) and
applying the forward Euler approximation. Considering a
sample time T, the discrete-time model is given by (9), where
K = T,/(nCv%). To avoid the unfeasible computational
burden typically produced by a long prediction horizon [32],
a single-step prediction algorithm is implemented in this work.
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Using (9) the discrete state space equations can be written

as Xp1 = Axy + Buyg + di (10)

The one-step delay compensation algorithm presented in
[33] is applied to (10). The formulation of the outer CCS-
MPC stage is given by:

min XE+1QX’€+1 + ufRuk
Xk+41,Uk
s.t. Xp41 = Az + Bug +dg Y

GukZW

where xj, is the state vector measured at time instant k, Xj41
are the prediction of the state vector at time k41, and uy, is the
control vector. A is the system matrix, B is the input matrix,
and Q, R are the weighting matrices that penalise the states
and control actions, respectively. Finally, dj represents the set
of measurable disturbances in the system, and G, W are the
constraints imposed on the control actions . The weighting
matrices are diagonal and defined as:

Q = Diag[\5, A5, A5, A\h, \5], R=Diag\Y,\j] (12

In this work matrices Q and R are both positive definite
and, for LFM operation, the weighting factors A5 and A? are
modified online as a function of the magnitude of the capacitor
voltage oscillations (see the block labelled “weighting factor
adaptor” in Fig. 2). This approach is further discussed in
Section III-B. The remaining weighting factors are defined
as 1.

To simplify the optimal problem [11], [12], [19], the equal-
ity constraint of (11) is included in the cost function, yielding:
min  uf Huy + 2 [(Axk +dy)T F] w

ug

(13)
st. Gug > W

where T
H=B"QB+R

F_ QB (14)

Solving (13) (by implementing the active-set method in the
control platform), the optimal circulating current vector ZEB

is obtained. Matrices H and F have to be updated at each
sampling time since the system is time variant. Notice that
in (9), the common-mode voltage is included as a distur-
bance. For LFM operation, the optimal circulating currents
are automatically obtained by solving (13) and considering vy.
Notice that the pre-definition of circulating current frequency,
waveform shapes, phase shifts and sub-component sequences
is no longer required. This feature is one of the important
contributions of this paper and it is also applicable to HFM
operation.

For saturation limitation to the cluster currents, the circu-
lating currents are limited to 44,4, by the CCS-MPC outer
stage; the value of 7,,,, is selected considering the thermal
limits of the MMC devices and components (see [12]). To
perform this limitation, the cluster currents are defined in
Y Aaf0 coordinates as:

1. 1. B>
’iaP 3lde + 3la + 1
P 1, _ 1, _ 1.5 V3,5 V38
i, 3lde — 7la 2%4—}25—1—}2&
Iy 1. 1. f>)) 3.2 3
le | = |3lde T ale — 3l — 5 ls — g s (15)
lq gzd(; - §Za + (2
N 1. 1. 1.3 V3,3 V3
b, 3lde T 3la = 3% + 505 — s
i 1. 1, _ 1,8 _ /3,35, V3.
¢ 3lde T 7la — 3la 3ig + 1 is

Limiting these currents t0 —imqz < @] < imqz Vi € {a,b, c}
and j € {P, N} produces a total of 12 constraints. However,
after analysing (15) the constraints can be reduced to six, by
exploiting symmetries in the currents i’ and i)Y of phase “z”,
V x € {a,b,c}. After some manipulation, (16) and (17) are
obtained:

_11 0 3 —lmaz — min (i1,44)
2 T2 —bmaezr — Min (12, 7,5)
i ? i (k) —imaz — min (i3, ¢) (16)
1 0 z? (k)] = | —imax + max (i1,%4)
_% @ —tmaz + Max (iz, is)
_1 _ V3 _irna:x + max (iS, 26)
2 2
” w
G
i —giae(k) = Fia(k)
is —Lige(k) + Yia(k) — Lig(k
is| _ |=5iac(k) + jia(k) Y3is(k) an
14 —3tdc (k) + 5ia(k)
| |~ )+ 0
—Lige(k) — Lia(k) — %ia(k)

B. On-Line Adaptation of the Cost Function Weights

The optimal algorithm of (13) is designed to drive the
voltage unbalances in the capacitors to zero. However, when
the system is operating at LFM, a relatively large circulating
current interacting with the common mode voltage vy [see
(7b)] is required to drive the voltage vector Qéaﬂ to zero.
Nevertheless, as discussed in previous publications [6], [7],
the converter can perform adequately when the capacitor
voltage oscillations are maintained within a band of ~ 10%
of the reference voltage. To achieve this target a variable
weight strategy is proposed and the weights A3 = A3 are
obtained from the output of a PI controller (see Fig. 2) which
acts on the error between a banded reference v3} and the
peak oscillating voltage obtained from the capacitor voltage
measurements [processed using the XA« 30 transform of (2)].
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As discussed in [7], during LFM operation, the voltage véd
is approximately equal to the peak magnitude of the capacitor
voltage oscillations. A complete discussion of the relationship
between the voltage fluctuations and fuédq is presented in [7].
The weighting factor control is implemented in a d—q frame
rotating at the frequency of the AC port (w.) and orientated
along the voltage vector yéa 5- When the AC-port frequency
we increases, the voltage oscillations Qéag naturally decrease
due to the filtering effect of the submodule capacitors. This
allows the implementation of a simple seamless transition
between LFM to HFM and vice versa, i.e. when the weights
)\aAﬁ are below a predefined threshold, the system is considered
in HFM; therefore, the trapezoidal common-mode voltage vg
could be reduced or indeed it is no longer required.
C. Circulating Current Control

In this work, a second inner CCS-MPC stage is proposed
to control the circulating currents (see Fig. 2) with the model
being obtained from (4). To obtain a discrete-time model of
the currents the forward Euler approximation is applied.

Xk+1 A Xk B ur

The inner CCS-MPC receives a circulating current reference
from the output of the outer CCS-MPC stage [see (13)] and
minimises the following cost function:

min  (xpp1 — x*)7 Q (xpp1 — x¥)
Xk+4+1,Uk
Fwe-uw) Rl -w) (o
s.t. Xp41 = Axg + Buy
Guk 2 A%%

where A,B and X are defined in (18); x* is the reference
state which is equal to the circulating current reference ZE;,
and u* is the equilibrium control action that brings the system
to x*. Furthermore, u* can be obtained as a function of the
reference state by

u' =B

11— A)x* (20)

In this case, u* is zero considering that A = I [see
(18)]. More details about the resulting equilibrium point are
presented in [19]. Simplifying (19) by including xz4+1 =
Axj + Buy in the cost function, yields:

rmn u, THu,, + 2 |(Ax;, — x*)T F| uy o
s.t. Gu, > W

where F' and H are obtained from (14).

The diagonal matrices Q and R are 2x2, where Q =
Diag[\;’, A\j'] and R = Diag[\]’,\J’]. As discussed in
[19], if the weights of R are too small, the CCS-MPC
algorithm has a fast dynamic response and high sensitivity
to noise (i.e similar to a dead-beat response [19]). Using both
Q and R the CCS-MPC dynamic and steady state responses

can be tailored for a particular application.
Equation (21) yields the voltage vector v> op that optimises
the cost function. Due to hardware 11m1tat10ns the voltages

synthesised by each cluster [’UP vf, UP, vN vb and UN] are

bounded between zero up to the maximum Voltage achlevable
w1thout producing over-modulation [vE,, v5,, vE.. v&,, v,

and v ). Using the ¥Aa0 transform, the cluster voltages
are obtarned as:
o >
't REECRE he S
vy ”0 + Uo — Va3V +5°V5 + 7 U5
P 1,,A 1,3 3,2 3, A
Ve | = vo + 5U5 BN LN gvg —Pof (22)
- 1 1
U,}V vy — EUO — 3V + Vq
W (0B~ g 3R - o+ BoR - g
P 1 1, A 1,3 3,2 3, A
Ve vg = 508+ 108 — 30 = Puf + P

Considering the upper and lower limits, (22) represents 12
constraints. Using symmetries in the voltages v and v of
phase “z”, V = € {a,b, ¢} these 12 constraints can be reduced
to 6, yreldrng.

_11 (3/5 —min (v1 + &, (k),va + Uga(k))
: T2 —min (vs + vy (k), vs + vy (K))
3 2 (k:) —min (vs + v (k), v6 + 8. (k)
1 0 UB 2 (k) max (v1,v4)
—% ? max (vz, vs)
1 3 max (v3, v6)
2 2
P w
(23)
where S 1A () Ly
U1 UO( )A 21}0( )A 21}&(\/) A
v —vp (k) — 305 (k) + jva (k) — %2ug (k)
V3 _ 71)(2)3([{:) éUOA(k) + i g(k) + ?UBA(IC) (24)
v —o¥ (k) + 1o () + 402 (1)
L)+ e () — JuR () + R k)
uB (k) + S0 (k) — Lud (k) — BB (k)

Notice that a well designed MMC has an adequate voltage
margin to synthesise y(zm (see [28]); however in case the
control action has a very high dynamic response the constraints
of (23) are required in (21) to avoid over-modulation during
transients.

IV. HIL AND SIMULATION RESULTS

A HIL platform is used in this section to perform work that
requires a good repeatability between tests, or tests that could
exceed some ratings in the experimental systems.

A. System Performance and Constraints Operation for
Load Changes

Two PLECS-RT Box-1 HIL platforms are employed to
model the MMC and the vector-controlled induction machine
with a time step of 6.5 us. The control system is implemented
using a dSPACE MicroLabBox (see more details in Section
V). The HIL-model utilises the parameters and weights used
in the experimental system (see Table I).

Two tests were performed for an output frequency of ~ 4
Hz (= 240 rpm). In every test, a predefined maximum limit
was used for the arm currents; additionally, for each test, a
torque impact between 0 to ~ 60% of the nominal torque
is applied to the electrical machine, for 0.1 s < ¢t < 0.5
s. Note that v55 = 11.25 V. Fig. 4 shows the experimental
results illustrating (from top to bottom) the cluster currents,
the machine currents, the circulating currents and the capacitor
voltages. The results depicted in Fig. 4(a)-(d) correspond to
operation without any current constraints. On the other hand
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Fig. 4. HIL results of the saturation limitation of the circulating currents to
limit the clusters’ currents. Left: without saturation, right: 18 A saturation.
(a) and (e) Cluster currents 5%, zf, etc. (b) and (f) Machine currents i,
iy and ic. (c) and (g) Circulating currents iZ and z? (d) and (h) Capacitor

voltages vE ;, vE ., etc.

Fig. 4(e)-(h) shows the performance of the control system for
current limits of 18 A. It should be noted that this 18 A limit
is arbitrary selected, to demonstrate the performance of the
constraints in the CCS-MPC algorithm, and do not necessarily
reflect nominal ratings. Notice that the step torque transient
increases the current in the MMC arms, reducing the margin
allowed for the circulating currents. For the unconstrained case
of Fig. 4(a)-(d), the total current in the arms has peaks of ~
28 A. However, regulation of the capacitor voltages is very
good with all of them maintained well inside the predefined
band. Figs 4(e)-(h) show the performance of the algorithm
when the limit of 18 A is enforced. It is illustrated that the
limitation is achieved by reducing the circulating currents igﬁ
without affecting the induction machine stator currents. The
capacitor voltages are slightly affected by the step change in
the torque current, however after a fast transient they return
to their previous values.

To validate operation with cluster voltage constraints, a
trapezoidal vy of 202.5 V peak is used; i.e. a relatively high
value of vy is arbitrarily applied in this test, reducing the
voltage margin available for regulating i * and forcing op-
eration with the constraints in (21) actlvated Fig. 5 shows the
performance with and without voltage restrictions and with the
induction machine operating at 240 rpm (= 4 Hz). As before,
de = 11.25 V (see Fig. 2) and the torque step transient is
imposed for 0.1 s <t < 0.5 s. From top to bottom, Fig. 5
shows the voltages synthesised by leg A, the a-axis circulating
current, and the machine currents. Additionally, graphs (a), (b),
(c) and (d) include the total cluster voltages in red. Without
voltage constraints, the peak voltages synthesised by the arms
exceed the total cluster voltages, producing over-modulation
and some distortion in the machine currents as shown in Fig.
5(g). Conversely, when voltage constraints are included, the
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Fig. 5. HIL results of the clusters output voltages with (right) and without
(left) saturation limitation. (a)-(b) Total cluster voltage vg and cluster
output voltage v, (c)-(d) total cluster voltage v , and cluster output
voltage vYY, (e)-(f) circulating current i3 and its relerence iZ", (9)-(h)

machine currents ia, tp and ic.

N,

voltages synthesised in the arms are limited by the total cluster
voltages as shown in Fig. 5(b) and Fig. 5(d); note that even
the low voltage capacitor fluctuations produced in v5Y are
considered by the inner-CCS algorithm when synthesising the
voltages vI'V. However, the voltage limitations of (23), used in
the constrained-optimisation problem of (19), limit the control
effort of the inner CCS-MPC algorithm. Clearly saturation
limitation reduces the tracking performance producing an
increased circulating current tracking error (zaB - zaﬁ). The
dispersion of the circulating current tracking error increases
from ¢ ~ 0.35 A (unconstrained case) to ¢ ~ 0.75 A
(constrained case). Nevertheless, Fig. 5(b) and Fig. 5(d) show
that the capacitor voltages are relatively well regulated, with
voltage fluctuations comparable to those obtained for the
unconstrained case. When the constraints are enabled, the
machine current THD [see Fig. 5(h)] is ~ 0.5% whereas, for
the case without constraints [see Fig.5(g)], the THD increases
to 1.8% due to over-modulation.

B. Performance Comparison of Conventional SISO-
Based Control System and Proposed two-stage CCS-
MPC

The performance of the proposed CCS-MPC is compared
to that obtained by the SISO-based control system discussed
in [7]. For both cases it is assumed that the machine stator
frequency is 1.7 Hz (= 100 rpm). The results are shown in
Fig. 6 with the CCS-MPC results being shown at the right.
The SISO-based control system also includes an allowable
capacitor-voltage oscillation band. The same operating con-
ditions and common-mode voltage are used to perform a fair
comparison.
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Fig. 6. MMC static performance at LFM using multiple SISO control
loops (left) and proposed two-stage CCS-MPC (right). (a)-(b) Total
cluster voltages v{,, and v, (c)-(d) Circulating currents iy and i,
(e)-(f) Machine current i, (g)-(h) Cluster currents i1 and L.

When analysing Fig. 6, the advantages of using the CCS-
MPC strategy are clear. The proposed controller significantly
reduces the peak circulating currents at this operating point
[see Fig. 6(c)-(d)] and also reduces the cluster currents by
30%. This improvement is due to the much faster dynamic
response and higher bandwidth of the predictive controller,
and the fact that the shape, frequency, phase and sequence
of the circulating currents are automatically and optimally
adjusted by the CCS-MPC algorithm of (13). According to the
results obtained here, the circulating current component, which
interacts with vg in the term 21}0;’55 of (7b), has a lower peak
than that produced by the SISO implementation proposed in
[7] because the CCS-MPC can generate trapezoidal waveforms
in the circulating currents allowing for reduced semiconductor
current stress. The reduction in the peak circulating currents
during LFM could improve the converter efficiency in this
operating mode. However, efficiency studies are considered
outside the scope of this work. The effects of trapezoidal
circulating currents on semiconductor current ratings and
capacitor dimensioning are discussed in [25].

As mentioned before, it should be noted that the scheme
proposed in [7] does not include globally managed constraints
on the circulating currents, unlike the proposed CCS-MPC.
Therefore to limit the cluster currents, conventional anti-
windup schemes are considered in the SISO-implemented PIs
and resonant controllers. Moreover, as stated before, optimal
saturation is not simple to achieve in SISO control of MMC. In
[7], the circulating currents are regulated by seven independent
PI controllers instead of a single MIMO controller. Implement-
ing seven anti-windup schemes to limit the output currents of
seven PI controllers leads to sub-optimal solutions (see [12]),
compared to those achieved by the CCS-MPC algorithms. This

Fig. 7. Experimental system. At the top left is the dSPACE MicrolabBox
connected to an optical-fibre interface board. At the bottom left is the
cage machine driving a PMSG. At the right is the 18-cell MMC prototype.

is further discussed in Section I and demonstrated in [12].
V. EXPERIMENTAL RESULTS

Validation of the proposed control scheme is performed
using the MMC-based motor drive prototype shown in Fig.
7, whose parameters are given in Table I. As mentioned in
Section III-A, the weighting factors used in the outer controller
are unity (i.e, \y = A2 = )\E = \U = )\g = 1)
except for A5 and )\ﬁ, which are the only ones adjusted
by the weighting factor controller (see Section III-B). On the
other hand, the weighting factors used in the inner controller
are A = A = land \J' = AJ = 1 x107% To
control the system, a dSPACE MicroLabBox platform is used,
which is composed of a Freescale QorlQ P5020 dual-core 2
GHz processor and a Xilinx Kintex-7 XC7K325T FPGA. In
this implementation, the FPGA performs an In-Phase Carrier
Disposition (IPD-PWM) modulation scheme and a sorting
algorithm. At the same time, the processor executes the
optimisations, the active-set solver and the remaining control
algorithms. The control platform includes 32 parallel ADCs
that are used to simultaneously perform and store all the
measurements into FPGA registers.

The MMC drives a 7.5 kW vector-controlled induction ma-
chine connected to a permanent magnet synchronous generator
(PMSG). A resistor bank has been connected to the PMSG
output to provide an electrical load. Hall effect transducers are
used to measure the capacitor voltages and cluster currents. A
10,000 ppr position encoder is fixed to the machine shaft.
18 optical-fibre links transmit the switching signals from the
control platform to the gate drivers of the MOSFET switches
(model IXFH72N30X3, nominal ratings of 72 A, 300 V, 15
m§2 On-Resistance). For the 10 kHz switching frequency, a
sampling time of 50 us is used for the implementation of the
control algorithms.

A. Dynamic Performance of the Control Strategy

Validation of the dynamic performance of the proposed
CCS-MPC strategy is tested over a large operating speed
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TABLE |
MMC AND INDUCTION MACHINE PARAMETERS

Symbol Parameter Value Unit
C Submodule capacitance 2,200 nF
L Cluster inductance 2.5 mH
T Submodules DC voltage 150 \%
n Submodules per cluster 3 -
fs Carrier frequency 10 kHz
Ve DC port voltage 450 v
P Power 7.5 kW
Vin Machine rms voltage 380 v
f Frecuency 50 Hz
P Pole number 2 -
Rs/R, Stator/rotor resistances 367/533 m)
Ls/L./L,, Stator/Rotor/Mutual inductances 139/139/135 mH
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Fig. 8. System response to a ramp speed variation. (a) Cluster currents
if, iF’, etc., (b) Machine currents 44, i, and i, (c) Circulating currents
iz and i3, (d) Capacitor voltages v/, ,, v5,,, €tc., (€) Weighting factors
A% and )\g, and (f) Machine speed w;.. The zoom-in on the time axis is
performed at t = 10 s (HFM) and ¢t = 25 s (LFM) with a time interval of
50 ms for both cases.

range, including operation at standstill (w. = 0). Fig. 8 shows
the experimental results, where a zoom-in on the capacitor
voltages and converter currents at LFM and HFM is provided
for Figs 8(a)-(d). In this test the different operating regions
and the behaviour of the system for the LFM-HFM transition

can be observed. A tolerance band of vé; = 11.25 V (see Fig.

Speed (krpm)  Weight Factor

2), which represents 7.5% of the capacitor voltage reference
V¢, 18 used in the variable weight strategy and is illustrated in
Fig. 8(d) by the red lines. The low-frequency region, where the
control strategy operates in LFM, is indicated by a blue band.
As shown in Fig. 8(d), the capacitor voltages are maintained
inside the 7.5% tolerance bounds even when the machine
operates at a very low frequency during the initial start-up.
Notice that during HFM all the capacitor voltages remain well
inside the predefined band even when all the )\ﬁﬂ are adjusted
to the minimum value.

In Fig. 8(e) the weighting variations \5 and )\2‘3 are anal-
ysed. Initially, the weights have a relatively high value because
the machine is at standstill with only the magnetising current
iq applied to the stator (i.e. LFM operation with w, ~ 0).
At t = 0, when the torque current is applied, the weighting
factors increase [see Figs. 8(b) and (e)]. However, when the
AC-port frequency is relatively large, the capacitor filtering
effect naturally reduces the voltage oscillations. Consequently,
the values of the weighting factors [see Fig. 8(e)], circulating
currents [see Fig. 8(c)] and total arm currents [see Fig. 8(a)]
are also reduced. Moreover, during HFM and in steady state
operation (12 s < t < 12.03 s), the THD is only 0.7%.
Regulation of the weighting factors to maintain the capacitor
voltages inside a predefined band also allows a seamless
transition between LFM and HFM as depicted in Fig. 8(e)
for t < 6 s and between 19.2 s < t < 28.1 s. This is also
shown in the scope shot of Fig. 9 where an amplified view
of the transition between LFM to HFM is depicted. When the
weighting factors are reduced from a peak-value of ~ 30 to
~ 4 the trapezoidal common-mode voltage is eliminated and
the HFM mode is enabled.

Notice that the proposed methodology is different to that
reported in some previous publications (see [4], [6], [10]),
where a stator frequency value (w.) is used as a hard limit
between LFM and HFM, e.g. w. = 12 Hz [6] that is enforced
regardless of the magnitudes of the circulating currents and
capacitor voltage oscillations. Additionally, the optimal algo-
rithm of (13) automatically adjusts all the circulating current
parameters to optimise the cost function as shown in Fig. 10.
The top waveform corresponds to the common mode voltage
and the medium and bottom waveforms correspond to the
circulating currents i and zg respectively. Here the machine
is operating with a stator frequency of ~ 4 Hz (i.e. LFM
operation), and a stator current of 5 A.

200v/ 500v/ 3 100A7 4 10.0A/

200.0ms/  954.7ms Stop

v

Fig. 9. Transition region from LFM to HFM. Yellow: common-mode
voltage, green: weighting factors, blue and red: circulating currents.
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Fig. 10. Experimental results obtained for an online “on the fly” change
of the waveform shape and frequency of the common-mode voltage.
Yellow: common-mode voltage, green and blue: circulating currents.

In Fig. 10, for 0 < ¢t < 100 ms a trapezoidal 100 Hz
waveform for vy is used. This waveform is changed to a
150 Hz sinusoidal waveform by the control algorithm for 100
ms < ¢t < 200 ms. It can be observed that these circulating
current components, obtained from (19), (21), automatically
adopt the same phase shift, frequency and waveform shape
as the common mode voltage, confirming that predefinition of
circulating current parameters is not required in the proposed
algorithm. As shown in Fig. 10, for a sinusoidal vy the
circulating current peak value is increased.

Additionally, the execution time was measured during the
test shown in Fig. 8. This computation time includes the
analogue-to-digital conversions and all calculations performed
by the QorIQ P5020 processor. The maximum execution
time obtained during the test was 15.8 us, which represents
31.6% of the total sampling period. Note that the optimisation
problems described in Sections III-A and III-C do not depend
on the number of converter submodules. Therefore, as afore-
mentioned, the computational complexity of the two-stage
CCS-MPC does not depend on the number of submodules
per cluster, unlike most strategies based on FCS-MPC [5].
In addition, it should be noted that the sorting algorithm can
be efficiently implemented in the FPGA taking advantage
of its parallel computing capabilities [17]. For example, the
modulation and sorting algorithms are executed in less than
10 ns for this implementation. Moreover, to further investigate
the computational burden, the conventional SISO strategy
proposed in [7] was implemented. The execution time obtained
for this control proposal was 14.9 us. Although the computa-
tional burden of the algorithm presented in [7] is lower, this
difference is negligible, less than 1 us, or about 1.8% of the
time period available.

VI. CONCLUSIONS

This paper has presented a two-stage CCS-MPC strategy for
regulating the capacitor voltages and the circulating currents
of MMC-based drives. As discussed in this paper, satura-
tion of voltages and currents are important tasks which are
very difficult to address using conventional linear controllers
considering that, in a typical MMC-based drive, each cluster
current may have components of several frequencies and pos-
itive and negative sequences. However, saturation of voltages
and currents are simple to achieve using the proposed CCS-
MPC methodology where the maximum currents allowed in

each cluster can be considered as constraints as well as the
maximum voltage to be synthesised without producing over-
modulation. To solve the intrinsic optimisation problem for-
mulated from the MPC, an Active-Set algorithm, implemented
in the dSPACE MicroLabBox, has been integrated into the
proposed control methodology.

An important feature of the proposed CCS-MPC, is design
simplicity because MMC-based drives are MIMO converters.
Therefore, to design the control systems using a MIMO-design
approach has advantages over the conventional approach of
utilising many SISO designed controllers which are imple-
mented considering simplified models where most of the cross-
couplings between the different state variables are neglected.
Moreover, for the proposed CCS-MPC algorithm the predefi-
nition of the waveform shape, frequency, electrical sequences,
and even phase shifts for the circulating currents are not nec-
essary; all these parameters are automatically obtained when
solving the constrained-optimisation methodology proposed in
this work. Additionally, the circulating current is optimal and,
according to the results obtained in this research effort, for the
same common-mode voltage and during LFM operation, the
peak values of the circulating currents are usually lower than
that obtained using conventional control systems. The effects
of the proposed CCS-MPC, in the efficiency achieved at LFM
operation, will be addressed in a future work.

The experimental results presented in this work shows the
high performance and good dynamic performance achieved by
the proposed two-stage CCS-MPC algorithm for both, LFM
and HFM operation. Moreover, a seamless transition between
LFM to HFM operation and vice versa, has been achieved
with the proposed control method.
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