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Abstract: Recent advances in high-power applications employing voltage source converters have
been primarily fuelled by the emergence of the modular multilevel converter (MMC) and its deriva-
tives. Model predictive control (MPC) has emerged as an effective way of controlling these converters
because of its high response. However, the practical implementation of MPC encounters hurdles,
particularly in MMCs featuring many sub-modules per arm. This research introduces an approach
termed folding model predictive control (FMPC), coupled with a pre-processing sorting algorithm,
tailored for modular multilevel converters. The objective is to alleviate a significant part of the com-
putational burden associated with the control of these converters. The FMPC framework combines
multiple control objectives, encompassing AC current, DC current, circulating current, arm energy,
and leg energy, within a unified cost function. Both simulation studies and real-time hardware-
in-the-loop (HIL) testing are conducted to verify the efficacy of the proposed FMPC. The findings
underscore the FMPC’s ability to deliver fast response and robust performance under both steady-
state and dynamic operating conditions. Moreover, the FMPC adeptly mitigates circulating currents,
reduces total harmonic distortion (THD%), and upholds capacitor voltage stability within acceptable
thresholds, even in the presence of harmonic distortions in the AC grid. The practical applicability of
MMCs, notwithstanding the presence of a large number of sub-modules (SMs) per arm, is facilitated
by the significant reduction in switching states and computational overhead achieved through the
FMPC approach.

Keywords: HVDC; model predictive control (MPC); modular multilevel converter (MMC); predictive
control; reduced computational burden; voltage balancing

1. Introduction

Modular multilevel converters are now well established and have the capability to
combine high modularity and scalability requirements in high-power applications effec-
tively. However, devising a control scheme that addresses multiple control objectives while
ensuring optimal functionality of the converter poses significant challenges. Implementing
linear controllers within the MMC necessitates the use of numerous cascaded and parallel
control loops, resulting in complex control architectures [1]. Linear controllers typically
demonstrate complex structures, slow and interdependent dynamic responses, and a lim-
ited stable operational range [2]. Additionally, fine-tuning parameters for linear controllers
in MMCs is notably challenging, especially when aiming for multi-objective regulation
within cascaded or parallel structures [3,4].
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On the contrary, model predictive control (MPC) has emerged as a leading choice for
controlling MMCs due to its fast dynamic response, simplicity, and ability to handle multi-
ple control objectives within a unified cost function [5,6]. However, a notable drawback
arises from the exponential increase in the number of switching states that must be consid-
ered at each sampling interval, making the practical implementation of MPC unfeasible.
Several noteworthy studies have been conducted to tackle this particular challenge.

The main strategies for implementing MPC in MMC applications revolve around two
primary approaches: indirect MPC and modulated MPC. In the first approach, researchers
have aimed to address computational complexities by incorporating a sorting algorithm
following the MPC process. In this method, the MPC process determines the number of SMs
to be integrated into the upper and lower arms, while a capacitor voltage sorting algorithm
is simultaneously employed to equalise voltages across the submodules’ capacitors [2,3,7–9].
Typically, in the case of a single-phase MMC, the reduction in the number of switching
states to (N + 1)2 is achieved (where N is the number of sub-modules per arm), with further
improvements in computational efficiency achieved through the refinement of the sorting
technique, as demonstrated in studies [7–9].

The modulated MPC approach shares more similarities with the linear proportional
integral (PI) method, generating a voltage reference as its output, which can then be
implemented using an appropriate modulation technique. This approach combines the
MPC system with both the sorting algorithm technique and one of the modulation tech-
niques [10–16]. Here, the role of MPC is to predict the voltage-modulating demand and
send this directly to the pulse-width modulation (PWM) elements to produce the required
pulses, while the sorting algorithm ensures capacitor balancing. The computational burden
linked with the modulated MPC strategy exhibits a linear correlation with the quantity of
SMs within the MMC. Nonetheless, its latency in responsiveness is relatively prolonged in
contrast to the indirect MPC method [16].

Alternative research efforts have focused on mitigating the computational burden in
MPC, either by extending existing strategies or enhancing the MPC algorithm itself.

The hierarchical linear control strategy was implemented in [17]. The MPC part is
placed in one of the stages of this hierarchy to enhance the performance of the control
system. The authors of [18] cascade two modulated MPC, or as they call it, use a continuous
control set MPC (CCS-MPC) to simplify the conventional CCS-MPC approach. A hybrid
MPC was implemented in [19] by integration between the conventional finite control set
MPC (FCS-MPC) and the modulated MPC. This strategy was updated in [20] by simplifying
the search of the horizon using a quadratic program. The computational burden was
reduced in [21] by adding an insertion index combinations step to the MPC block, enabling
the prediction process to be achieved faster. Further reduction in the switching states of the
indirect MPC was proposed in [22] by narrowing the horizon of the predictor search by
making it only consider the optimal switching sequence.

In [23], the researchers proposed a method to reduce the number of switching states
by dividing the SMs per arm into M subgroups and employing a sorting technique twice.
The initial sorting determines the number of subgroups to be inserted from each arm.
Subsequently, the second sorting occurs within the last subgroup, consisting of X SMs each,
to specify the particular SMs for insertion. If applied separately to each arm in a 3-phase
system, this method reduces the number of switching states to (2(2X + M + 3))3.

The proposed sequential phase-shifted MPC (PS-MPC) method for the MMC utilises
the operational principle of the well-known phase-shifted PWM (PS-PWM). This method
effectively obtains independent modulating signals for each carrier in a sequential manner [1].

Deadbeat predictive current control, a model-based control technique, was previously
employed in the control of MMC systems [4]. This approach provides a fast dynamic re-
sponse similar to traditional MPC but with a notably decreased computational burden. This
is accomplished by directly calculating the optimal voltage references without requiring
switching state evaluation, cost function computation, or weighting factor selection.
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In [24], a simplified optimisation algorithm is presented, operating within the scope
of (N + 1) optimisations. In subsequent work [2], computational complexity was further
reduced by limiting the optimisation scope of each bridge arm, albeit resulting in a decrease
in the number of output voltage levels. When implementing the described MPC method,
the total number of output voltage levels achieved is (N + 1). In contrast to a control
approach yielding an output voltage level count of (2N + 1), this algorithm fails to mitigate
low-frequency harmonics within the circulating current, thereby resulting in higher THD
in the output current [25].

In [25], a compensatory model predictive current control (CMPCC) method is devel-
oped to improve control effectiveness while reducing computational complexity. Unlike
traditional MPC, this algorithm succeeds in reducing the computational burden while
maintaining the output voltage at (2N + 1).

A fast finite level state MPC (FFS-MPC) is presented in [26]. The authors substituted
the cost function optimisation step (iteration step) by solving a system of linear equations,
which represent the control objectives of the MMC.

The proposal outlined in [27] integrates model-free adaptive control (MF-AC), em-
ploying a data-driven strategy, with a model-based control method rooted in MPC. This
integration relies solely on the input-output measurement data of the MPC controller, with-
out depending on expert knowledge of explicit models or system parameters. This fusion
leads to an architecture termed data-driven-based predictive current control (DD-PCC).
Leveraging artificial intelligence to emulate MPC can effectively alleviate computational
demands. In [28,29], a machine learning approach grounded in MPC is introduced, where a
neural network is trained using datasets derived from the model of MPC methodology. This
approach enables the neural network to mimic MPC functionality based on the information
acquired from the datasets of the MPC model.In [30], an event-triggered mechanism is
integrated with an MPC-based neural network.

In light of the multifaceted challenges encountered in the control systems of MMCs,
the pursuit of a robust control strategy capable of simultaneously addressing various
control objectives and constraints remains paramount. The techniques outlined above
highlight the complexities inherent in MMC, each necessitating certain concessions in their
implementation. For instance, while indirect MPC methods rely on averaged capacitor
voltages for optimisation, they introduce errors in prediction. Similarly, the modulated MPC
exhibits a longer dynamic response compared to conventional MPC methods. Moreover,
strategies aimed at reducing the number of switching states often result in heightened
control system complexity, thereby exacerbating the computational burdens.

In response to these challenges, the proposed FMPC paradigm represents a promising
advancement. By leveraging actual capacitor voltage values for prediction, FMPC over-
comes the inaccuracies associated with averaged voltages, thus embodying the principles
of direct MPC. This ensures a rapid dynamic response while accommodating multiple
control objectives within a unified cost function. Crucially, FMPC achieves a reduction
in both the switching states and the computational burden without sacrificing predictive
accuracy. In essence, FMPC emerges as a streamlined solution capable of optimising MMC
performance with heightened efficiency and precision.

Following an introduction to MMC modelling, conventional MPC will be explained,
followed by the proposed folding MPC approach. Subsequently, the HIL setup will be
outlined, and simulation and HIL results will be presented. Finally, conclusions will be
drawn based on the findings from the results.

2. Modelling of MMC

The MMC topology was initially introduced in 2003 [31] and has emerged as a cor-
nerstone in the realm of HVDC applications. Renowned for its modularity and scalability,
MMC has played a pivotal role in shaping the landscape of HVDC technology. Notably,
the inception of the first point-to-point VSC-HVDC project based on MMC architecture took
place in 2010 [32]. Since this groundbreaking milestone, a multitude of VSC-HVDC projects
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utilising this converter have been successfully implemented worldwide. Table 1 provides
an overview of select projects across the globe, showcasing the widespread adoption and
impact of this technology. Additionally, further insights into current and forthcoming
projects can be found in reference [33], which mentions both present endeavours and future
planning initiatives.

Table 1. Some of the VSC-HVDC projects based on MMCs.

Project Rated Power
(MW)

Rated DC Voltage
(±kV)

Distance
(km) Technique Company Authorising Year

Trans Bay Cable
(USA) 400 200 85 2 terminals Siemens 2010 [32,34]

Nanhui, China 18 30 8.4 2 terminals SGCC 2011 [35]

Nan’ao, China 200/100/50 160 41
2 terminals (in

stage II it will be
4 terminals)

CSG 2013 [36]

Zhoushan, China 400/300/100/
100/100 200 140 5 terminals C-EPRI 2014 [35,37,38]

INELFE between
France and Spain 2 × 1000 320 65

This is Europe’s
first DC onshore
interconnection
with the AC grid

Siemens 2014 [39,40]

Xiamen, China 1000 320 10.7 2 terminalsd SGCC 2015 [41]

Chongqing Hubei,
China 2500 420 Back-to-Back 2 terminals C-EPRI 2018 [42]

COBRA cable
(Nether-

lands–Denmark)
700 320 325 2 terminals Siemens 2019 [43,44]

Caithness–Moray
Link (Scotland)

1200/800/600/
in future 800 320 70 3 terminals ABB 2019 [45,46]

ULTRANET
(Germany) 2000 380 340 2 terminals Siemens 2019 [47]

Zhangbei, China 3000/3000/
1500/1500 500 638 4 terminals SGCC 2020 [42,48,49]

North Sea Link, UK
between Norway
and the United
Kingdom (UK)

1400 525 720 2 terminals ABB 2021 [42,50]

A 3-phase MMC consists of three identical legs, one per phase, where each leg is
divided in half at the AC connection to create the upper and lower arms, as illustrated in
Figure 1. Each arm comprises N cascaded SMs connected in series with an arm inductor
La. The incorporation of arm inductors in the MMC serves to minimise circulating current
induced by voltage disparities between the upper and lower arms, while also reducing the
rate of change of the short-circuit current on the DC side [51].

Typically, each SM comprises a half-bridge power converter connected to a capacitor.
The arrangement of capacitance in the SM eliminates the need for a high-voltage DC link
capacitor, enabling the generation of high-quality AC voltage, low voltage stress (dv/dt),
low switching frequency, and enhanced efficiency [52].
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The upper and lower arm voltages are determined using the total summation of
voltages across the inserted SMs at any given moment. As a result, each series of SMs within
an arm is replaced with a regulated voltage source characterised by the following values:

vux =
N

∑
i=1

Sx
cui ∗ vx

cui (1)

vlx =
N

∑
i=1

Sx
cli ∗ vx

cli, (2)

where vux, vlx, Sx
cui, Sx

cli, vx
cui, and vx

cli are the upper arm voltage, lower arm voltage, upper
switching state, lower switching state, upper capacitor voltages, and the lower capacitor
voltages, respectively. When Kirchhoff’s voltage law is employed to analyse the upper and
lower arms of the single-phase average model, the resultant equations are outlined below:

vdc
2

− vux − La
diux

dt
− raiux = vac

x + Lg
diac

x
dt

+ rgiac
x (3)

−vdc
2

+ vlx + La
dilx
dt

− railx = vac
x + Lg

diac
x

dt
+ rgiac

x , (4)

where iux, ilx, and iac
x are the upper, lower, and AC current, respectively, and vac

x is the grid
voltage. The AC side equivalent circuit of an MMC is represented by Equation (5), which is
found by adding Equations (3) and (4).

vlx − vux

2
− vac

x = (rg +
ra

2
)iac

x + (Lg +
La

2
)

diac
x

dt
, (5)

where
iac
x = iux − ilx (6)

Figure 1. Topology of MMC.

The AC side equivalent circuit comprises two AC voltage sources, an inductor, and a
resistor connected in series, as depicted in Equation (7).

vac
d,x − vac

x = (rg +
ra

2
)iac

x + (Lg +
La

2
)

diac
x

dt
, (7)
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where vac
d,x is a terminal AC voltage of the MMC

vac
d,x =

vlx − vux

2
(8)

The DC equivalent circuit can be derived by subtracting Equation (4) from Equation (3),
as demonstrated below:

vdc − (vux + vlx)− La
d
dt
(iux + ilx)− ra(iux + ilx) = 0 (9)

The equivalent DC side circuit contains two DC voltage sources, an inductor, and a
resistor connected in series, as represented in Equation (10).

vdc − vdc
mx − Leq

d
dt

iz
x − reqiz

x = 0, (10)

where Leq = 2La, req = 2ra, vdc
mx = is the terminal DC voltage of the MMC, and iz

x is the
arm’s circulating current.

vdc
mx = vux + vlx (11)

iz
x =

iux + ilx
2

(12)

The total of the upper arm currents must equal the total of the lower arm currents,
both of which must also match the DC current. This relationship can be expressed mathe-
matically as follows:

M

∑
i=1

(iu
i ) =

M

∑
i=1

(il
i) = idc (13)

It is important to note that the circulating current exists within each arm and consists
of two elements. The first element is the DC component, calculated as idc

P (where P denotes
the number of phases). The second element is at twice the fundamental frequency of the
output current. A primary goal of the control system is to eliminate this second-order
component from the circulating current in an effort to diminish the RMS arm currents and
subsequently reduce the losses in the converter. Therefore, the objective is to achieve a
circulating current iz that is solely DC in nature.

3. Conventional MPC

In contrast to linear control methods, this approach obviates the requirement for linear
PI regulators, voltage sorting of capacitors, and modulation stages. Moreover, it presents a
fundamentally distinct strategy for managing power converters. Traditional control tech-
niques intervene only after an error has manifested. Conversely, MPC proactively executes
control measures even before significant current errors occur. In order to achieve this, it
leverages a discretisation strategy of the mathematical model to predict the converter’s
future behaviour. Illustrated in Figure 2, the finite control set MPC (FCS-MPC) comprises
an extrapolation of the reference values, the predictive model, and the cost function.

Figure 2. Block diagram of FCS-MPC for controlling MMC.
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• Extrapolation of reference currents from the kth to the (k + 1)th sampling instant;
• Predictive model to calculate future control objectives across all feasible switching

states;
• Cost function to evaluate predictions and select optimal gating signals.

As discussed previously, multiple control objectives are included within a single cost
function. This paper considers five control objectives: control of the AC current, DC
current, circulating current, energy per arm, and energy per leg. The MPC is integrated
into the digital controller in discrete form, necessitating the representation of control
objectives in the discrete time domain. Subsequently, for the remainder of this section,
all the aforementioned control objectives will be discretised accordingly. To convert the
continuous model into a discrete model, the forward Euler approximation discretisation
method is commonly employed due to its simplicity and practicality [53]. This method
enables the prediction of a future step at (k + 1) based on the present state at (k), aligning
with the fundamental principle of MPC. The forward Euler approach approximates the
derivative as follows:

{dx(t)
dt

}t=kTs ≈
x(kTs + Ts)− x(kTs)

Ts
(14)

The primary control objective is the AC current, which holds significant importance
in MMC applications. The dynamic model of the output current can be derived from
Equation (7), and the discrete-time model of the AC current is expressed as follows:

iac
x (k + 1)− iac

x (k)
Ts

=
1

(Lg +
La
2 )

[Vac,p
d,x (k)− vac

x (k)− (rg +
ra

2
)iac

x (k)] (15)

The second control objective is a DC current which is divided identically into 3-phase
arm currents. If Equation (9) is applied to phase a, b, and c, respectively, then the dynamic
model of the DC current can be found from Equation (13), as shown below:

didc
dt

=
1

2La
[3Vdc − ∑

x=a,b,c
(vux + vlx)− 2raidc] (16)

The discrete time model of the DC current will be:

idc(k + 1)− idc(k)
Ts

=
3Vdc(k)

2La
− ∑x=a,b,c(vux(k) + vlx(k))

2La
− ra

La
idc(k) (17)

Then, the dynamic model of the circulating currents can be obtained from Equation (10).
So that the discrete form of the circulating current is:

iz
x(k + 1)− iz

x(k)
Ts

=
1

2La
[vdc(k)− vdc

mx(k)− 2raiz
x(k)] (18)

Ultimately, the energies of both arms and legs must be discretised. During the design
phase, the capacitor voltage of each SM is determined as Vdc

N . Consequently, to guarantee
energy balance, the sum of all the capacitor voltages (both inserted and bypassed) per arm
should equal the DC voltage, with a fluctuation tolerance of less than ±10%, i.e.,

N

∑
i=1

vu
cx,i =

N

∑
i=1

vl
cx,i = (1 ± 0.1)Vdc. (19)

This equilibrium results in minimisation of the power losses to their lowest extent,
without significant stress induced by voltage imbalances in any particular arm. The energy
variation per arm can be mathematically expressed as:

dWux

dt
=

C
2N

d(∑N
i=1 vu

cx,i)
2

dt
=

C
2

N

∑
i=1

d(vu
cx,i)

2

dt
(20a)
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dWlx
dt

=
C

2N
d(∑N

i=1 vl
cx,i)

2

dt
=

C
2

N

∑
i=1

d(vl
cx,i)

2

dt
(20b)

The power or energy variation in Equations (20a) and (20b) can be rewritten in another
form depending on the arm current and voltage per arm as follows:

dWux

dt
= vux ∗ iux (21a)

dWlx
dt

= vlx ∗ ilx (21b)

By adding and subtracting the above equations, the following simplification can be
obtained:

dWx∑

dt
=

dWux

dt
+

dWlx
dt

= vux ∗ iux + vlx ∗ ilx (22)

dWx△
dt

=
dWux

dt
− dWlx

dt
= vux ∗ iux − vlx ∗ ilx (23)

Based on Equations (6), (8), (11), and (12), the alternative forms of Equations (22)
and (23) are as follows:

dWx∑

dt
= (vdc

mx)i
z
x − (vac

dx)i
ac
x (24)

dWx△
dt

=
(vdc

mx)iac
x

2
− 2(vac

dx)i
z
x (25)

Energy balancing is attainable when the energy difference, or the value described in
Equation (25), equals zero. Additionally, the second balancing requirement among phases
necessitates that the average energy be identical in each leg. The desired energy per leg is
represented as follows:

dWx∑

dt
=

CV2
dc

N
(26)

Thus, the discrete time model of the arm and phase energies is:

Wx∑(k + 1)− Wx∑(k)
Ts

= (vdc∗
mx (k))i

m
xz(k)− (vac∗

dx (k))im
xac(k) (27)

Wx△(k + 1)− Wx△(k)
Ts

= (vdc
mx(k))

im
xac(k)

2
− 2(vac

dx(k))i
m
xz(k) (28)

The predictive model utilises all the discretised equations mentioned above to com-
pute future objective values. Given a finite set of switching states, these values can be
systematically listed for all viable configurations. In 3-phase MMC systems, the usual
number of switching states amounts to 26N .

The predicted control objectives undergo evaluation using a cost function, which is
defined as the summation of either the absolute or squared errors between the reference
and predicted objectives. The weighting of previous control objectives depends on their
respective impacts on the control system. Consequently, there are five weighting factors,
denoted as y1, y2, y3, y4, and y5, each corresponding to a control objective. The cost function
is formulated as shown in Equation (29):

g = y1|i∗xac(k + 1)− iac
x (k + 1)|+ y2|i∗dc(k + 1)− idc(k + 1)|+ y3|i∗xz(k + 1)− iz

x(k + 1)|+
y4|Wx∗∑(k + 1)− Wx∑(k + 1)|+ y5|Wx△(k + 1)|,

(29)

where all asterisked elements in the cost function are reference values, and the absolute
error method is dependent on the evaluation of the optimum switching states.

The optimal action, which minimises the error at the subsequent sampling instance,
is selected and swiftly executed on the MMC. FCS-MPC delivers a dynamic response
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exceeding that of conventional control methods, resulting in quicker response times. Fur-
thermore, it guarantees robust steady-state reference tracking comparable to traditional
control approaches.

4. Proposed Folding MPC

The fundamental concept of the proposed MPC is outlined in [54]. This paper con-
siders further details regarding the FMPC and elucidates its classification as a direct
MPC approach.

The development of FMPC stemmed from the necessity to enhance control precision
and mitigate errors inherent in indirect prediction methodologies that are well known in
research that addresses the MPC method when it is used to control MMCs.

Furthermore, FMPC represents a significant departure from conventional control
methodologies, particularly in its treatment of capacitor voltage prediction and control.
Unlike traditional indirect MPC approaches, which rely on average capacitor voltage
values for prediction, FMPC leverages actual capacitor voltages in conjunction with a
pre-processing sorting algorithm. This innovative integration enables FMPC to dynami-
cally adjust switching states based on real-time voltage measurements, thereby enhancing
control precision.

Additionally, it validates the approach through real-time hardware-in-the-loop (HIL)
testing. For the single-phase control strategy employed in the proposed FMPC, the number
of switching states to be considered amounts to (N + 1)2.

Initially, the proposed FMPC appears akin to an indirect MPC, wherein the prediction
of the number of inserted SMs per arm occurs within the MPC stage, while the sorting
algorithm, responsible for maintaining capacitor voltage balance, operates outside the
prediction stage. It is crucial to highlight that the proposed approach integrates a pre-
processing sorting algorithm (illustrated in Figure 3), which executes either concurrently
or before the MPC stage. Subsequently, the sorted capacitor voltages are combined with
the proposed FMPC to update instantaneous switching states. This renders it a direct
MPC approach since it utilises actual capacitor voltages for predicting switching states,
affording the predictor the flexibility to insert suitable SMs to achieve all control objectives.
In contrast, indirect MPC employs ideal capacitor voltage values Vdc

N for prediction, which
may introduce errors in output voltage and power.

Figure 3. Block diagram of the proposed FMPC.

Let us consider an example of an MMC featuring 10 SMs per arm, with a DC side
voltage of 30,000 V. This implies that each SM ideally operates at 3000 V. Now, imagine a
hypothetical scenario where, at a specific time, the anticipated number of upper and lower
SMs to be inserted are two and eight, respectively. At this juncture, the capacitor voltages
are depicted in Table 2 (these values have been recorded from simulation).
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The output voltage of this phase can be determined by applying the ideal capacitor
voltage values, as described in Equation (8).

Ideal value vac
d,x = 24000−6000

2 = 9000 V

When utilising the actual capacitor voltages to compute the output voltage following
the application of the sorting algorithm, the resulting expression is as follows:

Indirect MPC value vac
d,x = 25612.33−5762.92

2 = 9924.705 V

The comparison of the above two results reveals a disparity between the predicted
(ideal output voltage) and the actual voltage, amounting to 924.7 V (assuming the capacitor
voltages remain constant during this brief interval). Consequently, this difference influences
the adjustment of the output power.

Table 2. Capacitor voltages of the upper and lower arms.

Upper arm Vc1 Vc2 Vc3 Vc4 Vc5 Vc6 Vc7 Vc8 Vc9 Vc10
2913.73 2916.23 2924.61 2915.87 2926.49 2928.71 2919.24 2912.19 2915.1 2850.73

Lower arm Vc11 Vc12 Vc13 Vc14 Vc15 Vc16 Vc17 Vc18 Vc19 Vc20
3226.52 3211.37 3211.67 3210 3202.99 3195.15 3176.05 3178.58 3168.67 3169.36

In the proposed FMPC, actual capacitor voltages are employed to anticipate the
switching states, aiming to select inserted SMs as closely aligned with the ideal values
as possible. Utilising the same aforementioned example, to fulfill the output voltage
requirement of 9000 V at this moment, the number of inserted SMs in the upper and lower
arms will be adjusted. Specifically, there will be seven inserted SMs in the lower arm and
one in the upper arm. Employing the same earlier equation, the outcome of the proposed
FMPC will be:

Proposed FMPC value vac
d,x = 22436.28−2850.73

2 = 9792.775 V

Furthermore, the proposed approach allows for additional validation steps within
the prediction stage to mitigate this shortfall in the output voltage. These supplementary
steps involve replacing the initial bypassed SM with the final inserted SM for the same
arm, followed by verification of whether the error persists. If so, the process continues
by substituting the first two bypassed SMs with the last two inserted SMs and iterating
this verification process, progressively increasing the number of SMs by one at each step,
as depicted in Figure 4, until the desired value is attained. The exact number of these
supplementary checks is not fixed and depends on the magnitude of errors encountered
during normal predictions. However, these checks should not surpass a threshold that
could impact the charging and discharging dynamics of the capacitors in each arm. These
capacitors charge and discharge instantaneously based on the direction of the arm current.
In this study, the maximum step value adopted was set at 30% of N to ensure that the
capacitor voltages do not fluctuate by more than ±10% of their average voltage, Vdc

N .

Figure 4. Extra checking steps explanation for the inserted SMs per arm.
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Continuing with the previous example, the extra checking steps will be:

Extra Step 1 vac
d,x = 22433.75−2912.19

2 = 9760.78 V
Extra Step 2 vac

d,x = 22407.96−2913.73
2 = 9747.115 V

Extra Step 3 vac
d,x = 22373.64−2915.1

2 = 9729.27 V

As observed from the above results, the predicted voltage closely aligns with the
ideal value. Despite the introduction of extra steps, which entail increased computational
load, this assertion can be justified by three considerations. Firstly, as the number of SMs
increases, voltage levels tend to converge, thus employing actual capacitor voltage values
facilitates the identification of an optimal solution with greater precision and no extra
validation steps. Moreover, the number of extra steps is relatively small, thus having
minimal impact on the controller response time. Lastly, these extra steps can be computed
for an individual control objective rather than all objectives included in the main cost
function, thereby mitigating the computational burden.

The proposed FMPC incorporates the five aforementioned control objectives, utilising
the discretisation models outlined in the preceding section to predict switching states.
The flowchart outlining the proposed FMPC is depicted in Figure 5.

Figure 5. Flowchart of the proposed FMPC.

The cost function in the proposed FMPC incorporates five control objectives, each
assigned with three weighting factors denoted as y1, y2, and y3. In an MMC, the primary
control objective is the AC current; thus, it holds the highest priority among other objectives,
with its weighting factor fixed at 1 (y1 = 1). This paper suggests that the circulating current
shares a similar priority with the DC current; hence, they are assigned identical weighting
factors denoted as y2. Similarly, the arm and leg energies are deemed to have equal priority;
thus, they receive the same weighting factor, denoted as y3. Determining the values of
the weighting factors is crucial as it significantly influences the behaviour of the MPC.
The following approach is adopted to calculate the weighting factors: Initially, the value of
y2 is varied from 0 to 1 using a lookup table while assuming y3 = 0. The errors of both the
DC and circulating currents corresponding to the variation in y2 are recorded. Subsequently,
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the value of the second weighting factor, y2, is selected from the table based on the value
that minimises the errors in both the DC and circulating currents. This process is then
repeated for y3, and the errors of the energies are recorded. As a result, the cost function
encompasses five control objectives with three priority weighting factors, as depicted in
Equation (30).

g = y1|i∗xac(k + 1)− iac
x (k + 1)|+ y2|i∗dc(k + 1)− idc(k + 1)|+ y2|i∗xz(k + 1)− iz

x(k + 1)|+
y3|Wx∗∑(k + 1)− Wx∑(k + 1)|+ y3|Wx△(k + 1)|

(30)

5. HIL Setup

In this study, real-time hardware-in-the-loop (HIL) testing was conducted using both
a PLEXIM RT Box 1 and RT Box 3 (Plexim GmbH, Zurich, Switzerland) to implement the
MMC plant. Additionally, three LAUNCHXL-28379D Micro-controller units from Texas
Instruments (TI) (Dallas, TX, USA) were utilised to control each phase of the MMC.

As is widely recognised, the MMC stands as one of the more intricate converter
topologies, often incorporating numerous switching devices. Consequently, deploying
it on an HIL platform can present challenges, necessitating implementation in multiple
physical modes. In the context of the PLECS software (version 4.7.5), this entails multi-
task implementation, where different segments of the model exchange information via
voltage and current meters, as well as controlled voltage and current sources. The system
is partitioned at a slowly varying state variable, such as the DC-Link. To validate the
proposed FMPC, an MMC with four SMs per arm was employed. The measured signals
obtained from the MMC are outlined in Table 3.

Table 3. The measured signals from the MMC.

Parameter No. of Signals

Grid voltage 3
DC current 1

Upper arm current 3
Lower arm current 3
Capacitor voltages 24

Total analog signals 34

The RT Box 3 is the larger of the two, equipped with 32 analog output signals. There-
fore, to accommodate all the analog signals in the MMC plant, both RT Box 1 and RT
Box 3 need to be utilised. With three cores in the RT Box 3 and a single core in the RT
Box 1, the MMC plant is divided into four tasks, allocated between these two RT Boxes,
as illustrated in Figure 6.

Figure 6. Multitask distribution of MMC between RT Box 1 and RT Box 3.
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In Figure 6, the green background denotes the base task, operating within Core 0 of RT
Box 3. This task encompasses the AC grid, inductors, and resistances for each arm, as well
as the inductance, resistance of the grid, and the DC bus source. The upper task covers
all the SMs in the upper arms and is executed within Core 1 of RT Box 3. The first two
lower arms are managed by Core 2 of RT Box 3, while RT Box 1 handles the final lower
arm. Both RT Box 1 and RT Box 3 operate collectively as a single RT Box with four cores.
The discretisation step size for both RT Box 1 and RT Box 3 is configured to 6 µs. Code
Composer Studio (CCS) from TI was utilised for programming the MCUs. Figure 7 shows
an overview of the HIL and control platforms employed for the MMC testing.

Figure 7. RT Box 1 and RT Box 3 connection with three LAUNCHXL-F28379D.

6. Simulation Results

In the simulation section, an MMC with 10 SMs per arm was modelled. Table 4 presents
a list of parameters utilised for the MMC in these evaluations. PLECS simulation software
was employed to implement both the MMC and its control system. Three scenarios were
taken into account to assess the proposed FMPC technique: steady-state response, dynamic
response, and evaluation of its performance in the presence of 5th and 7th harmonic
distortion in the AC grid.

Table 4. Simulation parameters of MMC.

Parameters Values

Nominal power 22.5 MW
DC voltage 30 kV

No. of SMs per arm 10
Peak value of AC current 1000 A

Active power 22.5 MW
Ts 0.1 ms

6.1. Steady-State Response

In the steady-state scenario, the primary focus lies on the main control objective,
which is to track the reference current with optimal error tolerance, while ensuring that
other control objectives are not compromised. The simulation results depicting the 3-
phase output, upper arm, and lower arm current of phase A are presented in Figure 8.
It is evident from the results that the MMC operating with the proposed FMPC exhibits
stable steady-state behaviour, characterised by minimal harmonic content and high-quality
output current.
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Figure 8. 3-phase output, upper arm, and lower arm currents of MMC with 10 SMs per arm.

Regarding the power quality analysis, Table 5 presents the total harmonic distortion
(THD%) of both the AC and arm currents under steady-state conditions and with harmonic
distortion in the AC grid. This facilitates the identification and evaluation of various power
quality aspects of the system.

Table 5. THD% with and without harmonics contents in AC side (simulation results).

Without Harmonics 5th and 7th Harmonics

AC current THD% Arm current THD% AC current THD% Arm current THD%
1.01 3.26 2.2 4

In the spectrum analysis depicted in Figure 9, it is evident that the values of the low-
order harmonics are relatively small, indicating minimal impact on the quality of the output
current. Further reduction in harmonics can be achieved by reducing the sampling time.

Figure 9. Spectrum analysis of the 1-phase output current, upper and lower arms currents.
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It is worth mentioning that the presence of the second harmonic component in the
upper and lower arm currents (circulating current) does not affect the output current
directly. The reason for that is the output current arises from the difference between
these currents. However, the second circulating current contributes to an increase in the
RMS value of the arm currents, leading to higher conduction and switching losses in the
switching devices. Consequently, this can reduce the efficiency of the converter and the
lifespan of the switching devices. To address this issue, the proposed FMPC eliminates the
circulating current, as illustrated in Figure 10. This figure displays the waveforms of both
the circulating current and the DC current during steady-state operation.

Figure 10. 3-phase output, DC, and circulating currents waveforms.

Another crucial aspect to consider is the equal distribution of energy storage among
arms, which helps distribute stress evenly across the arms. Achieving this equilibrium
involves the incorporation of the last two control objectives, namely, the leg’s energy and
the arm’s energy, into the cost function (Equations (27) and (28)), along with utilisation
of the sorting algorithm. A key indicator of energy balancing is the equalisation of ca-
pacitor voltages among arms, which can be observed through the fluctuation in capacitor
voltages. Figure 11 depicts the capacitor voltages of phase A (upper and lower arms).
The proposed method ensures that the capacitor voltages remain within an acceptable
range, with fluctuations of less than ±10% of their average voltage, Vdc

N .

Figure 11. Capacitor voltages fluctuations.

The proposed FMPC considerably reduced both the number of switching states and
the computational burden.

6.2. Dynamic Response

The results obtained from the dynamic state assessment illustrate that the proposed
FMPC demonstrates a rapid and accurate response in tracking the reference current without
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any overshoot, as shown in Figure 12. The step change of the output current from half value
to the full load current occurs at t = 0.33 s. Additionally, the robustness of the proposed
MPC is evident from Figure 13, where it exhibits a high response for the DC current and
effectively suppresses the circulating current.

Figure 12. Dynamic response of the 3-phase output current.

Figure 13. Dynamic response of DC and circulating current.

As discussed in Section 4, the weighting factors play a pivotal role in shaping the
behaviour of the control system, underscoring the importance of their selection. While the
priority of the control objectives remains consistent during steady state, it is worth noting
that during dynamic states, the prioritisation of control objectives may vary depending
on the controller’s requirements. Fortunately, the proposed FMPC method exhibits a fast
and smooth dynamic response, minimising the impact of such variation in the control
objective priority.

6.3. Harmonic Content in AC Grid

The third scenario involves evaluating the control system’s performance under voltage
disturbances introduced to the AC side, specifically the 5th and 7th order harmonics with
a magnitude of 5% of the fundamental voltage. Figure 14 illustrates the grid voltage
and output current. It is important to note that the results in Figure 14 assume that the
output current is constrained to track a pure sinusoidal waveform and that, therefore, the
harmonics appear as a disturbance to the control system. Overall, the proposed FMPC
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exhibits a fast response and satisfactory performance in managing all control objectives and
disturbances. Moreover, the proposed method proves effective in reducing the THD% even
when the harmonic content in the upper and lower arms is slightly increased, as indicated
in Table 5.

Figure 14. Grid voltage and current during harmonics contents case.

Figure 15 shows the DC and circulating currents waveform when the 5th and 7th
harmonics are injected in the AC grid.

Figure 15. DC and circulating currents when the 5th and 7th harmonics are injected in the AC grid.

7. HIL Results

To evaluate the performance of the proposed FMPC in a practical setting, real-time HIL
testing was employed. The behaviour of the MMC with four SMs per arm was examined
using the proposed FMPC. Table 6 enumerates the parameters utilised to implement the
system. The same three scenarios mentioned previously were replicated to validate the
robustness of the proposed MPC.

Table 6. Real time HIL parameters of MMC.

Parameters Values

Nominal power 22.5 MW
DC voltage 30 kV

No. of SMs per arm 4
Peak value of AC current 1000 A

Active power 22.5 MW
Ts 0.1 ms

7.1. Steady-State Performance

In contrast to simulation results, in the real-time HIL implementation, the control
process must be completed within each sampling time interval, and the results applied in
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the next sample instance. In this way, the HIL behaviour closely resembles the demands of
an experimental implementation, making delay time compensation crucial. To address this,
a second-step prediction was implemented to compensate for the delay time in the control
platform. Figure 16 displays the output voltage, while Figure 17 shows the output current.
As depicted, the steady-state response closely resembles the simulation results with minor
differences. The THD% values are listed in Table 7.

Figure 16. 3-phase output voltage of the MMC.

Figure 17. 3-phase output current.

Table 7. THD% with and without harmonics contents in AC side (HIL results).

Without Harmonics 5th and 7th Harmonics

AC current THD% Arm current THD% AC current THD% Arm current THD%
2.6 5.6 3.2 7.5

Figure 18 shows the DC and circulating currents; it is clearly seen that the low-order
harmonic content is minimal and the high fluctuation comes from the switching of the
MMC cells.

Figure 18. DC and circulating currents per arm.
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The fluctuations in capacitor voltages for phase A (upper and lower arm capacitors)
are depicted in Figure 19. As is evident from the capacitor voltage figure, the fluctuations
remain within the acceptable range of ±10% of the average voltage of the SMs.

Figure 19. Capacitor voltages of phase A.

The waveforms of the upper and lower arm currents are presented in Figure 20. The har-
monic content within the currents falls within acceptable limits, as evidenced by Table 7.

Figure 20. Upper and lower arm currents.

In the HIL setup, general purpose input-output (GPIO) peripherals of the LAUNCHXL-
F28379D controller were employed to trigger the switches of the MMC. This approach was
adopted due to the absence of a PWM stage in the proposed MPC. The processing time for
both the proposed FMPC and the sorting algorithm is 26.6 µs, as illustrated in Figure 21.

It is important to note that the computational time varies based on several factors, such
as the speed of the control platform, the number of SMs per arm, the script optimisation,
etc. Therefore, the time mentioned above is not standard for an MMC with four SMs per
arm; it is simply indicative of the time taken for the control interrupt period of the proposed
MPC. Furthermore, in this study, the proposed MPC is not fully optimised, so shorter
processing times could be achieved with additional optimisation steps. Nevertheless,
the processing time sufficed for the application discussed in this paper, which primarily
deals with low frequency.

Figure 21. Time of interrupt (computational time of FMPC).
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7.2. Dynamic Response

To examine the dynamic performance of the proposed control algorithm, the ampli-
tude of the output AC current was increased from 500 A to 1000 A. Figures 22 and 23
depict the dynamic behaviour of the output current, DC current, and circulating current,
respectively, using the proposed control algorithm. Both figures clearly illustrate that the
MMC maintains stable operation and exhibits a fast response during the step change in AC
current amplitude. The output AC current and DC current effectively track their respective
references with a fast dynamic, as is evident in both figures. In Figure 23, the DC current
steps from 125 A to 250 A in response to the change in AC current reference, ensuring
that power balance is maintained between the DC and AC sides. The fluctuations in
the SM capacitor voltages within the upper and lower arms remain stable and balanced,
with variations kept within an acceptable range of under ±10% of their average value.

Figure 22. Dynamic response of 3-phase output current.

Figure 23. Dynamic response of DC and circulating currents per arm.

7.3. Harmonics Content in the AC Grid

In this test, 5% of the 5th and 7th harmonics were added to the AC side grid voltage,
as shown in Figure 24.

Figure 24. Voltage grid when the 5% magnitude of the 5th and 7th harmonics are injected.

Figure 25 shows the HIL results of the AC current generated by the proposed FMPC
algorithm when the AC grid voltage contains the aforementioned harmonics, aimed at
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assessing its robustness. As mentioned previously, the output current is tracking a pure
fundamental frequency sinusoidal signal.

Figure 25. Output current in case of harmonics contents.

Figure 25 demonstrates that the harmonics on the AC side have minimal impact on
the algorithm. All the electrical parameters remain stable and show satisfactory steady-
state performance.This is attributed to the model-based nature of MPC, where the grid
voltage serves merely as a disturbance variable for the control algorithm, and its effects
can be effectively mitigated with accurate measurement. Figure 26 illustrates that the
MMC maintains stable operation even in the presence of grid harmonics. Both the DC and
circulating currents exhibit fluctuations within an acceptable range.

Figure 26. DC and circulating current during harmonics contents.

It is worth mentioning that during the HIL implementation, the three MCUs operated
autonomously, with a single MCU assigned to each phase. Despite the increase in both
the upper and lower arm currents, the THD% of the output current remains within an
acceptable range. Figure 27 depicts the upper and lower arm currents.

Figure 27. Upper and lower arm current with harmonics included in the AC grid.

The harmonics on the AC side have an impact on the capacitor voltages, resulting
in asymmetric voltage fluctuations around the average capacitor voltage, as observed by
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comparing Figures 17 and 28. This phenomenon characterises the behaviour of storage
devices in the presence of harmonics in the AC grid voltage. They attempt to compensate
for the power inaccuracy, occasionally charging or discharging their voltage faster or slower
than under normal operation. It is important to note that this behaviour has a diminished
effect with an increase in the number of SMs per arm.

Figure 28. Capacitor voltages.

8. Conclusions

This paper introduces a proposed folding MPC approach for MMCs, which reduces
the number of switching states considered in the MPC algorithm to (N + 1)2. The method
integrates a sorting algorithm as a pre-processing stage, operating in parallel with the MPC
stage without adding extra complexity to the control system, thus enabling more accurate
predictions. Five control objectives are optimised through a unified cost function, including
the AC current, DC current, circulating current, energy per arm, and leg energy.

The efficacy of the proposed folding MPC is verified through PLECS computer simu-
lations and a real-time HIL implementation.

It is evident that the proposed FMPC technique for MMCs offers significant advantages
in terms of both steady-state and dynamic performance, as well as robustness to harmonic
distortions in the AC grid.

In the steady-state response analysis, the FMPC demonstrated exceptional capability in
accurately tracking the reference current while minimising harmonic content and ensuring
high-quality output current. Through simulation and HIL testing, it was observed that the
FMPC effectively eliminates circulating currents, reduces THD%, and maintains balanced
energy storage among the arms.

The dynamic response assessment further validated the effectiveness of the FMPC,
showcasing rapid and precise tracking of the reference current without overshoot or insta-
bility. The controller exhibited robustness to changes in control objectives and maintained
stable operation even during changes in load conditions.

Furthermore, the evaluation of harmonic content in the AC grid highlighted the
FMPC’s ability to mitigate the effects of voltage disturbances introduced by harmonics.
Both simulation and HIL results demonstrated the FMPC’s capability to maintain stable
operation and satisfactory performance even under adverse grid conditions, such as the
injection of 5th and 7th harmonic distortions.

Overall, the comprehensive analysis presented in this study underscores the effec-
tiveness and versatility of the proposed FMPC technique for MMCs. Its ability to achieve
optimal performance in various operating conditions, coupled with its computational effi-
ciency and robustness, positions it as a promising solution for enhancing the performance
and reliability of power electronic converters in modern power systems.
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