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Abstract—Model predictive control (MPC) usually suffers from
high computational complexity when it comes to modular mul-
tilevel converters (MMCs). Some researchers have attempted to
use a modulated approach to reduce the computational burden
and improve the control performance. But these methods do not
consider the actual physical limitations of the control system, and
therefore the control performance degrades at high modulation
indices or transients. To solve this problem, a modulated MPC with
bound-constrained quadratic programming has been proposed.
With this method, the optimal solution of the control problem can
be obtained, ensuring a better control performance under high
modulation index conditions or in transients. Finally, a comparative
experiment with the conventional modulated MPC methods has
been carried out. The experimental results validate that the pro-
posed method can achieve superior performance when the MMC
operates at high modulation index, transients, and low frequencies.

Index Terms—Model predictive control (MPC), modular
multilevel converters (MMCs), quadratic programming (QP),
simple bounds.

I. INTRODUCTION

VER the past decade, modular multilevel convert-
O ers (MMCs) have attracted increasing attention in the
medium- and high-voltage applications [1]. In comparison with
other multilevel converters, MMC shows better scalability and
modularity, which can achieve a very low total harmonic distor-
tion (THD) of output currents and switching frequency [2]. Due
to these excellent features, it becomes more and more popular
in high-voltage direct current transmission systems [3], static
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synchronous compensator [4], and medium voltage (MV) motor
drives [5].

Although MMC has many advantages, its control structure
is usually complex. To achieve multiobjective control, cascaded
or paralleled control structures with proportional-integral con-
trollers and/or proportional-resonant controllers [6] are typ-
ically adopted in traditional methods. However, these linear
controllers usually result in slow dynamic response and narrow
bandwidth [7]. Besides, the complicated control structure of
the MMC system further increases the difficulty of the control
system design.

Recently, model predictive control (MPC) has emerged as a
common and efficient technique in the field of power electronics
and motor drives due to its fast-dynamic response, capability
for the control of multiple variables, easy inclusion of con-
straints [8], [9]. Because of its successful application in other
voltage-source converters, MPC has drawn more attention as an
alternative control scheme in MMC systems.

The mathematical model of the MMC is the foundation
for the control designs, especially for MPC. Generally speak-
ing, two models, per-phase model [10], [11], [12] and three-
phase model [13], [14], [15], [16], are widely adopted in MPC
schemes. With the per-phase model, each phase of MMC can be
controlled independently, which obviously simplifies the con-
trol design process and reduces the computational complexity.
However, the underlying assumption for using the per-phase
model is that the common-mode voltage during each control
cycle is 0. This requirement is not always satisfied with the
per-phase model-based method, which leads to a slight degra-
dation of control performance [15]. Instead, the MPC method
based on the three-phase model, as it considers the effect of
the common-mode voltage, can achieve better steady-state per-
formance. Moreover, ac-side currents, circulating currents, and
dc-link current/voltage can be controlled independently with
the three-phase model. However, due to its control and com-
putational complexity, the three-phase model-based method is
usually applied to MMCs with fewer submodules per arm.

Based on whether modulation techniques are adopted, MPC
schemes for MMCs are classified into finite control set (FCS)-
MPC-based methods [10], [11], [17] and modulated MPC meth-
ods [16], [18], [19]. Due to its straightforward control structure,
fast dynamic response and low switching frequency under high
sampling frequency, FCS-MPC was first applied to MMC in
academia [10]. In this method, the MPC controller has been
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used to control the output ac currents, SM capacitor voltages, and
circulating currents by evaluating all the C3%; possible insertion
index combinations per phase, in which N is the number of SMs
in each arm. However, the number of enumerated combinations
of this method increases significantly when /N increases, which
leads to a huge computational burden. To overcome the high
computational burden brought by FCS-MPC, many researchers
have adopted the per-phase model of the MMC and proposed
some heuristic methods. In [11], an indirect FCS-MPC scheme
for MMC:s has been proposed. This method only needs to obtain
the number of the inserted SMs in each arm and uses an external
voltage sorting algorithm to balance the SM capacitor voltages
in the same arm. The total number of the enumerated combi-
nations of this scheme decreases to (N + 1)? in each phase.
The computational burden can be further reduced by reason-
ably limiting the selection range of the possible insertion index
combinations [12], [20]. However, the dynamic performance of
these methods will be influenced due to the sacrifice of a large
number of the possible insertion index combinations. In [21],
a proper selection of insertion indices can be determined by
solving a quadratic programming (QP) problem. Unfortunately,
this method is only applicable to the per-phase model-based
MPC. The research on the three-phase model-based FCS-MPC
method can be found in [13], [14]. In [14], a dual-stage MPC
scheme for MMCs has been proposed to reduce the compu-
tational complexity. This method needs to evaluate (N + 1)3

switching vectors at first stage and Cx/ 2 switching states per
arm at the second stage.

In addition to the studies on FCS-MPC methods, some schol-
ars have turned to use the modulated MPC technique for the
MMC system to further reduce the computational burden and
improve steady-state performance [16], [18], [19], [22]. The
method introduced in [18] is similar to the per-phase model-
based FCS-MPC method. It first selects two optimal adjacent
voltage levels based on the cost function. The duty cycles of
these two voltage levels can be calculated in each control period.
Although the steady-state performance can be improved by
using this method, there are still (N + 1) voltage levels per
phase that need to be evaluated. The modulated MPC methods
introduced in [16], [19], [22] share a similar principle, whose
essence is deadbeat control, and in this work, these methods
can be equivalent to solving an unconstrained solution to a
quadratic optimization problem (cost function). In [19], [22],
the per-phase model has been applied so that low control com-
plexity can be achieved. The steady-state performance of these
methods has been improved compared with FCS-MPC methods
under the same sampling frequency. In addition, with such
methods, the computational burden is independent of N and
thus is extremely low. However, these methods cannot directly
control the common-mode voltage, so they are not suitable for
MMC-based MV motor drives. Instead, the method proposed
in [16] is based on the three-phase model and it therefore has
the capability to directly control the common-mode voltage
and dc-link voltage/current. However, all these schemes [16],
[19], [22] do not take into account the case when the obtained
unconstrained solution exceeds the physical limits of the MMC

system. Note that in this case, the weighting factor will have a
significant impact on the control system. Unfortunately, these
methods ignore this effect. And in such a situation, using the
unconstrained solution does not prioritize the performance of
the most important control objectives. As a result, the control
performance will deteriorate when the MMC is operating at a
high modulation index or during transients (in these cases the
unconstrained solution may exceed the limit).

To solve the abovementioned problems, an MPC method
based on bound-constrained QP is proposed. At first, the control
problem for the MMC system based on the MPC method has
been formulated as a QP problem with simple bounds. After
that, an infeasible active-set method [23] has been employed
to quickly obtain the optimal solution of this control problem.
Then, the obtained solution can be used to implement the mod-
ulated MPC scheme. It can be seen that the proposed method
retains the advantage of computational efficiency that the con-
ventional modulated methods have, since the computational
burden is independent of N. Compared to the conventional
modulated MPC schemes [16], [19], [22], due to the use of
optimal solution, the proposed method can provide a better con-
trol performance when the MMC operates at high modulation
indices or transients. In addition, the proposed method is more
suitable for the MMC-based MV motor drives, not only because
it applies the three-phase model, but also because the MMC
system will often be in transients under such applications.

The main contributions of this work can be summarized as
follows.

1) This article reveals that the conventional modulated MPC
methods in [16], [19], [22] can be regarded as solving
the unconstrained solution to a control problem and thus
cannot guarantee a good control performance of the MMC
system when the constraints of the control input are vio-
lated.

2) To further enhance the control performance of the mod-
ulated MPC method, we adopt a QP method to find
the optimal solution of the control problem. Unlike the
conventional method that uses an unconstrained solution
followed by saturation, using the optimal solution allows
prioritizing the control performance of the most important
control objectives, resulting in better control performance
of the system.

The rest of this article is organized as follows. The math-
ematical model of the MMC is presented in Section II. The
conventional modulated MPC method and the proposed method
are presented in Section III. The comparative experimental
results are provided in Section IV. Finally, Section V concludes
this article.

II. MATHEMATICAL MODEL OF THE MMC

Fig. 1 shows the topological structure of a three-phase MMC.
It can be seen that the MMC has three legs, and each leg contains
two arms (upper and lower arm). Each arm is constructed with NV
cascaded SMs and an arm inductor L (neglecting the resistance
of the inductor). “O” is the virtual midpoint of dc-link and “N”
is the neutral point of the ac side. 7,4, %14, Tub» 216> tuc, and 7. are
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Fig. 1. Configuration of a three-phase MMC.

the currents flowing through the upper and lower arms in three
phases, respectively. vyq, Vg, Vubs Vlb, Vue, and vy represent the
voltages produced by the upper and lower arms in three phases,
respectively. vgq, Vs, and vg. are the equivalent ac-side output
voltages of the MMC. V. and 4. are the dc-link voltage and
current, respectively.

The control variables concerning about the current can be
divided into three parts: ac-side currents, dc-link current, and
circulating currents. The ac-side currents can be obtained with

isz:iux_ilw7x:a7bac- (D
The dc-link current is given by
fde= Y = Y i )
r=a,b,c r=a,b,c
The circulating currents are defined as
. ZuT + Zl'r idc
zm:T—?,x:a,b,c. 3)

It is worth noting that the sum of the circulating currents is zero,
which means that the circulating currents flow only among the
three legs of the converter without being leaked to the ac side
and the dc-link side.

According to Kirchhoff’s voltage law, the upper and lower
arm voltages with respect to the midpoint of the dc-link can be
obtained as

Vdc diux . disx
= Vyy + L e + Lg——
5 Uyz + a + Ryisy + Lg a + UNO
Vdc dzlz . dzszxz
= UVl L - fglsy — Ls - . 4
5 Vg + I Rgi i UNO 4)

It should be noted that vno is the common mode voltage, which
represents the voltage potential between the neutral point “N”
and dc bus virtual midpoint “O.”

Based on (1)—(4), the dynamics of three-phase ac-side cur-
rents, circulating currents, and dc-link current can be derived as
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dg 1 .
— = ——— (v] — vy — 2vNn0 — 2Rg1,
dt 2Ls+ L ( " sts)
dz, 1
dt - i (Usum — v — vu)
dige 3
dt - ﬁ (Vdc - Usum) (5)
where
Z‘sa UVla Vua
s = lig|, V1= |vp|, Vu= |Vuw
_isc Ule Vuc
iza UNO Usum
i, = |lig|, YNO= |UNO|, Vsum Usum
_iz('_ UNO Usum
1
UNO = 5 Zm:a,b,c (vla: - Uuz)» Usum =
1
3 Zx:a,b,c (le + qu)-
The arm voltages (v, and v),) can be expressed as
N
_ Nux 2 : i _
Vuze = N Uc,um = NuzVuzx
=1
n N
lx i _
Ve = 7 E Ve lz = MaVlz (6)
=1

where n,, (y = u,l and x = a, b, ¢) is the number of inserted
SMs in upper/lower arm (also called insertion index). v(’@’ux and
vé,lm are the voltage of the capacitor in :th SM in upper and lower
arms of phase x. ¥, is the average capacitor voltage in arm y
of phase x. Here, we assume that the capacitor voltage of each
SM in the same arm is well balanced due to the voltage sorting
algorithm.

By using the forward Euler method for (5), the discrete-time
domain mathematical model can be obtained as

is(k + 1) = anis(k) + az (vi(k) — vu(k) — 200 (k)

i, (k+1) = 1,(k) + a3 (vsum (k) — vi(k) — vu(k))
iac(k 4+ 1) = iac(k) + 3as (Vae — veum (k) @)
where

2R.T, T, T,

T A A T AL TS

T
'Uu(k): |:nua{}ua b Vub nucﬁuc]

vi(k) = {nlaﬂla N1V nlcﬁlc}T
vanF) = 3 [1 1 1] (0u(h) + 0 (k)
vNo(k):é[l 1 1] (k) — va(h)

and Ty is the sampling interval.
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According to (7), the discrete-time mathematical model in the
linear matrix form can be obtained as

y=Ax+b ®)
where
lsa(k+1) Nua 1sq (k)
isb(k + ]-) Nla alisb(k)
y = Z'sc(k + 1) x Nup b— alisc(k)
- ) - ) - .
imq(k+1) o izq (k)
izb(k + 1) Nue izb(k)
lpe(k+1) | N1 RAGE
[ 2000 2010 Tub b Due —0ic ]
LO LO LO LO LO LD
Vua —Vla 2Uyp 201p Vuc —Vle
Lo Lo L, Lo ° L,
T Vuq —Ula Dub —Uip 20ye 201
A== Lo Lo L, L, Lo Lo
3 —Vua —Vla M % Vue Ve
L L 2L 2L 2L 2L
Vua Vla —Vub —p Vuc ie
2L 2L L L 2L 2L
Vua Ula Vub Uiy —Uuc —Vic
| 2L 2L 2L 2 L 7 |

In (8), y presents the prediction values of ac-side currents and
circulating currents at k 4 1 time instant and « is the vector of
the insertion indices n,, (y = u,l and = a, b, ¢) for all six
arms. L, = 2Lg + L is the ac-side equivalent inductance.
Assuming that the load is symmetric and thus the sum of the
ac-side currents is zero. Based on the definition of the circulating
current, the sum of the circulating currents is also equal to zero.
Therefore, the Clarke transformation can be used to reduce the
dimension of y. The Clarke transformation is given by

1
022[

|
‘a Do

1
T2

The augmented Clark matrix is defined as

¢ ()2X3] . (10)

B l02x3 C

The discrete-time mathematical model in the stationary «-f3
frame can be expressed as

g=Ax+b (11)
wherey = Cy, A = C A, and b = Cb. Besides, vgym and vno
are used to control the dc-link current and eliminate the common-
mode voltage, respectively. They are rewritten as

1
Usum = g |:Uua Vg Vub Ulb Vuc Ulc:| T

ay

|:_17ua Vg —Vup Vb —Vue 171(:i| Z. (12)

=

UNO =

as

Finally, the augmented discrete-time mathematical model can
be expressed as

isa(k+1)
isﬁ(k + 1) A b
N iga(k +1) 3T, 31,
§= e v R A R
Zzﬂ(kz + 1) 2L Y1 2L Vd
. as 0
ch(k + 1) —_———— ——
vNO A b

Note that, (13) represents the model of the MMC system op-
erating in the inverter mode. When the MMC system operates
in the rectifier mode, vg,,, should be directly controlled to the
reference dc-link voltage V..

III. MODULATED MPC ALGORITHM FOR MMCSs

The basic idea behind the modulated MPC of the MMC is
to calculate the reference of insertion indices (or arm voltages)
that can minimize the predefined cost function. By transforming
the cost function into a QP problem about the control input x
and solving this problem, we can easily obtain the reference
values of the insertion index. The existing modulated methods
introduced in [16], [19], [22] can be regarded as employing the
unconstrained solution of this QP problem as the control input
in this work, and they can be described as follows.

The cost function used in this work is defined in a-( frame
as

J = |[itap — dsas(k + 1| + w1 ||ihas — taas(k+ )|

+wy ||ife — dac(k + 1)[15 + ws [lvko —vnoll;  (14)

where || - ||% is the squared 2-norm. w1, wo, and w3 are weighting
factors of circulating currents, dc-link current, and common-
mode voltage, respectively. Note that the selection of the weight-
ing factor is an open issue in academia. However, we can
adjust these weighting factors in a trial-and-error manner until
satisfactory control performance is achieved. The way to obtain
the reference value of circulating currents can be found in [5],
[24].

The cost function in (14) can be written as a standard QP
problem about & = [1y4 N1 b T1p Tue M) © as

1
min J(x) = inQw +d'z
xT

subjectto 0 <x < N (15)

~T ~ ~T ~ . .
where Q=A WA, and d=A W(b—y*), with di-
agonal weighting matrix W = diag(1, 1, w;, wq, ws, w3),
y* = [ii, U125 bya Ly Lc vl*\IO]T, 0=1[000000]", and N =
[NNNNN N|T.

It should be noted that in this case the insertion indices
defined in « are selected as control variables. The arm voltage
(v = [Vuq Via Vub Vb Vue V1) T) can also be used as the control
variable [16], [22]. v is the vector of all arm voltages of the
three phases. The relationship between these two types of control
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variables (x and v) is expressed as follows:

v=Va (16)

where V' = diag(vua, Ulas Dub, V1, Vue; Ve ). The two modeling
method with different control variables are essentially equiv-
alent. The unconstrained solution of (15) can be expressed as

Tune = —Q 'd=A '(y* — b) (17

and the desired arm voltage can be obtained by vyn. =
V Zune [16]. We can find that the unconstrained solution (17)
derived from our designed cost function has the same solution
form as the deadbeat control. It is worth noting that not all
unconstrained solutions derived from the cost function have the
same form as the deadbeat control solution. But in our designed
cost function, they are equivalent.

A. Limitations of the Existing Modulated MPC for MMCs

As the method introduced in [18] has been fully discussed
in [22], this section will mainly focus on another class of
modulated MPC schemes [16], [19], [22]. This part will reveal
the main idea behind these methods and their limitations.

To better illustrate the idea of these methods, the per-phase
model has been used [19], [22] and it can be expressed as

ik +1) ] [=1 ] [vw(k)
icirw(k + 1) _2TZ _21;2 le(k)
—_——

Yy B u
(1 - 21}—T) isa (k)

iCiI‘I(k) + %‘/dc(k)

d

+

] (18)

where iciry = is0 + idc/3 and = a, b, ¢. The cost function for
the per-phase model is designed as

Ju)=(y —y) "Wy —y)

19)

T
. i:ir;v:| and W = diag(1, wy). w is the con-
trol input in the per-phase model, which represents the upper
and lower arm voltages of phase x. Applying (18) into (19) and
neglecting the constant term in .J(w), the cost function can be

rewritten as

J(u) =uTB"WBu +2(d — y*)"W Bu.

where y* = [z

(20)

The unconstrained solution of (20) can be derived as

e = (BTWB) " ((y" - d)TWB)T =By —d).
(21

The similar expression can be found in [19].

Remark 1: Note that although the different models has been
utilized, the solutions obtained by these methods [16], [19], [22]
will be the same as long as the reference value of the common-
mode voltage is set to 0 and ¢};,, = i}, + ¢3./3. However, in

Cirxe
practice, when the common-mode voltage is not 0, the predicted
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(b)

Fig.2. Optimal solutions with different wy . (a) wy = 0.3. (b) w1 = 3.0.

value obtained by using the three-phase model will be more
accurate. Thus, in the experimental part, the method in [16] will
be used to compare with our method.

From (21), it seems that the weighting factor is not required.
However, this solution ignores the actual physical constraints
of the system. The control input » should naturally satisfy the
following constraints:

N N
0 S vuﬁ(k) S Zvé,uma 0 S vlﬁ(k) S Zvé,lm' (22)
i=1 i=1

When the solution obtained by (21) does not satisfy these
constraints (22), the common measure [25] is to saturate this
solution, which can be expressed as

Usat = min(uy, max(lp, Uync))- (23)

l, = [00]" and uy, = {vazl Ve o véylm}T represent the
lower bound and upper bound of the control variable w, re-
spectively. This saturation approach is proper when BT W B
is a positive semidefinite diagonal matrix, which is common in
decoupled control. However, such a saturation manner cannot
get the optimal solution in most cases and, thus, the effect of
the weighting factor is highlighted. To better illustrate the effect
of different weighting factors on the optimal solution, a simple
example has been given as follows:

11 L2l o] 1
7= = el
24

According to (21), the unconstrained solution can be easily

T
obtained: ©,,c = [0.5 1.5} . We can obtain different optimal

solutions when the weighting factor w; is different. Fig. 2 is a
contour plot of the cost function .J (the z-axis and y-axis of
Fig. 2 are the two elements of the control input u). It describes
the different location of the optimal solution when w; is equal
to 0.3 and 3.0, respectively. It can be seen that the unconstrained
solutions ;. and the corresponding saturation solutions g,
are the same for two weighting factors. However, the optimal
solutions u* in Fig. 2(a) and (b) are different due to the dif-
ferent weighting factors. Obviously, applying different optimal
solutions will result in different control performance. Therefore,
well-designed weighting factors that consider the importance
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of different control objectives will bring a satisfactory control
performance for the system. Instead, by using the saturation
solution, the control performance is independent of the weights,
which also means that the control performance of the most
important control objective cannot be guaranteed. This is the
limitation of the existing modulated MPC methods. Fig. 2(a)
and (b) also reveals that the control input wg,; closest to the
unconstrained solution u, . cannot bring the control objectives
closest to their reference values. Therefore, for the modulated
MPC scheme, the effect of the weighting factor cannot be
ignored when the unconstrained solution is not in the feasible
region (this situation usually occurs when the system is in a high
modulation index or transients).

B. Proposed Modulated MPC Algorithm for MMCs

As discussed in the previous section, using the unconstrained
solution will deteriorate the control performance in some cases
and thus it is necessary to employ the optimal solution to the
control system. The proposed modulated MPC scheme adopts
a bound-constrained QP method to quickly obtain the optimal
solution of the problem (15).

Corresponding to the constrained optimization problem (15),
one can form a Lagrangian function as

L(x,s,t)= %mTQm +drx+sT(x— N)+t7(0—x)
(25)

where s and t are Lagrange multipliers. The Karush-Kuhn-
Tucker (KKT) condition [26] is given by

Qr+d+s—t=0 (26a)

si(z; = N)=0,VieC (26b)

t;(0—a;)=0,VieC (26¢)
0<x=<N,s>0,t>=0 (26d)

where C = {1,2,...,n}, n is the dimension of x. It is well

known that the QP problem (15) reaches the minimum if and
only if (x, s, t) satisfies the KKT conditions in (26). The crucial
point in solving (15) is to identify those inequalities that are
active. Besides, in practical applications, the speed of finding
these active constraints is also important. An infeasible active set
method [23] for solving such a QP problem is adopted due to its
fast convergence. This method only requires very few iterations
to solve a QP problem. To describe the algorithm briefly, some
working sets (A;, A,, and 7) are declared in advance. A; is
the index set for which the lower bound constraint is active. For
each 7 € A;, x; will touch the lower bound, which is z; =0
in this case. Similarly, .4,, is the index set for which the upper
bound constraint is active. For each ¢ € A,, there is z; = N.
A is the set for active constraints and it can be expressed as
A = A; U A,. Set 7 is the complementary set of A and it can
be obtained by Z = C \ A. It assumes that for each i € Z, z;
neither exceeds the lower nor the upper bound. According to the
present working sets (A, A;, and 7) and KKT conditions (26b)
and (26c), we can easily obtain the following equations as:

T4, =0, sy, =0
x4, =N,t4, =0
st =0,tr=0. 27

Now only 7, s4,, and t4, need to be solved. According
to (26a), these variables can be obtained by solving the following
equation as:

Qua, Qua Quaz| |Ta, dy,
Qua, Qua Quz| |Ta |+ |da
Qr,4, Qa4 Qi Tz dzr
S A, ta,
+ |84, —|ta | =0. (28)
ST tI
Based on (27), 7 can be solved first by
Qrrxr = —d7 — Qra,Ta, — Q14T (29)

where Q77 is convex and, hence, the system (29) is solvable.
After x7 is solved, the s 4, and t 4, can be obtained as

Sa, = —Qua,Ta, — Q%A — Q101 —dy,

tAl = Q»AZ-Au :EAU + Q-ALAL wAL + Q_AlIwI + d.A[ . (30)

All the variables have been solved based on the present active set
A. If our guess for the present active set A is correct, then 0 <
xz = N, sy, = 0,and t4, > 0 will be satisfied. Otherwise, a
new guess for the working sets A;, A,, and A should be made
for the next iteration, which we denote by A;", A+, and AT.
Consider the following cases. If s; > 0 (7 € A,,), it indicates
that our previous guess i € A, is reasonable. Similarly, if ¢; > 0
(i € A;), the index of ¢; should be included in the new working
set Al+. 7 should also be checked and, thus, the guess for the
new working sets can be summarized as follows:

A?': {i:x; <0,0orz; =0&¢t; >0}
Aj: {i:a:i>N,0rxi:N&si>O}

At =AFuAl . (31)

With these new working sets, we can repeat the procedure to
get the new solution and check whether the KKT condition is
satisfied. The detail of convergence analysis of the algorithm can
be found in [23]. An intuitive description about this algorithm
are summarized in Algorithm 1.

Remark 2: Tt should be noted that the main computational
burden of this method is matrix inversion for ). Due to the
relatively small scale of the problem (six dimensions) and the
low number of iterations required to solve the problem, all
calculations can be completed within one control cycle. To
further reduce the calculation load, the arm voltage should be
used as the control variables. In this way, the matrix @ is constant
and its inverse matrix can be calculated offline and stored in
advance. In fact, since the inverse matrix is known, we can
go through all possible active sets to find the solution for the
optimization problem. The calculation time may increase, but
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Algorithm 1: Infeasible Active-Set Method.
1: function IAS(Q, d, a, b)
2: C+{L,2,...,n}

Ay %@,Al %@,I%C\Au\/ll

Flag < 0

while Flag == 0 do
x4, < b, {bis the upper bound}
T 4, < ay, {a is the lower bound}
STUA; < 0

9: trzua, < 0

A A

10: Compute (¢, S4,,t4,) from (29) and (30)
11: ifa<x=<b&s>=0&t>0then

12: =

13: Flag < 1

14: end if

150 A, =Af « {i:x;>0b; | si >0}

16: :Af<—{i::1:i<ai||ti>0}

172 I=I+«C\AJ\AS

18: end while

19: return x*

20: end function

for some ill-conditioned cases, this manner guarantees that the
optimal solution will definitely be found in a determined time.

So far, after implementing this infeasible active set method,
the optimal solution x*, which presents the insertion index of
each arm, can be obtained. This solution can be directly applied
to the sorting and modulation stage to realize the control of the
MMC system.

C. Voltage Balancing and Modulation Method

The arm-balancing control can be used to stabilize the MMC
operation and generate the reference of the circulating cur-
rent [24]. The individual balancing of each SM is based on the
sorting algorithm. However, the insertion indices obtained by
the modulated MPC scheme are not integer and, thus, some
modifications have to be made before implementing the sorting
algorithm.

According to the optimal solution x*, the number of SMs that
remain inserted during one control period can be expressed as
(32)

inf
Ny, = floor(ny, )

where n,, is the element of * and the floor function will
generate the greatest integer n;“f which is less than or equal to
.- The fractional part of n;,, which represents the duty cycle

of the SM operating under the PWM mode, can be calculated as
(33)

% inf
dyz = Moy — Moy -

The maximum number of inserted SMs in a control period can
be expressed as

ny,’ = ceil(ny ).

(34)
The ceiling function maps nw to the least integer greater than
or equal n, ... ny:P will be given to the voltage sorting algorithm

to determine Wthh SMs need to be inserted. n;“f SMs will be

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 1, JANUARY 2024

—
0 .
1 Modulation
inf 1
vc‘yx’ My | ¢ inserted ;
1
i Voltage ] S
—» Sorting | d,, LLELLUUN dyy :>
n Algorithm
¢ » 0
N [ > 0
X :bypassed> 0
|
Fig.3. Block diagram of voltage balancing algorithm and modulation method.
MMC
de-link
IO N
measured easured values

values m
v (k) (k) \gate ﬁs/ v, (k),v, (k)
u b signals e i (i (k)L

voltage sorting and
modulation (Fig.3)

ny, y,

Cost Function (15) & iy, (k+1),vy,
h Solving (15) to obtain insertion
mp ) mﬂ, i1 Vuo \ indices by using Algorithm 1 i (k+1),0,,,(k+1)

Fig. 4.

reference

prediction
model (13)

generation [24]

Block diagram of the proposed modulated MPC scheme.

inserted during the whole control period and the duty cycles of
these SMs will be given as 1. N — nyiP SMs will be bypassed
during the whole control period and the duty cycles of these SMs
will be given as 0. The state of an SM will change according
to the corresponding duty cycle d,,,.. When the duty cycle of all
SMs is obtained, each SM will complete the modulation process
according to its own duty cycle. Fig. 3 shows the block diagram
of the voltage sorting part and modulation part.

D. Control Structure of the Proposed Modulated MPC

The overall control block diagram of the proposed modulated
MPC method is presented in Fig. 4. According to the designed
cost function (14), four control objectives, i.e., ac-side currents
15, circulating currents 2,, dc-link current ¢4., and the common-
mode voltage vno, should be controlled at the same time in
the predictive controller. It is worth noting that the reference of
the circulating current is achieved by using an external voltage
balancing method. When MMC operates at nominal frequency,
the balancing method introduced in [24] will be adopted, while
when MMC operates at low frequencies, we will employ the
high-frequency circulating current injection method from [5]. At
first, the MPC scheme uses the discrete-time model (7), which is
also called prediction model, to obtain the predicted values of the
control variables at & + 1 time instant. Note that, these predicted
values are related to the insertion indices «. The problem now
is how to solve for x. By using Algorithm 1, the reference of
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TABLE I
PARAMETERS FOR THE EXPERIMENTAL PLATFORM

Parameter Symbol  Value
DC-link voltage Ve 100V
Number of SMs per Arm N 2

SM Capacitance Csm 5.04 mF
Arm Inductance L 1.9mH
AC-side Resistance Rs 5Q
AC-side Inductance Ls 6.8 mH

Fig. 5. Setup of the testbench. (a) dASPACE SCALEXIO real-time system.
(b) Interface. (c) Three phase MMC. (d) RL load.

the insertion indices, which minimizes the cost function (14) or
the QP problem (15), can be obtained. After that, these reference
values are sent to the sorting and modulation part shown in Fig. 3
and converted into switching signals to the MMC.

IV. VALIDATIONS

The parameters of the MMC system with R L load have been
given in Table I and the photo of the test bench is shown in Fig. 5.
The sampling interval is 100 ps. In this section, the experimental
results of both the conventional modulated MPC methods [16],
[18] and the proposed method will be presented.

A. MMC Operates at High Modulation Index and Transients

To verify the effectiveness of the proposed modulated MPC
method, we conducted a comparative study between the pro-
posed method and the existing conventional modulated MPC
methods [16], [18]. For the sake of distinction, we refer to
the method introduced in [16] as conventional MPC 1. As
discussed in Section III, conventional MPC 1 does not consider
the constraints of the control input, which is the only difference
from the proposed method in this work. The control method
in [18] is called conventional MPC 2 in this part.

The experimental results of the proposed method under the
step change in the output currents (from 6 to 10A) are shown in
Fig. 6. The weighting factors used in the proposed method are
We = 1,wy = 0.3, wy = 0.3, w3 = 1 x 1075, w, is the weight-
ing factor for ac-side currents. Note that the conventional MPC
methods do not require weighting factors. Fig. 6(a) presents
the three-phase ac-side currents (isq, %5y, and ig.) at such a
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Fig. 6. Step change in AC currents with the proposed MPC at 50 Hz.
(a) ac-side currents. (b) circulating current of phase a. (c) SM capacitor voltages
of the upper and lower arms. (d) de-link current. (e) upper and lower arm currents
of phase a. (f) common-mode voltage. (g) insertion indices of the upper and lower
arms.

related change. Fig. 6(b) shows the circulating current of phase a
(i4)- As the low-pass/notch filters are not applied in the energy
control part, a second-order component appears in the circulating
current. The capacitor voltages of the upper and lower arm in leg
a (V¢ ug and v 1) 18 shown in Fig. 6(c). It can be seen that the
SM capacitor voltages in both the upper and lower arms are well
balanced. Fig. 6(d) and (e) shows the dc-link current (%4, ) and the
upper and lower arm currents (¢, and 7),). Fig. 6(f) represents
the equivalent common-mode voltage over one control period
(vNo). The insertion index waveforms of the upper and lower
arms are also provided in Fig. 6(g).

The control performance of the conventional MPC 1 has
been provided in Fig. 7 . To show more details, we have also
provided detailed waveforms of the output current and dc-link
current during a step change in the output current reference, as
shown in Fig. 11. It can be seen that a comparable steady-state
performance can be achieved when the amplitude of the ac-side
currents is 6 A. However, poor dynamic response is observed
in the dc-link current. Besides, there are obvious fluctuations in
the dc-link current when the amplitude of the ac-side currents is
10 A. In fact, we can find from Fig. 11 that there is a steady-state
error on the dc-link current with conventional MPC 1. This is
why the settling time of its dc-link current is infinite, as shown in
Table II. We can also observe from Figs. 10-12 that the dynamic
responses of the output currents are similar among these three
methods. However, while conventional MPC 1 ensures the con-
trol performance of the output current, it fails to address other
control objectives, such as the dc-link current. Comparing Figs. 6
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TABLE IT
COMPARISON OF OVERALL PERFORMANCE AMONG THREE METHODS
Proposed MPC Conventional MPC 1~ Conventional MPC 2
THD of output current (6 A /10 A) 3.66%/2.21% 3.83%/2.86% 3.68%/3.27%
RMS of circulating current (6 A/10 A) 0.97A/0.87 A 0.97 A/1.08 A 0.95A/0.83 A
Calculation time 17.8 ps (7 iterations) 17.3 ps (1 iteration) 18.4 ps (9 cycles)
Rise time of output current 1ms 0.9ms 1.1ms
Rise time of dc-link current 1.2 ms inf 1.3 ms
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Fig. 7. Step change in AC currents with conventional MPC 1 at 50 Hz.
(a) ac-side currents. (b) circulating current of phase a. (c) SM capacitor voltages
of the upper and lower arms. (d) de-link current. (e) upper and lower arm currents
of phase a. (f) common-mode voltage. (g) insertion indices of the upper and lower
arms.

and 10 with Figs. 7 and 11, we can observe that both the dynamic
response and steady-state performance of the dc-link current
show that the proposed modulated MPC method outperforms
the conventional MPC 1, which validates the analysis in Section
IITI-A. To evaluate the control performance of the circulating
current, the root-mean-square (RMS) values are also provided in
Table II. We can conclude similarly that, when the output current
is 6 A, the RMS value of the circulating current for the proposed
method and conventional MPC 1 is almost the same. However,
when the output current increases to 10 A, the RMS value of
the circulating current of the conventional method is slightly
larger than that of the proposed method. The conventional MPC
2 also provides satisfactory control performance in the case of
MMC operating at a low modulation index, which is shown in
Fig. 8. It can be seen from Fig. 8(b) that the dynamic response
of the circulating current with conventional MPC 2 is faster
than the other two methods. In addition, the steady-state per-
formance of the dc-link current (dc) and the circulating current
with this method is superior to that of conventional MPC 1 at

Fig. 8. Step change in AC currents with conventional MPC 2 at 50 Hz.
(a) ac-side currents. (b) circulating current of phase a. (c) SM capacitor voltages
of the upper and lower arms. (d) dc-link current. (e) upper and lower arm currents
of phase a. (f) common-mode voltage. (g) insertion indices of the upper and lower
arms.

high modulation index. However, when the MMC is operating
at a high modulation index, the three-phase currents exhibit
significant distortions shown in Figs. 8(a) and 12(a). This is
because the magnitude of the equivalent common-mode voltage
at high modulation index is large and cannot be ignored. The
conventional MPC 2 employs a per-phase model of the MMC
that neglects the effect of the common-mode voltage shown in
Fig. 8(f), which leads to an inaccurate prediction of the output
current and thus affects its control performance.

Fig. 9 shows the output currents i, (10 A) and their spectrum
for the proposed method and conventional methods. The THD
results are adopted to evaluate the steady-state performance of
the output current. Note that these methods (proposed MPC and
conventional MPC 1 and 2) achieve similar performance when
the amplitude of the output current is 6 A, with THD of 3.66%,
3.83%, and 3.68%, respectively. However, when the amplitude
increases to 10 A in Fig. 9, which means that the MMC operates
at high modulation index, both the spectrum and THD results
show that the proposed method is better than other methods.
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Fig. 9. FFT analysis of output current s, when the amplitude is 10 A. (a)
Proposed MPC. (b) Conventional MPC 1. (c) Conventional MPC 2.

1(b)

0 10 20 30 40
Time [ms]

Fig. 10. Detailed waveforms of output currents and the DC-link current of the
proposed method. (a) ac-side output currents. (b) de-link current.

The THD result of the proposed method is only 2.21%, which is
an improvement of nearly 23% compared to the THD of 2.86%
for the conventional MPC 1. The conventional MPC 2 shows
the worst output current performance, with a THD of 3.27%. It
is worth noting that an obvious 5th harmonic component can
be found in Fig. 9(b) and (c), and it means that the dc-link
voltage of the conventional methods cannot be fully utilized. The
calculation time and computational burden of these modulated
MPC methods are also summarized in Table II. We can find that
the conventional method 1, which does not consider constraints,
achieves the shortest calculation time as it only needs one itera-
tion to obtain the solution. The maximum calculation time of this
method is 17.3 ps. The calculation time of the proposed method
only increases about 0.5 ps compared to the conventional method
1 in our platform. Besides, the maximum number of iterations of
the proposed method is 7. The calculation time obtained by the
conventional MPC 2 is similar to the proposed method. However,

ey

1(b)

Fig. 11. Detailed waveforms of output currents and the DC-link current of
conventional MPC 1. (a) ac-side output currents. (b) dc-link current.
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Fig. 12. Detailed waveforms of output currents and the DC-link current of
conventional MPC 2. (a) ac-side output currents. (b) dc-link current.
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Fig. 13. Step change in ac currents with the proposed modulated MPC
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phase a. (f) common-mode voltage. (g) insertion indices of the upper and lower
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as discussed in the introduction, the computational burden of this
method is linearly related to the number of SMs per arm, i.e.,
3(N +1).

In conclusion, conventional modulated MPC methods and the
proposed method will present similar control performance at low
modulation index as the unconstrained solution is equivalent to
the optimal solution of problem (15) in most cases. However,
when the MMC system is in transients or high modulation
index, the performance of the conventional method is poor as
the role of weighting factors has been ignored in this method.
Therefore, the control performance of the most important control
objective, output currents, will be degraded. Instead, due to
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Fig. 16.  Results of proposed MPC with mismatched parameters. (a) Ly =
0.5Lg. (b) Ls = 2Lg. (c) Rs = 0.5Rs. (d) Rs = 2Rs.

a more reasonable allocation of control inputs, the proposed
method can improve the steady-state and dynamic performance
while retaining the low computational burden characteristic of
the conventional modulated MPC method (conventional MPC

0.

B. MMC Operates at Low Frequency

The experimental results of the modulated MPC combined
with the circulating current injection technique [5] shown in
Figs. 13 and 14 can better illustrate the superiority of the
proposed method. The implemented weighting factors used in
this part are w, = 10, wy = 0.08, wy = 0.09, w3 = 0.003. The
injected frequency of the injection method is 80Hz.

In Fig. 13, the control performance of the MMC operating at
2.5 Hz controlled by the proposed modulated MPC has been
provided. The amplitude of ac-side currents changes from 5
to 7A. Fig. 13 shows that the proposed method can obtain
satisfactory steady-state performance of the output currents.
Besides, the SM capacitor voltages of the upper and lower arms
are balanced and their ripples are suppressed at low frequency.
The experimental results of the conventional method are shown
in Fig. 14. We can find that when the amplitude of ac-side
currents is 5 A, the steady-state performance of ac-side currents
is good. However, when the amplitude increases slightly, the
output current presents many current spikes at twice the injection
frequency. Besides, the ripple in the dc-link current of the
conventional method is much higher than that of the proposed
method.

FFT analysis and THD results shown in Fig. 15 are utilized
to evaluate the ac-side current for both methods. As shown in
Fig. 15, the proposed method is far superior to the conventional
one, where the THD result of the proposed method is 3.85%,
while that of the conventional method is 7.49%.

C. Parameter Sensitivity Test for the Proposed MPC

In this part, we tested the proposed method for parameter mis-
match cases, as shown in Fig. 16. Note that Ly and R, represents
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the ac-side inductance and resistance used in the controller. It
can be seen from Fig. 16(a) that when the inductance used in the
controller is half of the actual inductance, there is a significant
phase lag between the output current and its reference value.
When the inductance value is twice the actual value, as shown
in Fig. 16(b), the phase lag does not appear, but the output
current will oscillate slightly when it reaches the peak value. The
experimental results of the proposed method with mismatched
resistance can be found in Fig. 16(c) and (d). It can be seen
that the output current will slightly smaller than its reference
when ]:28 = 0.5R;. Instead, when the resistance value used in the
controller becomes twice the actual resistance, which is shown
in Fig. 16(d), the output current will be slightly larger than its
reference value and slightly distorted. It is also worth noting that
the mismatched resistance value will not cause the phase lag in
the output current.

V. CONCLUSION

In this work, the limitations of the existing modulated MPC
method have been first discussed. It is pointed out that the
essence of such methods is to solve the unconstrained solution
of an optimization problem. Therefore, when this unconstrained
solution is not in the feasible region, it cannot fully consider
the importance of different control variables, which leads to
a decrease in system performance. To overcome such a prob-
lem, the modulated MPC with a bound-constrained QP method
has been proposed. Compared with conventional methods, the
proposed method performs better in the case of transients and
high modulation index due to the use of the optimal solution.
Meanwhile, the proposed method also inherits the advantage of
low computational burden from modulated methods. Thus, the
proposed method is promising for MPC-based MMC systems.
Finally, experimental results verify the effectiveness and supe-
riority of the proposed method.
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