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ABSTRACT The model predictive control (MPC) is a well-accepted method for controlling power electronic
converters. This paper presents a tailored MPC approach in which the internal and external dynamics of
the dc/dc modular multilevel converter (MMC) are integrated into the MPC algorithm. The proposed MPC
approach introduces three control objectives to have full control over the internal and external dynamics.
Each of the designed cost functions includes one primary term regulating one of the control objectives and
one secondary term improving the converter performance. Unlike the conventional control approach based
on multiple proportional-integral (PI) controllers, the proposed approach provides a straightforward way to
design the control parameters. The operation of the presented MPC approach is thoroughly investigated and
compared to that of the PI-based controller. Comparative simulation studies confirmed that the proposed
MPC approach reduces the ac circulating current in the steady-state operation compared to the conventional
PI-based control. In the transient mode, the MPC approach offers much smoother and faster responses to
the changes in the power reference. The performance of the dc/dc MMC controlled by the proposed MPC
approach under parametric uncertainty is investigated, and improved performance is obtained compared to
the conventional PI-based control.

INDEX TERMS DC/DC Modular Multilevel Converter (MMC), Model Predictive Control (MPC), Compu-

tational burden, Improved Dynamic response.

I. INTRODUCTION

Nowadays, renewable energy sources have gained escalating
importance due to environmental and economic reasons. As
one of the drawbacks, they are mostly located in distant re-
gions. Hence, the generated energy has a long path to reach
consumers [1]. The High-Voltage dc (HVdc) and Medium-
Voltage dc (MVdc) systems have been proposed in the last
decades to answer this need. Because of the superiority of
these systems over the old-school ac systems, they are being
established all over the world. Recently, researchers have pro-
posed the idea of dc grids which can be realized by connecting
the existing dc systems. This notion can improve the effi-
ciency and stability of the power system [2]. One of the most
concerning challenges related to this idea is that the existing
dc systems are built through time. Hence, they are possibly

built with different nominal voltages and grounding struc-
tures, making their interconnection even more challenging. To
tackle this challenge, various topologies of high-voltage and
high-power dc/dc converters are suggested in the literature [3].

To have the advantages of the well-known dc/ac modular
multilevel converter (MMC) [3]-[5], researchers developed
different dc/dc converters based on the dc/ac MMC topology.
In [6], the modular multilevel dual-active-bridge (DAB) was
proposed; it consists of two full-scale dc/ac MMCs connected
via a medium-frequency transformer. As the Modular Multi-
level DAB requires two fully rated MMC:s, the overall size and
the cost of the system are significant. The idea of non-isolated
dc/dc MMC was presented in [7] and [8]. The non-isolated
dc/dc MMC proposed in [8] requires extra submodule (SMs)
and additional current paths to prevent the harmonic contents
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from reaching the dc-links. While the non-isolated dc/dc
MMC developed in [7] only requires inductive filters to
eliminate the harmonic contents. This topology has the sim-
plest structure, the smallest number of SMs, and the highest
efficiency among the MMC-based dc/dc converters. Hence
the non-isolated dc/dc MMC with passive filters developed
by [7] is selected as the focus of this study, and from now on,
it is simply called the dc/dc MMC.

In the recent studies, design [9], [10], and modeling [11]-
[13] aspects of the dc/dc MMC were studied. The capacitors
voltages of the hybrid dc/dc MMC were investigated in [14],
which was shown that the capacitors voltages could not be
kept balanced when the transferred power exceeds a certain
value limiting the converter operation. The operation of the
dc/dc MMC in the presence of SM fault was studied in [15].
This article uses the dc/dc MMC features to enable fault-
tolerant operation without adding additional SMs. The control
aspect of the dc/dc MMC is studied in [16]-[19]. In [16], a
capacitor voltage balancing strategy that reduces the circu-
lating current was proposed. The operation principle of the
hybrid dc/dc MMC was explained in [17], where the power
transfer capability is improved by utilizing the elevated ca-
pacitors voltages. In [18], the full-state regulation of the dc/dc
MMC was proposed to minimize the ac circulating current.
Authors in [19] introduced a new closed-loop control of the
dc/dc MMC to ensure energy balancing in the load transient
and steady-state. To date, all the suggested control approaches
are based on proportional-integral (PI) controllers. This type
of controller suffers from the complexity of handling multiple
control objectives and poor transient performance. As the
number of control objectives grows, the number of needed
PI loops increases resulting in the complexity of the overall
control structure and the difficulty of PI parameters tuning.

In the previous literature, to overcome the disadvantages of
the PI-based controllers, researchers widely used the model
predictive control (MPC) for the control of the dc/ac MMC
[20]-[25]. In [20], the computational burden of the MPC
was reduced by decoupling the capacitors voltage balancing
from the MPC algorithm. This task was realized in a separate
sorting algorithm. By solving the Diophantine equations, the
online optimization and presence of the weighting factors
were avoided in [21], which resulted in a lower computational
burden and enhanced reliability. Authors in [26] used MPC
to detect the fault and enable the operation of the converter
after the fault. This approach can locate the faulty SM within
one fundamental period. A new modulated MPC for the dc/ac
MMC was proposed in [24], where it used two predetermined
voltage levels to build the voltage reference. To improve the
computational burden and the steady-state performance of
the converter and eliminate the need for weighting factors,
a new MPC approach called the sliding-discrete control set
was introduced in [25]. To date, a few studies [27], [28]
developed MPC methods for the isolated dc/dc MMC. In
general, this topology is built of two dc/ac MMCs which are
connected via an ac transformer. In [27], a modulated MPC
approach was proposed for the inductor-less MVDC MMC,
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which reduces the computational burden by reformulating the
underlying optimization problem. The author in [28] proposed
a Finite Control Set MPC to regulate the output voltage. This
is achieved by defining a cost function, including the output
voltage, which yields the optimum number of SMs in the next
control period.

Despite extensive studies on the application of the MPC
method in the control of the MMC-based converters, to date,
the MPC method has never been used for the control of the
dc/dc MMC introduced in [7]. Although these converters, the
dc/dc and the other MMC-based converters, share a simi-
lar topology, there exist crucial differences in the operation
principle. Moreover, the control objectives and the control
variables of these two converters are totally different. There-
fore, the developed MPC methods for the other MMC-based
converters cannot be used directly for the dc/dc MMC. This
paper develops a tailored MPC approach for the control of
the dc/dc MMC. First, the internal and external dynamic
equations of the converter are extracted. Then, a new set of
variables is introduced to decouple the equations, making the
control algorithm simpler. Using the Forward Euler method,
the decoupled dynamic equations are discretized, forming the
discrete-time model of the dc/dc MMC. Three control objec-
tives are introduced to have full control over the converter
dynamics. Thanks to the decoupled dynamic equations, each
one of the control objectives is regulated by minimizing a
separate cost function. The designed cost functions have one
primary term regulating one of the control objectives and
one secondary term that improves the converter performance.
In the end, the proposed MPC is investigated in the load
transient and the steady-state, and the obtained results are
compared with the conventional PI-based controller. An ex-
tensive sensitivity analysis is also carried out to investigate the
performance of the dc/dc MMC controlled by the proposed
MPC approach under parametric uncertainty.

Il. STRUCTURE AND OPERATION PRINCIPLE

A. STRUCTURE

Fig. 1. illustrates a dc/dc MMC with two-phase legs. As
shown, each phase-leg is built of two stacks of submodules
(SMs) and two arms inductors L. Each stack contains N
number of SMs with a nominal voltage of V., = %
The SM structure can be chosen from any topology of the
voltage source converters, such as half-bridge and full-bridge
converters. Since the half-bridge-based SMs (HBSMs) offers
the lowest number of components and the highest efficiency,
it is used in this paper, as shown in Fig. 1. The HBSM is
turned on whenever S; is on and S, is off, and it is turned off
when §; is off and S, is on (see Fig. 1). The arms inductors are
vital for the converter to operate properly. Because they make
it possible for every two arms of one phase-leg to exchange
ac power. Moreover, they limit the fault current and attenuate
harmonic currents in the arms. As exhibited in Fig. 1, a phase
inductor Ly connects the phase legs to the dc-link 1. The phase
inductor restrains the circulating current from leaking into
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FIGURE 1. Basic structure of a two phase-leg dc/dc MMC and the HBSM.

dc-link 1. From Fig. 1, the dc-link 2 voltage Vpc» is higher
than the dc-link 1 voltage Vpc;. Ipc; and Ipcr show the dc-
links currents. The upper and lower arms voltages generated
by the serried SMs are shown by v}, and v;;, respectively. i,
and ij; stand for the upper and lower arms currents. The sub-
script j indicates the phase-leg, which is under investigation.

B. OPERATION PRINCIPLE

Assuming that the converter transmits P power to the dc-link 1
(P > 0), the processed dc power by the arms (upper and lower
arms) Ppc are equal and calculated by

1-D
Ppc = ——P (D
M
_ Vbci @)
Ve

where D is the conversion ratio, and M denotes the number
of the phase legs. The ac power Pac is interchanged between
the arms of one phase-leg to neutralize the dc power flow Ppc
in each arm. The average absorbed energy by the arm would
be zero if Pjc equals to -Ppc . This condition will guarantee
the capacitors voltages balance. To generate P4c, the arms
references voltages need an ac part to produce an ac current
flowing through the arms. The arms voltages’ references vj,
and vj; are exhibited in (3) and (4).

vju (1) = (Vpca — Vper) + Djuac cos Cr ft +¢)  (3)
vji (1) = Vpci + jr,ac cos 2w f1) 4

In which f exhibits the operating frequency, and ¥, sc and
D7 ac show the amplitude of arms ac voltages. ¢ stands for
the phase difference between the arms ac voltages. As can be
seen, there exist two components in the arms voltages, dc and
ac parts. The dc voltage regulates the dc power, and the ac
voltage tunes the active ac power. The operating frequency is
a design parameter which, by increasing it, the size of passive

VOLUME 3, 2022

D<0.5

Dy maz
umaz | —v

Vlmazx

D>0.5

Vlmax —V

0 /2 T 37/2 27
Angular-phase [Radian]

(®)

FIGURE 2. The upper and lower arms voltages references in the condition
in which the arm ac voltage is set at maximum value, (a) D < 0.5,
(b) D > 0.5.

components can be decreased at the cost of higher switching
losses. To ensure that the induced ac circulating currents in
the phase-legs do not leak into dc-links, the ac voltages of
phase-legs have 27” phase shift. In this sense, the summation
of the ac currents existing in the phase-legs will be zero. The
phase-difference ¢ is an important parameter in the control of
dc/de MMC, since it can regulate P4c. Authors in [16] and
[17] stated that to have the minimum circulating current the
following conditions should be satisfied: 1) the amplitudes of
arms ac voltages of one phase-leg, 9, 4c and Dj; oc, must
be equal. 2) the arms ac voltages must be set at the maximum
value. Because in this study, these two conditions are satisfied,
from now on, 9, 4c and ¥ j; sc are denoted by v4c. The max-
imum arm ac voltage depends on the dc component of arms
voltages. Because the arm voltage cannot be a negative value
and cannot exceed Vpca, the maximum feasible ac voltage is
equal to half of swing range of the arm voltage. To explain
it more, Fig. 2 is presented, where the arms voltages in two
conditions, D < 0.5 and D > 0.5, are illustrated. For example,
when D < 0.5, the upper arm voltage is restricted from above
(cannot exceed Vpcp) and the lower arm voltage is limited
from bottom (cannot be less than 0). In this condition the half
of swing range of the upper and the lower arms voltages are
Vbca — vu,pc and vy pc, respectively. The maximum ac volt-
age that can be applied is equal to the minimum of these two
values. Having the mentioned limitations in mind and notic-
ing the conditions of minimizing the ac circulating current
(Dju,ac = Dj1,ac), the maximum ac voltage of one phase-leg
at any time instant can be found by

VAC,max = min{vy pc, vi,pc, Vpc2 — vu,pc. Vpc2 — vi,pc)

®)
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In which v, pc and v; pc denote the dc components of
upper and lower arms voltages. In transient mode, they can
change to regulate the transferred power. While in the steady-
state, v, pc and v; pc have a fixed value of Vpco — Vper and
Vbci. Accordingly, the arm ac voltage in steady-state vac,ss
is equal to Vpc2 — Vper, when D > 0.5, and is equal to Vpcy
when D < 0.5.

1Il. DYNAMIC MODEL

A. CURRENTS AND VOLTAGES

By writing KVL equations in the dc-links 1 and 2 loops and
from dc-link 2 to dc-link 1, the following dynamic equations
are derived.

d . d

Vber — vi + Lo E(lu—l[)—LEll =0 (6)
d ..

Vpez — v — vz—LZ(lu—ZZ)zo (7)

d . . d
Vpca — Vper — vu — Lo Z(lu_ll)_L Zluz() (8

As can be seen, in this study, the resistance of the arm and
phase inductors is ignored. By subtracting (8) from (6), the
following equation is obtained.

d
=Vpc2 + 2Vper + vy — vy + 2L E(iu —i=0 9

In which L., is defined as Lo + % To have decoupled equa-
tions, a new set of variables are defined as:

v, + vy

Vaiff = — (10)
vy = % (11)
gy = 22 (12)
iy = iy — iy (13)

In which vy; s and vy show the differential and output volt-
ages, and ig;ry and iy are the differential and output currents.
By replacing (10)—(13) in (7) and (9), the following equations
can be derived.

; Qiairr _ Ve

. 14
I > Vaiff (14)
di, Vber

%j=%“WMﬂs (15)

Vdiffs Vs, lgigr and iy have dc and ac parts just like the arms
voltages and currents. To have control over the dc part of iy ¢
and i (igiff,ac and ig 4¢), the dc parts of variables in (14) and
(15) can be separated from the ac parts, and these equations
can be rewritten by the dc parts as:

digiff.dac _ Vpcr

L 7 5~ Vdiff.de (16)
dig qc Vbea
eq (;l‘ <= T — UDC1 — Vs,dc (17)
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Using the Forward Euler equation, (16) and (17) can be
discretized as presented in (18) and (19).

. ) Ts (Vbc2
igitf.de @ +Tg) = igirr.ac )+ ZS <—2 — Vdiff,de (t)>
(18)
. ) T (Vpca
Is,dc (t + T:v) = ls,dc (t) + — (_ - VDCI — Us.dc (t)>
Log \ 2
(19)

B. SMS ENERGIES
The stored energies in each arm can be found using (20) and
(21).

daw, ,

dt“ = V.0 (20)
Aw,

gsz” 1)

Then, by defining sum and differential energies, W2 and
WA in (22) and (23), (20) and (21) can be rewritten as demon-
strated in (24) and (25).

WA =W, —W, (22)

W =W, + W (23)
aws . :

i = pA = Vgiff-ls + 2vs.1d,-ff 24)
dwX . .

i = pZ = 2vd,-ff.zdiff =+ Vg1 (25)

In which pZ and p® are the sum and the differential in-
stantaneous powers of the upper and lower arms. The sum
and differential energies include dc and ac components. The
ac parts of energies are caused by the capacitors voltages
fluctuation around the nominal voltage. However, the dc parts
are the control objectives in the dc/dc MMC, and they need
to be controlled to ensure the capacitors voltages balance.
In this sense, (24) and (25) are required to be rewritten by
only dc components. To accomplish this, the ac components
of differential and output voltages and currents need to be
found. From (3) and (4), the ac component of vg;ry and v
is formulated as:

Vdiff.ac (t) = Vge €OS (%) .Cos (wt + %) (26)

Vs,ac () = — Vge SIN (g) . sin (wt + g) 27

Since the control of the sum and the differential energies
are not meant to be fast, the ac component of differential and
output currents can be calculated using steady-state equations
in the phasor-domain as

g ﬁdiff,ac

[ diff.ac = — — (28)
if f,ac ]XL
7 U, ac
"N —_— 2 29
L s,ac leq (29)
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Where X, and X, denote the reactances of L and L. (28)
and (29) are derived by keeping only ac components in (14)
and (15) and taking them to the phasor-domain. (28) and (29)
can be reformulated in the time-domain by replacing (26) and
(27) as

“cos () .cos (wr+2 - 7)o
cos(2 .cos w+2 > (30)

is.ac (1) = ;é; sin (g) .Cos (wt + %)

idiff.ac () = —

€29

The dc part of pZ and p® are the average powers, pZ and
P2, and can be calculated by

dwh ) )
TDC = P® = yits dc-is.de + 2Vs.de-idif f.de
+ (Vdiff.ac-Is,ac) Ty + (2Vs.ac-ldiff.ac) Ty (32)
dwZ ) )
TDC =p= = 204iff.de-ldiff.de T Vs.de-Is.de
+ Quairf.ac-laif f.ae) Tow + (Vs,ac-ls,ac) Ty (33)

where wﬁc and wgc are the dc parts of the differential and
the sum energies and (g)7,, exhibits the average value of g
over Ty, which is the switching period (75, = %). Using (26),
(27), (30) and (31), (vaisf.ac-is.ac) Ty AN (Vs ac-ldiff ac) Ty
are found as

2_
. v
(2Vs,ac-idif f.ae) Ty = E sin (¢) (34)
V2,
(Vaiff,ac-ls,ac) Tyy = 4Xeq < sin (¢) (35)

From (30) and (31), it can be understood that between
Vaiff.ac and igirf ac, and Vs e and isq4¢, there exists a 90-
degree phase difference. Therefore, (2v4f ¢ ac-ldiff,ac) Ty, and
(Vs,ac-is,ac)T,, are equal to zero. In the end, (24) and (25) are
rewritten as

A
dwpe

=pA
dt
= Vgiff de-is,de + 2Vs de-idif f,de
2
v 1 2
36
Finw (Erg) 0o
>
dwpe _ 5
dt
= 2Udiff,dc-idiff,dc + vs,dc-is,dc (37)

Using the Forward Euler equation, (36) and (37) can be
discretized as presented in (38) and (39)

whe (t +T) = whe(t) + T. (vdiff,dc(t).is,dm

+ 205 q¢(t)-igiff,ac(t)
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vzac( 1)

2
1 l(so(t))< X_L)> (38)

Whe (t 4 T) = wie. (1) + To.(vy e (1) g ac (1)

+ 2v4iff.de (t) daiffde (1) (39

Equations (18), (19), (38), and (39) set up the discrete-time
model of the dc/dc MMC.

IV. THE PROPOSED MPC METHOD FOR THE DC/DC MMC
From the developed discrete-time model, i gc, idiff,de wz%c

>

and wjy. are the control objectives and vy 4c, Vaiff,ac and
¢ are the control variables in the dc/dc MMC. To regulate
each of them, first, the control set should be found based on
the existing error. Then, the control set, which minimizes the
defined cost function, is selected as the optimum state.

A. OUTPUT CURRENT

By looking at (19), it can be understood that the dc output
current is 40(t 4+ T5) can be regulated by a proper value of dc
output voltage vy 4.-(¢). In (19), Vpc1 and Vpco are constant
values and the dc output current is 4.(¢) is measured from the
circuit. At each time instant ¢, the control algorithm evalu-
ates three different values of v, 4. including the current state
Vs.qc(t — Ty). The evaluated control set Vs 4.(¢) at time instant
t is shown in (40).

Vs,dc (t) = {vs,dc (t - Ts) - Avs,az’c (t) » Us,de (t - Tt)

Vs,de (t - Tv) + Avs,a’c (t)} (40)

where Aw 4.(t) is the voltage step change at time instant
¢t which is found by the control algorithm. Large values of
Avy 40 improve the dynamic performance, while small values
enhance the steady-state performance. Therefore, an adaptive
search step proposed in [25] is used. Avy 4.(¢) can be found
in (41).

W B0 >,

Avs o) = { ys.Es®) v > ys.Es(t) > v, (41)
vﬁj’jlc ys-Es(t) < vl

where vS’;c , i“{’h are the upper and lower limits of Avy 4., and

ys 1s a constant which translates the dc output current error E
into a meaningful output voltage. E(¢) is calculated by

is,dc () — i;k’dc

Es(t) = (42)

% ’ ls,dc =

ls,dc ZVDCI

In (42) i’f Jc 1s the dc output current reference of one phase-

leg. vs de é“:i . and y; are the design parameters which can be

tuned to reach the desired steady-state and dynamic perfor-
mances. Further explanation of the adaptive search step is not
provided here, and it can be found in [25] and [29]. In this

study, v v dc, {“&C and y;, are selected as 0.1Vpc2, 0.005Vper
and 0. 5VDC2
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To evaluate each control set, the following cost function
C(t) is designed.

Cs (1) = |lsdc(t+T)

+ Bs |UAC,max t+T) — UAC,SS|

where B is a soft weighting factor. The first term regulates the
dc component of output current. The second term improves
the converter performance by maximizing the arm ac voltage
during transient and steady states. Furthermore, it eliminates
unnecessary changes in v 4.. Maximizing the arm ac voltage
helps the controller to have better control over the differential
energy, which will be discussed later. At each time instant
t, is go(t + T;) is estimated by replacing each control set in
(19). To find vac max(t + Ty), it is assumed that vg;rr qc iS

equal to %, since from a control perspective, it should al-

L, dc|
(43)

ways be around % The arms voltages, v, pc and v; pc, are
calculated using (10) and (11). Then vac max(t + T) is found
from (5). For each control set, Cy(¢) is calculated, and the one
minimizing the cost function is chosen. In this way, v, 4.(¢)
can be found.

B. DIFFERENTIAL CURRENT AND SUM ENERGY

From (18), it can be understood that by choosing a proper
Vgiff.de » the dc component of differential current can be
regulated. Similar to the control of output current, the control
sets Vyirr.ac(t) are defined as

Vairf.ae ) = {vairf.ac (¢ —Ts) — Avgirr.ac (t)
Ty) + Avgirf.ac (1)}

where vg;rr ac(t — Ty) is the current state. Avg;rr qc(t) is the
search step and can be found by (45).

Vaiff.de (& —T5) , Vaifr.de (E — (44)

Vaiff-Eaifr(t)  Vairr-Eairr®) > vY e
Avgifrac(t) =
vaifs-Eaipr(t) < vl

45
where Ufilfff,dc is the lower limit of Avg;rr dc, and ygirr is a
constant. As shown, unlike the control of output current, in the
control of differential current, large steps are voided (v"’ diff.dec
is eliminated). Since the inductance path of the differential
current (L) is very small, even a small deviation of vg; ff de

lw
Vaifs

from V”2C2 is enough to regulate ig;rf 4c. In this study, v vy d .

and y; are selected as 10~ SVpea and 10~*Vpeo. Eqipr(t) is
calculated in (46).

laiff.de ) = igir e ()

Egipr (t) = - (46)
Laiff.de

In which i}, ff.de is the differential current reference.

To evaluate each control set, the following cost function is

defined.

Cairr @) = |igirf.ac ¢ +T5) = igirr ac ¢+ T5) 47)

At each time instant ¢, iy; ¢ ac(t + Ty) is estimated for each
control set using (18). The differential current reference in the
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next sampling period iy, . (1 + T;) can be defined so that the
sum energy can be regulated. In this regard, (39) is written at
time instant # + Ty and iy; 7 4. (¢t + T5) is formulated as shown
in (48).

idiff.de (t +Ts)

) (u%c (1 +T) — whe (t +2T,)
T,

1
B <2Udiff,dc (t+Ty

+ Vs.de (t + Ts) -is,dc (t + Ts)) (48)

Since the control of sum energy should be slow, the dynam-
ics of vgjfrr .ac and vy 4c can be ignored. As a result, instead
of vgirf.ac( + Ts) and vy 4¢(t + Ty), the steady-state values,
% and VDCZ — Vpci, are replaced in (48). i 40(r + Ty) is
estimated by replacing the obtained v 4.(f) in the previous
stage in (19). wgc(t + Ty) is also estimated by replacing the
steady-state values of vyirr ac(t) and v, 4.(t) and the mea-

sured values of i 4.(¢) and iyirr.ac(t) in (39). wgc(t + 2T5)
needs to be replaced with the reference value of wg:C at time
instant ¢ + 27. To find it, wDZC(t + 2T;) can be formulated as

Iw_
r [%
w,?c(wrsz):T—s > WX (t + 2T, — kTy)
sw k=0
Lw
T s
=2 Z Wz(t+2Tv_kTv)
Lw \ 15

+ W2 (1 +2Ty) (49)

As demonstrated in (49), wgc(t + 2T5) is split into two
parts. The first part is the summation of W2 from the time
instant ¢ + 37y — Ty, to t + Ty. This term can be calculated

using the estimated average sum energy wgé (t+Ty) as

Tsw

T,
< Ty
Z WX (t + 2T, — kTy) = (T —1) .wg:c(t"‘]})
k=1 §

(50)
Equation (50) is derived using the fact that between time
instants ¢ + 37y — Ty, and ¢ 4 T the average sum of energy

is w[Z):C(t + Ty). Instead of Wz(t + 2Ty), the reference value,

which is equal to Nc(%)2 is replaced. ¢ shows the SM
capacitance. In the end, the sum energy reference at time
instant ¢ 4 275 is calculated by

b Ts
wDC,ref (t +2Ty) = - T_ ch ()

sw

+ 2 Ne

Vbca 2
Ty N

The defined sum energy reference pushes the sum energy
towards the reference value at time instants ¢ + 27;. In this

(51
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way, after some sampling period, the average sum energy will
settle down on the reference value N c(%)z. This method
lets the sum energy slowly approaches the reference value and
prevents harsh transient and instability issues caused by fast
changes in vg;rr 4c. At the end of this stage, the dc differen-
tial voltage at the time instant-f vg;rr q0(¢) is found. Having
Vy.ac(t) and vg;rr a0 (1), the dc component of each arm voltage
can be obtained. Then, the maximum ac voltage is found by
(5), and it is used as the arm ac voltage for this switching
cycle.

C. DIFFERENTIAL ENERGY

By fixing the arm ac voltage at the maximum feasible value,
the differential energy is regulated by the phase difference
between the arms ac voltages. At each time instant, three

different values of ¢ are evaluated. The control set ®(¢) is
defined in (52).

O@t) ={pt—T)—Ap@), ot —Ty)
ot —T5)+ Ap (1)}

In (52), p(t — T) is the current state. The search step A¢(t)
is found based on the error of differential energy at time
instant ¢. Since the process of finding A¢(¢) is the same as
output current, further explanation in this regard is avoided.
In this study, ¢ . dc, gos " and y,, are selected as 0.1, 0.0017
and 0.17.

To evaluate each control set, the following cost function is
defined.

(52)

CwA )= ‘wSC t+Ty) —

+ Bt [idiff.ac (t + T3 (53)

In (53), w SC’ re f(t + Ty) is the reference differential energy,
and B, is a soft weighting factor. /i:i,-ff,ac(t + T;) denotes
the ac circulating current. The first term in (53) controls the
differential energy, and the second term tries to minimize the
circulating current in the transient mode and the steady-state.
wA DC (t + Ty) is estimated for each control set using (38). From
(30), iy tf.ac(t + Ty) is derived as UA§(”"" cos( ‘p(t)) and it is
calculated for each control set. wDC,ref(t + T;) can be ob-

tained by expanding w,%c(t + T;) as follows:

Lw g
T, «
whe (t +T) = == 3 WE 1+ T, —kT)
sSw k=1
o
=== | D0 WAGHT —KL)+ WA (+T)
sw k=1

(54)

The first term is calculated using the measured dc sum
energy wDZC(t) in (55). This equation is derived using the fact
that between time instants ¢ and ¢ + 27y — Ty, , the average
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FIGURE 3. Overall flow chart of the proposed MPC of the dc/dc MMC.

differential energy is w5 (1).

T&'U 1

= a Tow

> WAGH T —kTy) = - =1 whe (1) (55)
k=1 $

Instead of the second term in (54), the reference value
of W2 is replaced, which is equal to zero. This is because,
ideally, each arm should store an equal amount of energy. In
the end, wﬁc’ ro f(t + Ty) is formulated in (56).

Tsw 1 A 56
T~ Wpe (1) (56)

wSC,ref (t + Té) = (
s

By calculating C,a for each control set, the optimum

phase-difference ¢(¢) which minimizes the cost function is

chosen.

D. OVERALL CONTROL DIAGRAM

As one can see in Fig. 3, the presented MPC approach for
the dc/dc MMC has three parts, the dc output current, the
dc differential current, and the dc differential energy. The
first control stage is the output current regulation. Using the
measured i, 4.(t), the search step of the output voltage is de-
termined by (40), and then the control sets at time instant 7 are
found by (41). The output current in the next sampling period
is.ac(t + Ty) is estimated by (19), and the cost function (43)
is calculated for each of the control sets. The one minimizing
the cost function is selected as the optimum output voltage
Vs 4c(t). In the control of dc differential current, the first task is
to find the differential current reference iy;f s q4c(t + T;) based
on the sum energy using (48). The search step and control sets
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FIGURE 4. Overall control of the dc/dc MMC.

are calculated by (44) and (45). To find the optimum control
set, the dc differential current in the next sampling period
iy £f de (t + Ty) is estimated by (18), and the cost function (47)
is calculated for each control set. The one minimizing the cost
function is selected as the optimum control set vg;rs,qc(t).
After finding vg;rr 4.(t) and vg 4.(7), the maximum ac voltage
VAC.max(t) is found using (5). At the same time, based on
the measured dc component of differential energy, the control
sets of phase-difference ®(¢) are found by (52). Finally, by
estimating the differential energy by (38) and calculating the
cost function (53), the optimum control set ¢(¢) is determined.

In the end, the overall control diagram of the dc/dc MMC
is demonstrated in Fig. 4. As shown, a low-pass filter with
a bandwidth of 100 Hz is used to extract the dc com-
ponent of measured variables. The proposed MPC method
uses the dc variables to determine the control parameters
Vs, dc(),Vairf,ac(t) and @(t). Using (3) and (4), the arms
voltages at time instant-f are calculated. Then, using the
level-shift PWM technique, the number of active SMs at the
next sampling period in each arm is found. Finally, using
the sorting algorithm proposed in [30], the switched-on and
-off SMs are determined based on the capacitors voltages
of SMs.

E. TIME-DELAY COMPENSATION

So far, it is assumed that the system has no delay, and the
calculated control voltages at time instant 7 can be applied in-
stantaneously. However, in the real world, a time delay exists
due to the A/D conversion delay, the calculation delay, and
the zero-order-hold delay of the modulation process [31]. To
account for the system delay, the calculated control voltages at
time instant # must be applied at time instant ¢ + 7. The delay
compensation is done using the method presented in [32]. An
estimation step is added to the control algorithm, which is
based on the known state of the system at time instant ¢, the
system parameters are estimated at time instant r + 7. Then
based on the estimated parameters, the control voltages are
calculated for the time interval between ¢t + Ty and ¢t + 27. In
this condition, the microprocessor have one sampling period
T; to calculate the control voltages.
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TABLE 1. Calculation Time of the Basic Mathematical Operations

Mathematical Operation Cycles
Sum\Subtraction 1

Multiplication
Comparison
Assignment
Absolute

RN = =

TABLE 2. Comparison of Calculation Time

Methods Calculation Time
Switching status based FCS-
= NCN _

MPC [33] (5N+12).Co — 1
de/ac | Indirect FCS-MPC [34] 161N? + 321N + 160
MMC

Preselection based FCS-MMC N2+ N+ 246

[20]

Modulated MPC based on the

duty cycle [35] 12N + 160
de/de
MMC Presented MPC method 8N + 169

F. CALCULATION TIME CALCULATION

To assess the computional efficiency of the proposed MPC
alogrithm, the calculation time of the MPC algorithm is found
based on the calculation time of the basic mathematical oper-
ations. The number of cycles required for each mathematical
operation is presented in Table I [25]. Using this Table, the
calculation time of the proposed MPC algorithm is calculated.
Because this paper proposes the first MPC approach for the
control of the non-isolated dc/dc MMC, there are no other
MPC methods to be compared with. Therefore, the calculation
time of the proposed approach is compared with the methods
developed for the control of the dc/ac MMC in Table II. As
these two converters, the dc/dc MMC and the dc/ac MMC,
share a lot of similarities (topology and control structure),
this comparison can show how much the proposed MPC ap-
proach is computationally efficient. However, it is noteworthy
that the operation principle, control objectives and the control
variables are different in these two converters, which means
the proposed MPC methods for the dc/ac MMC cannot be
used directly for the dc/dc MMC. The presented calculation
time is based on the number of SMs N and is calculated for
one phase-leg. As can be seen, the proposed method has the
lowest calculation time making it computationally efficient to
be applied in large systems with hundreds of SMs.

V. SIMULATION STUDIES

Using detailed time-domain models to verify the research
results in large-scale multilevel converters is a common and
typical approach [10], [13]-[15], [18], [19], and it is used in
this paper. To verify the effectiveness of the presented MPC
approach, a dc/dc MMC with two phase-legs is simulated in
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TABLE 3. Parameters of the Simulated DC/DC MMC

Common Parameter Symbol Value
Nominal Power P 15 MW
DC-Link1 Nominal Voltage Vber 14 kV
DC-Link2 Nominal Voltage Vpez 20 kV
Arm Inductor L 1.2 mH
Phase Inductor Lo 026 H
SM Capacitor C 7 mF
SM Rated Voltage Ven 2kV
AC Voltage Frequency ya 360 Hz
Number of Arm HBSMs n 10
Sampling Frequency BTy 10 kHz
Weighting Factors Symbol Value
Output Current Cost Function Bs 0.00001
Differential Energy Cost Function P 0.1
PI Parameters Symbol Value
Proportionl Gain of Power Balance

Controller ) 10
Integral Gain of Power Balance

Controller ) 200
Proportionl Gain of DC-link Current ) 10
Regulator

Integral Gain of DC-link Current

Regulator ) >0

MATLAB\Simulink. The dc sides of the converter are con-
nected to an ideal voltage source for the sake of simplicity.
In the first case study, the steady-state performance of the
presented MPC approach is investigated and compared with
the results of the PI-based controller [16]. In the second
case study, the transient performance of both the presented
MPC approach and the conventional PI-based controller is
compared. The converter parameters, and the control param-
eters of both the proposed MPC approach and the PI-based
controller are exhibited in Table III. In the developed MPC
method, the designed cost functions have only one weighting
factor associated with the secondary term. To find the weight-
ing factors, they are initially set to zero. Starting from zero,
the weighting factors are increased to improve the converter
performance. At some point, the regulation of the main con-
trol objective will be deteriorated because of the excessive
increase of the weighting factor. Having this in mind, the soft
weighting factors can be determined with try and error [36].
The optimum PI-controller parameters are found based on the
process proposed in the original paper [16].

A. CASE STUDY I: STEADY-STATE

The results of the steady-state operation when the proposed
MPC approach is employed are presented in Fig. 5. In this
case, the converter transmits the nominal power (15 MW). The
dc-links currents ( ipci and ipc»2) and the output current of
phase-leg 1 (i,) are exhibited in Fig. 5(a). As shown, a small
amount of ac current is leaked from the phase-leg 1 (see the
waveform of i1,). However, because there exists a 180-degree
phase difference between the output currents of the phase-legs
1 and 2, the leaked circulating currents from the phase legs
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FIGURE 5. The steady-state operation of the proposed MPC approach,

(a) the dc-links currents and the phase-leg 1 current, (b) the arms currents,
(c) arms voltages, (d) the SMs voltages of the upper arm, (e) the SMs
voltages of the lower arm.

canceled out each other at the conjunction point, providing
very smooth dc currents in the dc-links. The arms currents
are depicted in Fig. 5(b), which have dc and ac parts. The
dc components of arms voltages regulate the dc part, enabling
transmission of dc power. The ac part is generated by the arms
ac voltages, and it intends to offset the exchanged dc power
in the arms. Fig. 5(c) presents the arms voltages. As shown,
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TABLE 4. Comparison of the PI Controller and the Presented MPC
Approach in the Steady-State

Conventional PI

Parameters Controller Proposed MPC
THD of Ip¢y [%] 0.05 0.03
THD of Ip¢, [%] 0.03 0.07
THD of iy, [%] 1.76 1.78
Circuﬁ?ﬁlgltéi:rzgt [A] 7963 Y
Conduction Loss [kW] 50.5 47.3

Upper arm: 650 Upper arm: 630

Switching Frequency
[Hz]

Lower arm: 880 Lower arm: 857

Switching Loss [kW] 154 14.9

Total Loss [kW] 65.9 62.1

the lower arm has a higher dc voltage (14 kV), and this arm
voltage varies from 8 kV to 20 kV in one fundamental period.
The upper arm voltage changes from O to 12 kV. The dc part
is equal to 6 kV. The amplitude of arm ac voltage is 6 kV, and
this is the maximum possible value since the arms voltages
are extended to the upper limit (20 kV) and the lower limit
(0). The arms capacitors voltages are exhibited in Fig. 5(d)
and (e). The SMs voltages of the lower arm fluctuate in a
wider range compared to the SMs voltages of the upper arm.
The results confirm the effectiveness of the presented MPC
method in keeping the capacitors voltages balanced.

To compare the steady-state operation of the proposed MPC
with the PI-based controller, Table IV is presented. In this
Table, the switch loss characteristics are extracted from [37],
and all the losses are calculated using the provided loss calcu-
lation model in MATLAB/Simulink [38] without considering
the thermal effect. As can be seen, the THDs of dc-links 1 and
2 currents are very small for both approaches. The THD of
the output current of phase-leg 1 for both methods are exhib-
ited in Table IV, confirming that these two approaches have
almost the same performance. The amplitude of the circulat-
ing current in the proposed MPC method is smaller than the
PI-based controller (10 % smaller). It shows that the proposed
MPC is more capable of reducing the ac circulating current.
Accordingly, the conduction loss is calculated for both cases.
As expected, the converter controlled by the proposed MPC
approach has less conduction loss compared to the converter
controlled by the PI controller, which is due to smaller ac
circulating current. The switching frequency and switching
losses are also calculated for both cases showing the fact that
both approaches have almost the same switching losses. The
obtained total loss confirms that the converter controlled by
the proposed MPC approach operates more efficiently.
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B. CASE STUDY II: TRANSIENT MODE PERFORMANCE

The main advantage of using the MPC method is the fast
dynamic response. This scenario is designed to fully exhibit
the proposed MPC approach’s ability to respond to severe
transient conditions. Initially, the converter transmits -15 MW.
At t=0.3 s, the power reference of the converter changes to
+15 MW. The simulation results of the presented MPC ap-
proach and the PI-based controller are illustrated in Figs. 6 and
7. The dc-links currents and the phase-leg 1 output currents
are illustrated in Figs. 6(a) and 7(a). As shown, the proposed
MPC approach offers a faster dynamic response compared to
the PI-based controller. In the converter controlled by the PI
controller, the dc-link 1 current and the phase-leg 1 currents
reach the steady-state after 81 ms. While, in the converter
controlled by the proposed MPC approach, they get to the
steady-state in 60 ms. Similar observations are hold for the
dc-link 2 current. As it reaches the steady-state in 120 and
85 ms in the PI controller and the proposed MPC approach,
respectively. As can be seen, the proposed MPC approach
improved the dynamic response more than 25 %. The im-
provement made in the dynamic response is not as expected
from the MPC method. Because the external dynamic, i.e., the
dc-links currents, heavily depends on the large phase-inductor.
As aresult, the dynamic response of dc-links currents is slow,
and the MPC approach cannot further improve the dynamic
response. The arms currents are presented in Figs. 6(b) and
7(b). The MPC method offers a smoother transient mode and
a faster dynamic response. The arms voltages are presented
in Figs. 6(c) and 7(c), where both methods show the same
behavior in the transient phase. The SMs voltages are demon-
strated in Fig. 6(d) and (e) and Fig. 7(d) and (e). As shown, in
the proposed MPC approach, the dynamic response is much
faster, and the overshoot of capacitors voltages is eliminated.
This observation confirms that the presented MPC approach
has better control over the sum and the differential energies
compared to the PI-based controller.

C. CASE STUDY IlI: PARAMETRIC UNCERTAINTY

In the power system, designed components may have £20%
tolerance because of aging, temperature stresses, radiation,
and distorted operation [39], [40]. Therefore, the proposed
MPC approach for the dc/dc MMC should tolerate a degree
of parametric uncertainty. By looking at the obtained discrete
model of the dc/dc MMC, two system parameters, the arm
inductance, and the phase inductance, can be found. Because
the phase inductor is usually designed very large to filter the
ac current, tolerance in this inductor is not impactful. How-
ever, variations in the arm inductance heavily influence the
generation of the circulating current and the active ac power.
Therefore, two different analyses are carried out to investigate
the converter performance under parametric uncertainty. In
the first one, the steady-state operation of the dc/dc MMC
controlled by the proposed MPC approach is studied. In the
second analysis, the transient response of both approaches,
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the PI controller and the proposed MPC, is compared when
parametric uncertainty exists.

1) SENSITIVITY ANALYSIS
In this analysis, four different scenarios are assumed while the
arm inductance changes between 80 % and 120% of the nom-
inal value. The main purpose of defining these scenarios is
to find the worst situation that the parametric uncertainty can
happen. Scenario 1 is defined when the parametric uncertainty
happens in one of the arm inductances in phase-leg 1. Scenario
2 refers to the situation in which both arms inductance in
phase-leg 1 have uncertainty. In scenario 3, in addition to the
arm inductances of phase-leg 1, one of the arm inductances in
phase-leg 2 also varies between 80 % and 120% of the nom-
inal value. In scenario 4, the parametric uncertainty occurs in
all the arm inductances.

The results are illustrated in Fig. 8. The THD of dc-link
1 current is found for all the scenarios as the arm induc-
tance varies between 80% and 120% of the nominal value in
Fig. 8(a). Scenario 2 has the worst current THD in the whole
range of arm inductance. Scenarios 1 and 4 have almost the
same current THD, which is the lowest among the defined sce-
narios. As can be seen, even in the worst condition, the THD
of dc-link 1 current is less than 0.2% showing the satisfactory
performance of the proposed MPC approach despite paramet-
ric uncertainty. In Fig. 8(b) and (c), the average voltage of
upper arm capacitors and lower arm capacitors are exhibited.
As can be seen, scenario 1 is the closest to the reference
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FIGURE 9. Conventional Pl-based controller in transient mode under
parametric uncertainty, (a) the dc-links currents and the phase-leg 1
current, (b) the SMs voltages of the upper arm, (c) the SMs voltages of the
lower arm.

voltage (20 kV); while the behaviors of scenarios 2, 3, and 4
are very similar. The change in the average capacitors voltages
due to the parametric uncertainty is negligible, confirming
that the proposed MPC approach is robust against the arm
inductance variations.

2) TRANSIENT RESPONSE

The transient responses of the control methods, the PI con-
troller, and the proposed MPC, while parametric uncertainty
exists, are illustrated in Figs. 9 and 10. Initially, the con-
verter transmits -15 MW. At t=0.3 s, the power reference of
the converter changes to +15 MW. These simulation studies
are carried out by considering that the arm inductances of
the phase-leg 1 are 120% of the nominal value. As shown
in Figs. 9(a) and 10(a), the parametric uncertainty does not
impact the dc-links currents, and the response to the load
transient is still faster in the converter controlled by the pro-
posed MPC approach. The upper arm capacitors voltages are
presented in Figs. 9(b) and 10(b). In the converter controlled
by the PI controller, the transient response worsens compared
to the case without the parametric uncertainty as the capacitors
voltages reaches 2175 V in the transient period. Due to the
parametric uncertainty, the average capacitors voltages of the
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FIGURE 10. The proposed MPC approach in transient mode under
parametric uncertainty, (a) the dc-links currents and the phase-leg 1
current, (b) the SMs voltages of the upper arm, (c) the SMs voltages of the
lower arm.

upper arm is a little less than 2 kV before the load transient,
and it is a little higher after the load transient. As shown in
Figs. 9(c) and 10(c), the lower arm capacitors voltages are not
impacted by the parametric uncertainty. In the end, it can be
concluded that the performance of the converter controlled by
the MPC approach is still superior despite of 20% variation in
the arm inductance.

VI. CONCLUSION

This paper developed a Model Predictive Control (MPC) for
the dc/dc Modular Multilevel Converter (MMC). First, the dy-
namic equations were extracted, and then, using the Forward
Euler method, they were discretized. Using the discrete-time
dynamic model of the converter, an MPC approach was de-
veloped to satisfy the control objectives by minimizing three
separate cost functions. The simulation results of the pre-
sented MPC method and the conventional PI-based controller
were compared in load transient and the steady-state. The
advantages of the presented MPC approach are:

1) The internal dynamic, i.e., capacitors voltages and arms
currents, and external dynamic, i.e., the injected cur-
rents into dc-links, are improved with the proposed
MPC method is used.
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2) The proposed MPC approach is more competent in re-
ducing the circulating current in the steady-state. As a
result, this improves the overall system efficiency.

3) Unlike the PI-based controllers with multiple parame-
ters to be tuned, the proposed MPC approach offers a
very straightforward implementation. Because the de-
signed cost functions include one primary term and one
secondary term with less importance, the tuning process
of the weighting factors is very simple [36].

The robustness of the proposed MPC approach against pa-
rameter variation was investigated. The arm inductance was
identified as the most effective element, where its variations
impact the converter operation. The proposed approach can
tolerate 20% tolerance in the arm inductance according to the
obtained results.
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