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Abstract—It is considerable to reduce the computation load
while keeping a good total harmonic distortion (THD) performance
for the modular multilevel converter (MMC) with model predic-
tive control (MPC). In this paper, the discrete-time mathematical
model of the MMC is derived and the output voltage ripples of the
cascaded submodules (SMs) are analyzed in detail. Accordingly, a
modified increased-level MPC method A (IL-MPC-A) is proposed
with 2V 4+ 1 ac-side output voltage levels. The computation load
is significantly reduced without losing the harmonic circulating
currents suppression and capacitor voltage ripples compensation
capabilities. In this method, the cost function minimization step and
capacitor voltage sorting algorithm are combined to determine the
optimal control option. In addition, to avoid the selection of weight-
ing factors and further reduce the computation load as the increas-
ing of the SM number, another modified IL-MPC-B is proposed
by directly calculating the optimal ac-side output voltage level and
arm summation voltage according to the discrete-time mathemat-
ical model. As a result, the ac-side output current and circulating
current controls are decoupled. Furthermore, the capacitor volt-
ages are balanced with a proposed control scheme by adjusting the
circulating current reference. The effectiveness of the proposed
MPC methods is verified by simulation and experimental results.

Index Terms—Capacitor voltage balancing, capacitor voltage
ripples, computation load, model predictive control (MPC),
modular multilevel converter (MMC).

1. INTRODUCTION

N the past decade, the modular multilevel converter (MMC)
has attracted extensive attention in both academia and in-
dustry. It exhibits several advantages, including expandable and
redundant configuration, reduced switching frequency (RSF)
and voltage stress of power switches, high quality of output
voltage and current waveforms [1]-[4]. Owing to the features
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Fig. 1. Overall structure of two control systems for the MMC. (a) Cascaded
control system. (b) MPC system.

of this topology, the MMC is applicable to high-voltage (HV)
and medium-voltage (MV) applications, such as a high-voltage
direct-current (HVDC) system [5], [6], motor drives [7], a static
synchronous compensator [8], and a battery energy storage sys-
tem [9].

The conventional cascaded control system of the MMC can
be separated into three parts, i.e., ac-side output current con-
trol, circulating current control, and capacitor voltage control
[10]-[15]. The first two objective controls can be realized by a
proportional integral (PI) control strategy based on independent
dg synchronous rotating frame [10] or a nonideal proportional
resonant control strategy based on the abc or a3 frame [11],
[12]. Voltage control of all the floating capacitors can be char-
acterized by a hierarchical control structure consisting of four
layers [8], [13]-[15], i.e., overall capacitor voltage control, three
phase balancing control, arm balancing control, and individual
balancing control. The first three layers rely on a PI-based con-
trol method and the fourth layer can be implemented by sorting
algorithm. The overall structure of the cascaded control system
is shown in Fig. 1(a), where output of the three control parts is

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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added and sent to an extra modulator to generate the switching
signals.

Compared with the cascaded control method, the model pre-
dictive control (MPC) is preferred for a multi-input multiout-
put system with consideration of the nonlinear characteristics
of the target system, simple control structure, high dynamic
performance, and handling multiple control targets [16]-[24].
Among MPC methods, the finite control set MPC (FS-MPC)
is more attractive for power electronic converters [24]. Differ-
ent kinds of MPC methods have been proposed for the MMC
in [25]-[32]. Initially, a direct FS-MPC method is presented in
[25] for an HV-applied MMC, considering all of the C2% [N is
the submodule (SM) number per arm, and C5Y; represents the
combination number by selecting N SMs from 2N SMs to be
inserted] switching combinations when the inserted SM num-
ber is fixed to N in one phase-leg. However, it is impractical to
implement this method with real-time control [26], due to the
hundreds of number of SMs bringing with high computation
load. The overall structure of the direct FS-MPC for the MMC
is shown in Fig. 1(b) and that of the cascaded control system is
shown in Fig. 1(a). Integrated with the voltage sorting balancing
algorithm, an indirect FS-MPC is proposed in [26] with N + 1
control options, and further effort is made in [27] to avoid the
selection of weighting factors by using two separate cost func-
tions. Nevertheless, the control of the circulating current will not
be effective in HV applications by only considering three control
options and it also sacrifices the system dynamic performance
[31]. Moreover, the capacitor voltage transient response is af-
fected by using only one layer of the sorting balancing control.
In order to reduce the influence of the common mode voltage,
a three-phase based MPC method is presented in [28] and [29]
with considering (N + 1)3 switching combinations. The ac-side
output voltage levels of the MMC by using the aforementioned
FS-MPC methods are N + 1. To improve the total harmonic
distortion (THD) performance of the MMC system, the inserted
SM number in one phase-leg is no longer fixed to N and the ac-
side output voltage levels are increased to 2N + 1 in [30] with
(N + 1)? control options. Also, to further reduce the number
of the considered states, a voltage-level-based MPC method is
proposed in [31]. However, the algorithm is not applicable to
the MMC in MV applications with less SMs, since very few
control options will be not effective to handle multiple control
targets.

In this paper, the MPC methods proposed in the aforemen-
tioned references, which are able to generate 2N + 1 ac-side
output voltage levels, are classified as increased-levels MPC
(IL-MPC) methods. Aiming at generating 2N + 1 ac-side output
voltage levels and reducing the computation load, a modified
IL-MPC-A is presented in this paper first. The cost function is
utilized to select the optimal control option to regulate the mul-
tiple control targets to their references. Also, the RSF voltage
control algorithm proposed in [10] realizes the individual capac-
itor voltage balancing control. In order to suppress the harmonic
circulating currents, the inserted SM number in one phase-leg
is extended to N £ ¢ (¢ is an integer and > 1). In order to
counteract the ac-side output voltage deviation and generate 2N
+ 1 levels, the arm-inserted SM numbers are adjusted by adding
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Fig.2.  Circuit configuration of the MMC with HBSM. (a) Three-phase circuit.
(b) AC-side equivalent circuit. (c) Phase-leg equivalent circuit.

compensation values £ (1, 2, ..., €). By directly calculating
the optimal ac-side output voltage level and arm difference
voltage according to the discrete-time mathematical model,
another modified IL-MPC-B is proposed to avoid the selection
of weighting factors and further reduce the computation load
with the increase of the SM number. As a result, the ac-side
output current and circulating current can be controlled by
two separate control loops. The circulating current reference is
adjusted by an extra control loop to balance the arm and overall
capacitor voltages and improve the transient response. Simula-
tion and experimental results are presented to demonstrate the
effectiveness of the proposed methods under steady-state and
dynamic-state conditions.

This paper is organized as follows. In Section II, the discrete-
time mathematical model of the MMC is derived and the output
voltage ripples of the cascaded SMs are analyzed. Then, the
implementation of the proposed modified IL-MPC methods is
presented in Section I1I. Simulation and experimental results are
shown in Sections IV and V, respectively. Finally, Section VI
concludes this paper.

II. SYSTEM DESCRIPTIONS OF THE MMC
A. Operation Principle and Mathematical Model

The three-phase circuit configuration of the MMC is shown
in Fig. 2(a), which consists of three phase-legs, each being com-
posed of an upper arm and a lower arm. Each arm is constructed
with N cascaded half-bridge SMs (HBSMs) and an arm inductor
L. C is the SM capacitance. There are two states of MMC SM
under normal operating conditions, i.e., inserted and bypassed
states. When the upper switch is turned ON and the lower switch



7312

is turned OFF, the SM is inserted; on the contrary, the SM is
bypassed. S, j, is the SM switching function, which is given as

1 SM is inserted
Swjy = . (1)
0 SM is bypassed

where x = u, [ (arm symbol), j = a, b, c¢ (phase symbol), and y
=1,2,3,..., N(SM index). Sa; and Sy; are the difference
and summation of the arm-inserted SM numbers, respectively,
which are expressed as

N N
Saj = Y Sty = D Sujy =1uj — )
y=1 y=1

=Ny + Ny 3)

N N
Sci= D Sy + ) Suiy
y=1 y=1

— Sy < Sa; < Sx;(|Saj] < Sxj) 4)

where n;; and n,,; are the lower arm and upper arm inserted SM
numbers, respectively.

The dc-side voltage is generated by a dc source V. u,; and
u;; represent the summation voltages of the inserted SMs in the
upper arm and lower arm, respectively. 7,,; and 4;; represent the
upper arm current and lower arm current, respectively. The ac
side of the converter is connected to a series-connected resistor
and inductor load (R, and L,). u,; is the load voltage. The ac-
side output current ¢,; and circulating current i.;;; are expressed
as

loj = Tyj — G1j (5)

icirj = w = % +1 1zj (6)
where iy, is the dc component of the circulating current and
i.j represents the even-order harmonic components. Under bal-
anced load condition, the main component of i.; is a second-
order negative sequence component and the reference of i; is
set to iq./3 to suppress the harmonic circulating currents [10].

The dynamic behavior of the SM capacitor is described as
dv;a;]y = Sa:jyia:j (7)
where v, j, is the SM capacitor voltage and its normal value is
Vac/N [1].

The generalized mathematical model of the MMC is given as
follows [10]:

C

UA j L dioj .
- — | 5 Lo oloj 8
5 (2 + ) -+ Ry (8)
Uy 5 ‘/dc dicirj
- — 9
2 2 dt ©)

where ux j and uy; are the arm difference and summation volt-
ages, respectively, which are given as

(10)
an

According to (8) and (9), the ac-side and phase-leg equivalent
circuits of the MMC are shown in Fig. 2(b) and (c), respectively.

UAG = Ulj — Uyj

Usj = Uj + Uyj-
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The equivalent ac-side output voltage ,; is one half of ux ;, as
shown in Fig. 2(b). By using the forward Euler approximation
method [24], the discrete-time mathematical model of the MMC
can be deduced according to (1)—(11). The ac-side output current
and circulating current are obtained as

T, 2T, R '\ .
10](I€+1) L+2L ’LLAJ(k)"‘(]._M) Zoj(k)

(12)
, T .

Zcirj (/ﬂ + 1) = ﬁ[‘/:ic — UZ]’ (k’)] + Zcirj (k) (13)
The capacitor voltage is calculated as

T :
Veajy (k4 1) = Veajy (k) + ﬁsrjy(k)lzj (k). (14)

Therefore, the difference and summation of the arm capacitor
voltages are given as

N

vaj(k+1) =Y [vejy(k+1) = veujy (K + 1)) (15)
y=1
N

vsj(k+1) = ety (k +1) + veugy (K + 1)) (16)

y=1

The references of v ; and vy are set to 0 and 2V, respec-
tively, to balance the arm and overall capacitor voltages in one
phase-leg of the MMC [13]. Equations (10) and (11) can be
rewritten as

'U,A]

N
Z [Sijy (B)verjy (k) — Sujy (k)vewjy (k)] (17)

y=1

N
uy; (k Z [Stjy (K)vetjy (k) 4 Sujy (K)veajy ()] (18)
y=1

In the above-mentioned discrete-time mathematical model,
T, is the sampling period. i,;(k), icirj(k), and v, j, (k) are
the measured values at step k. i,;(k + 1), icrj (K + 1), and
Veajy (k4 1) are the predictive values at the next step.

B. Analysis of Cascaded SM Voltage Ripples

Attributing to the sorting balancing algorithm, the SM capac-
itor voltages in one arm are assumed to be equal to the same
value. The disturbances will be introduced to the SM capac-
itor voltages due to the interactions of the arm currents and
SM switches. At steady state, they are composed of dc, funda-
mental, and second-harmonic components [3]. If the capacitor
voltage tolerance band (peak-to-peak value of the capacitor volt-
age ripple) is set to 20% of the normal SM capacitor voltage,
the maximum and minimum capacitor voltages are written as

19)

The maximum and minimum values of uy; are obtained ac-
cording to (3), (18), and (19), and are given as

Ve max(min) — (1 + 001(5)Vd(/N

qu,max(min) = (1 + 0016)52]‘/;10/]\[ (20)
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In order to suppress the harmonic circulating currents, us;;
should be set to V.. [31]. Therefore, the maximum and minimum
values of Sy,; are calculated as

. N
SEj—max = ceil (10015>

SEj,min = int (

21

N

1+ 0.016 ) (22)
function ceil(x) returns the nearest integer that is larger than x,
for example, ceil(5.1) = 6 and ceil(5.6) = 6. Function int(x)
returns the nearest integer that is smaller than x, for example,
int(5.1) = 5 and int(5.6) = 5. The reason to use ceil(x) and int(x)
to calculate Sy;j max and Sy min, instead of using round(x) as
[31] [function round(x) returns the nearest integer of x, for ex-
ample, round(5.1) = 5 and round(5.6) = 6], is to guarantee
the capability to suppress the harmonic circulating currents and
generate 2N + 1 voltage levels. For example, if N is 9 and 9 is
5, both Sy max and Sy j min Will equal to 9 by using round(x);
therefore, the harmonic circulating currents cannot be effec-
tively suppressed and 2N + 1 voltage levels cannot be generated
since the inserted SM number is fixed to N. However, S5 max
and Sy;j_min Will equal to 10 and 8, respectively, by using (21)
and (22), which provides two additional states to suppress the
harmonic circulating currents [32], and will be able to generate
2N + 1 voltage levels. In general, Sy ;_max should always larger
than N/(1 — 0.019) and Sy j_min should always smaller than N/(1
+ 0.016).

For a certain value of Sy j, if the capacitor voltage ripples are
not considered, the ideal ac-side output voltage tac; ideal can be
obtained according to (2) and (17) (vczjy equals Vq./N), and is
given as

jide: Sa; Vi level, Vi..
Uacjideal = UA,]2(19<),1 = A2J]Vdc — evej\jf dc (23)

where level; is the normalized ac-side output voltage level and
is defined as

95
2,

However, if the capacitor voltage ripples are considered, the
actual ac-side output voltage tac;_actual Will be within the range of
[(1 —0.010)SA;Vae/ 2N, (1 4 0.016) Sa; Vae/2N] according
to (19). The maximum and minimum deviation values between
Ugcj ideal AN Ugacj acual are obtained according to (4), and are
given as

level; = (24)

O-Olést,maXV:ic
2N '

In order to counteract the voltage deviation caused by the
capacitor voltage ripples, and to obtain the ideal ac-side output
voltage, level; and Sa; in (23) should be adjusted (level; +
Alevel; and Sa; + ASa ). According to (25), the maximum
and minimum adjustment values are expressed as

(25)

Uacjmax(min) = +

Alevelj,max(min) = ASAj,max(min)/2 = :l:0~01552j,max/2~
(26)
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TABLE I
CONTROL OPTIONS OF THE MODIFIED IL-MPC-A

m Inserted SMs | Upper arm | Lower arm Level

1 N Ny n; level;

2 N+1 n+1 nj level—1/2

3 N+1 Ty n; +1 leveli+1/2

4 N-1 n,—1 nj level+1/2

5 N-1 Ty n;—1 level; —1/2
4e-2 N+e e nj level—¢/2
4e-1 N+e Ty nyte level+e/2
4e N-¢ ny—€ nj level+e/2
1+4e N-¢ Ty ny—¢ level—¢/2

III. PROPOSED MODIFIED IL-MPC METHODS
A. Implementation of the Modified IL-MPC-A

The basic idea of the proposed modified IL-MPC-A is to
utilize the cost function minimization step [29] to select the
optimal control option to handle multiple control targets. The
preselected control options are shown in Table I, where m is the
control option number. The steps to obtain the control options
in Table I are given as follows.

First step: To obtain the first control option in Table I under ideal
condition, which means that the capacitor voltage ripples are
not considered and the capacitor voltages are equal to their
normal value Vg4./N.

By replacing i, (k + 1) with its reference 4;; (k + 1) in (12),
the optimal arm difference voltage is given as

up; (k) = T {%j(k‘ +1) - (1 - M) loj(k)] :
27)

The upper arm voltage reference is [Vic — uj ;(k)]/2 [10]
and the inserted SM number is N in one phase-leg for the first
control option; therefore, the upper arm and lower arm inserted
SM numbers are given as

Vae — ui; (k)
Nyj = round |:2‘/dc/2<7:| (28)
mj =N —nyj. (29)
According to (2) and (24), level; can be rewritten as
level; = LQ”J (30)

Second step: To obtain the other control options in Table I. In
order to suppress the harmonic circulating currents, the in-
serted SM number is no longer fixed to N in one phase-leg
for the other control options. The maximum and minimum in-
serted SM numbers in one phase-leg are designed as N + ¢ and
N — ¢, respectively. According to (21) and (22), € should equal
to the maximum value of Sy max — NV and N — S5 min. In
order to guarantee the capability to counteract the maximum
and minimum deviations of the ac-side output voltage, +< are
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added to either n,; or n;; in (30), so that the normalized ac-
side output voltage level in (30) is adjusted to level; & ¢/ 2.
According to (26), ¢ should equal to ceil (0.015.5%; max)-
Considering both the harmonic circulating currents suppres-
sion and ac-side output voltage compensation, the designing
principle of € is given as

£ = maX[SZj,m‘d‘X - Na N — SZj,mina Ceﬂ(O-Ol(SSEj,max)]
(€29)

function max(x, y, z) returns the maximum value of x, y, and z.
¢ is set to 5 in this paper; therefore, € can be calculated by using
(31) for any value of the SM number N.

The other control options are obtained by adding + (1, 2,
..., €) to either n,; or n;;, as shown in Table I. Also, all of
the 1 4 4¢ control options (m =1, 2, 3, ..., 1 + 4¢) will
be considered to control the multiple targets in optimal, which
means that in the cost function minimization step, the next step
quantities prediction, and cost function calculation will be done
for all of the 1 4 4¢ control options. For the proposed method,
€ > 1; therefore, at least five control options (m = 1, 2, 3,
4, 5) are given in Table I. The inserted SM numbers n,; and
ny; are within the range of [0, N] and n,; 4+ n;; = N for the
first control option; therefore, level; calculated in (30) will be
among the N + 1 values of (-N/2, —N/2+1, —N/2+
2,...,0,...,N/2—-2,N/2 — 1, N/2). Additional ac-side
output voltage levels level; + (0.5, 1,...,0.5¢) are generated
by adding & (1, 2,..., ¢) to either n,; or n;; in (30). There-
fore, the ac-side output voltage levels will be extended to
2N + 1 values (—N/2, —=N/2+05, —-N/2+1, —-N/2+
15 ...,0,...,N/2—15 N/2 — 1,N/2 — 05, N/2). It
shows that 2N + 1 output voltage levels will be generated by
using the modified IL-MPC-A as long as € > 1.

The implementation of the modified IL-MPC-A is illustrated
in the following steps and the flowchart is shown in Fig. 3.

1) Measure the ac-side output current 4, ; (k), circulating cur-

rent icir; (k), and SM capacitor voltages v, jy (k).

2) Calculate n,;, ny;, and level; according to (27)—(30) and
refresh the control option table.

3) Sort the SM capacitor voltages in a descending order.

4) Do the cost function minimization to determine the opti-
mal control option. Jy is an assistant variable and set to a
very large value before the recycling program. n,,;,, and
nyjm are the inserted SM numbers of the m control option.
Ny ;i and ny;;, are the inserted SM numbers of the opti-
mal control option. The maximum control option number
Mmax = 1 + 4e.

The next step electrical quantities 4,;(k + 1), cirj (kK + 1),
and v, j, (k + 1) are predicted by using (12), (13), and (14), re-
spectively. The cost function is utilized to evaluate each control
option, which is formulated as

Ji = fig; (k4 1) —ig;(k+ 1)
+ Ao |i:irj(k +1) = dcirj (k +1)|
+)‘3|’U*Aj(k+ 1) — ’UAj(k + 1)|

+ )L4|U§7- (k? + 1) — Uxj (k‘ + 1)| (32)
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Measure the electrical
quantities: iy(k),
icirf(k) and vy, (k)

v
| m=tn=i000 |

v

Refresh the control
option table

v

Capacitor voltage
sorting algorithm

Prediction and cost
function minimization

\ 4
Considering the.RSF Output n,and ny
voltage balancing
principle [10] L 2
+ Switching signals
Predict the next step

values iy(k+1),
icirf(k+1) and veyy(k+1)
Calculate the cost
function value J;

N

J=J)

Pyix=Nujms Nijp=Njm

Fig. 3. Flowchart of the modified IL-MPC-A.

where A1, Ao, A3, and A4 are the weighting factors. For every
control options, the RSF voltage balancing principle [10] is
considered, thatis, no switching is applied to the already inserted
(bypassed) SM during next switching cycle if extra SMs need
to be inserted (bypassed). Therefore, the switching losses can
be reduced. The optimal control option is selected through the
cost function minimization step, which has the minimum cost
function value.

The modified IL-MPC-A is compared with the MPC methods
proposed in [25], [27], [29], and [30] regarding the ac-side out-
put voltage levels and control option number. The comparison
results are shown in Table II. As shown, the modified IL-MPC-A
generates 2N + 1 ac-side output voltage levels and significantly
reduces the control option number.

B. Implementation of the Modified IL-MPC-B

In this part, a modified IL-MPC-B is proposed, and the com-
parisons of different MPC methods will be shown in the next
part to clarify the advantages of the two proposed methods. The
implementation of the modified IL-MPC-B is divided into three
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TABLE II
COMPARISONS OF DIFFERENT MPC METHODS

MPC method Outpll;:, ;/l(;ltage Control options
N=10 N=50 | N=100 | N=150 N=200
Direct-MPC [25] N+1 1.85¢° | 1.01e* | 9.05¢™ | 9.38¢* | 1.03¢'"
Indirect-MPC1 [27] N+1 11 51 101 151 201
Three phase MPC [29] N+l 1331 1.32¢° 1.03¢° | 3.44¢° 8.12¢°
Indirect-MPC2 [30] 2N+1 121 2601 10201 22801 40401
Modified IL-MPC-A 2N+1 5 13 25 33 45

parts, i.e., ac-side output current control, circulating current
control, and capacitor voltage control.

AC-side output current control: The optimal arm difference
voltage uj ; (k) is calculated by using (27) to control the ac-side
output current. In order to generate 2N + 1 output voltage levels,
the lower arm inserted SM number cannot be calculated by using
(29), because the inserted SM number in one phase-leg of the
MMC is not fixed to N. Since the lower arm inserted SM number
is unknown, the normalized ac-side output voltage level level;
cannot be calculated by using (30). Another way to calculate
level; is to first obtain the value of Sy j, and then deduce level;
according to (24). Ideally, if the capacitor voltage v..j, equals
its normal value Vy./N, Sa; can be obtained according to (2)
and (17), and is given as

Saj = round(Nujp ; (k) /Vae)- 33)

Then, the ideal normalized ac-side output voltage level level;
is deduced as
round(Nuj ;(k)/Vac)

level; = .
evel; 5

ny; and n;; are within the range of [0, N]; therefore,
Sa; calculated in (33) is among the values of (—N,
-N+1,-N+2,...,0,...,.N—2,N—1,N) according
to (2). As a result, level; will be among the values of
(-N/2, =N/2+4+05, -N/2+1,—-N/2+1.5,...,0, ...,
N/2—-15,N/2—-1,N/2—0.5, N/ 2). Therefore, 2N + 1
output voltage levels can also be generated by using the
modified IL-MPC-B. In order to calculate the inserted SM
numbers considering the capacitor voltage ripples, the upper
arm inserted SM number in (28) is rewritten as

Vae — U*Aj(k)}

2Uavej

(34)

nyj1 = round { (35)

where v,,¢; is the average SM capacitor voltage in phase-leg j
and is expressed as

Vavej =

vs; (k)
N
In order to produce the ideal normalized ac-side output volt-

age level, the lower arm inserted SM number is calculated by

using (30), and is given as

(36)

nij1 = 2level; + nyj . 37

Arm and overall capacitor voltage controls in one phase-leg:
In the conventional control system of the MMC based on the

2V
(b)

Fig. 4. Capacitor voltage controls in the conventional control system of the
MMC. (a) Arm capacitor voltage control. (b) Overall capacitor voltage control.

cascaded control method, it is very common to realize capacitor
voltage controls by adjusting the circulating current reference
[8], [34], [35]. The control block diagrams are shown in Fig. 4.
Aigrj1 and Adgyrjo are the adjustment components of the cir-
culating current reference used to control the arm and overall
capacitor voltages, respectively. For the IL-MPC-B, the arm and
overall capacitor voltage controls are also realized by adjusting
the circulating current reference. However, Adgrj1 and Adgrjo
are no longer produced by PI controllers but will be calculated
according to the discrete-time mathematical model of the MMC.

The circulating current reference is iq./3 without considering
the capacitor voltage controls, and it will be set to g/ 3 +
Aigirj1 and ige/ 3 + Aigirjo, respectively, to control the arm and
overall capacitor voltages. By substituting (14) into (15) and
(16) and replacing va j (k + 1), vs; (k + 1), 45, (k), and igyrj (k)
by their references, (15) and (16) can be rewritten as

0 = v (k) + 2 Ss; ()i, ()

C
T9 .( C .
+ 6SAj (k) <Zé + Alcirﬂ) (38)
T e
2Vie = vsj(k) — ESAj(k)Zoj(k)
T de .
+ 6SEj (k) |:Z(;) + AZcilrj'2:| . (39)

Equations (38) and (39) are used to calculate the values
of Adcrj1 and Aigyjo, respectively. It is reasonable to replace
Sy (k) by N, since the change of the inserted SM number in
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Fig. 5. Adjustment principle of Sy ; (k). (a) If Sa; (k) is an odd number.
(b) If Sa j (k) is an even number.

Measure the electrical
quantities: i,;(k), icir(k)
and V(‘xjy(k)
|
AC side current control.
(27), (33)—~(37)

I

Calculate Ai.;,; and Aiir;;=0 and Calculate
Aicirp. (40) and (41) Aicirp. (41)

[ |
v

Current limiter _/_
Y
Calculate the circulating
current reference. (43)
L2
Circulating current
control and adjustment of
Syi(k). (44) and (45)
v
Derive the inserted SM
numbers. (46) and (47)
Y
RSF voltage balancing
algorithm and output
switching signals.

Flowchart of the modified IL-MPC-B.

Fig. 6.

one phase-leg is relatively small compared with N. Sa (k) is
obtained from (33). Therefore, Aicirj1 and Aicirjo can be calcu-
lated as

C Nit (k) g
A‘Cil" = - =L 40
il = o  Jevel, ai(k) + 2level, 3 “0)
C level;i* (k)  2CVye g
A‘(‘ir' = - j = 2 <= .
o e A B 7 o% VN
41)
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TABLE III
EXECUTION TIME COMPARISON OF THE MPC METHODS

SM number N

10 50 100 150 200
Indirect- Nr 134’ | 2.83¢° | 1.11e° | 2.47¢° | 4.37¢°
MPC2[30] | 7, us) | 89.52 | 1880 | 7370 | 1.65¢* | 2.91¢*
Nr 1215 3519 6615 9279 | 1.24¢*
IL-MPC-A
Tex (us) 8.1 23.46 44.1 61.86 82.5
Nr 1030 1270 1570 1870 2170
IL-MPC-B
T..(us) 6.87 8.47 10.47 12.47 14.47
TABLE IV
PARAMETERS OF SIMULATION AND EXPERIMENTAL SYSTEMS
Parameters Simulation Experiment
DC-link voltage V. 10kV 240V
SM number per arm N 10 6
Normal value of capacitor voltage 1kV 40V
Fundamental frequency f 50 Hz 50 Hz
Submodule capacitance C 3.5 mF 2 mF
Arm inductance L 10 mH 3.5mH
Load inductance L, 5 mH 30 mH
Load resistance R, 12Q 40 Q
Control cycle T 100 us 100 s

Considering both the arm and overall capacitor voltage con-
trols, the circulating current reference is expressed as

ity (B + 1) = 58+ Dy + Do (42)

It should be noticed that v.;j, and v, contain harmonic
components. 1/ level; is a csc(x) function in (40) at steady state
and level; iy ; (k) generates second-harmonic component in (41).
Therefore, Aigrj1 and Aégrjo can introduce harmonic compo-
nents in the circulating current reference. In order to restrict
the amplitude of circulating current ripple, a current limiter is
applied and (42) is modified as

i
% + Current limiter

i:irj (k + 1) (Aicirjl + Ai(,irjg).

(43)

There is a tradeoff between the amplitude of circulating cur-
rent ripple and transient response of capacitor voltage control.
The larger the absolute values of the current limits, the faster
the capacitor voltage control.

Circulating current control: Replacing igrj (k + 1) by its ref-
erence in (13), the optimal arm summation voltage us; (k) is
calculated as

2L ., )
f [Zcirj (k + 1) - Zcirj (k):l .

The summation of the inserted SM numbers Sy;; (k) can be
calculated according to (3) and (18) (Vezjy = Vave;), and is ex-
pressed as

ul; (k) = Ve — (44)

(45)

ng(k)::int[lgﬁ(k)].

Vavej
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Steady-state and dynamic-state performances of the MMC by using the modified IL-MPC-A with five and nine control options. (a) Sa,. (b) S,
(c) Three-phase load voltages. (d) Three-phase ac-side output currents. (e) Phase a arm currents. (f) Phase a circulating current. (g) Phase a SM capacitor voltages.
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output current. (d) Phase a upper arm current. (¢) Phase a circulating current.

In order to avoid affecting the ac-side current control while
regulating the circulating current, Sy; (k) calculated in (45)
should be subject to Sa (k) calculated in (33). Sa;(k) is un-
changed if the same number of additional SMs is inserted or
bypassed in the upper arm and lower arm according to (2).
Therefore, if Sa ; (k) is an odd (even) number, Sy;; (k) must be
an odd (even) number. Sy, (k) is adjusted according to differ-
ent value of Sa; (k). As shown in Fig. 5(a) [see Fig. 5(b)], if
Sa; (k) is an odd (even) number and Sy ; (k) calculated in (45)
is among group 2 (group 1), the final value of Sy;; (k) equals the
original value. If Sx ; (k) is an odd (even) number and Sy; (k)
calculated in (45) is among group 1 (group 2), the final value
of Sy;; (k) equals 1 added to the original value. If S ; (k) is an
odd number and Sy;; (k) is 2N, the final value of Sy; (k) equals
2N- 1, as shown in Fig. 5(a).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 8, AUGUST 2019

—_

N

wn
T

\.éoltage kV)
o =

(a2)
1T I o v R T

12f W |
SZalO “ il

(b2)
‘THQ:0.48%<—\

(c2)
‘ THD=251 %o—]

0.2] ]

Current (kA)
==

e
>

(d2)

IS
—_
U

(kA)
)

Current
=
=)
N

145 15 1.55
time (s)
(€2)

1.6

Simulated waveforms of the MMC with increased capacitor voltages tolerance band. (a) Phase a SM capacitor voltages. (b) Sy, . (c) Phase a ac-side

The final upper arm and lower arm inserted SM numbers are
given as

Sy (k) — (nuj1 + 1)

Nyj2 = Nyj1 + 5 (46)
Syj(k) = (nuji + 1y
nie =y + 228 (2 ) )

After deriving the inserted SM numbers, the RSF capacitor
voltage balancing algorithm is used to output the switching sig-
nals. The optimal peak-to-peak value of the harmonic circulat-
ing currents has a limited minimum value by using the proposed
method [32]. The flowchart of the modified IL-MPC-B method
is shown in Fig. 6.
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C. Comparison of Different MPC Methods

For the modified IL-MPC-A and other IL-MPC methods pro-
posed in [30] and [31], the multiple targets control relies on the
cost function minimization step. The next step electrical quanti-
ties 4o (k + 1), dcirj (k + 1), and vey 5, (K + 1) and the cost func-
tion should be calculated for every control options. The optimal
control option is selected by comparing every cost function val-
ues. As the control option number increases, the computation
load also increases. Moreover, the weighting factors in the cost
function are not easy to be determined [33].

In comparison, the modified IL-MPC-B can avoid the se-
lection of weighting factors, and the multiple targets control is
realized by calculating the control voltages [u}; ; (k) and ug; ; (k)]
and currents (Adir;1 and Adgirj2) according to the discrete-time
mathematical model of the MMC.

The execution time of the Indirect-MPC2 [30], modified IL-
MPC-A, and IL-MPC-B is evaluated using a digital signal pro-
cessor TMS320f28335. The system clock is set to 150 MHz;
therefore, one clock cycle takes 6.67 ns. The comparison results
are shown in Table III. N is the total number of clock cycles
and T, is the corresponding execution time. The number of
clock cycles by using different MPC methods with different SM
numbers can be evaluated using the TT Code Composer Studio
(CCS) software. The execution time of the Indirect-MPC2 and
modified IL-MPC-A is significantly affected by the SM num-
ber, because the control option number will be increased with
increasing SM number, and the next step electrical quantities

7319

prediction and the cost function calculation should be repeated
for every control options. The larger the control option number,
the longer the execution time. If the execution time is too long, it
will be difficult to realize real-time control for the MMC system.
However, for the modified IL-MPC-B, only the average capac-
itor voltage calculation in (36) is affected by the SM number
(more capacitor voltages should be added up with the increase in
the SM number). The comparison results of the execution time
indicate that both the modified IL-MPC-A and IL-MPC-B have
low computation load compared to that of Indirect-MPC2. Also,
the modified IL-MPC-B can further reduce the computation load
with the increase in the SM number; thus, the control frequency
can be increased to optimize the control performance.

IV. SIMULATION RESULTS

A three-phase MMC system shown in Fig. 2 is constructed in
PSCAD/EMTDC to demonstrate the proposed MPC methods,
and the detailed system parameters are listed in Table I'V.

The steady-state and dynamic-state performances of the
MMC by using the modified IL-MPC-A are depicted in Fig. 7
(x1) (x=a,b,c,d,e,f, g). The capacitor voltage tolerance band
is designed as 10% (6 = 5) of the normal SM capacitor voltage;
therefore, 5 control options (¢ = 1) are utilized with 10 SMs
per arm to generate 21 voltage levels before 1.5 s, as shown
in Fig. 7(al). Sy; changes among 9, 10, and 11 observed from
Fig. 7(b1). The three phase load voltages are shown in Fig. 7(c1).
The ac-side output current and arm currents of phase a are shown
in Fig. 7(d1) and (el), respectively. The corresponding THDs
of iy, and 7,, are 0.41% and 2.43%, respectively, before 1.5 s.
During the whole time range, the harmonic components of the
circulating current in Fig. 7(f1) are suppressed and the average
SM capacitor voltages in Fig. 7(gl) are regulated to 1 kV. At
1.5 s, the active power is reduced by 60%. It is observed that the
ac-side output current and circulating current are fast regulated
to their new references. The average value of the upper arm and
lower arm SM capacitor voltages are well balanced during the
transient period.

¢ is modified as 2; thus, nine control options will be uti-
lized. The simulated waveforms are shown in Fig. 7 (x2). Sy,
changes among 9, 10, and 11 at most of the time as shown in
Fig. 7(b2). The THDs of the ac-side output current ¢,, and upper
arm current ¢,, have no improvement. Besides, the harmonic
components of the circulating current have no further reduction.
That means five control options are enough to control the tar-
get system with the designed SM number and capacitor voltage
tolerance band.

Changing the SM capacitances from 3.5 to 1.5 mF, the peak-
to-peak value of the capacitor voltage ripples increases to £=20%
of the normal capacitor voltage value, as shown in Fig. 8(al)
and (a2). Therefore, € should be designed as 2 according to (31).
In Fig. 8 (x1) and (x2) (x = a, b, ¢, d, e), € is designed as 1 and
2, respectively. Sy, changes among 9, 10, and 11, as shown in
Fig. 8(bl), and changes among 8, 9, 10, 11, and 12, as shown
in Fig. 8(b2). It is observed that the THD performances of 4,,
and 7,, are improved in Fig. 8(c2) and (d2) compared with the
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waveforms in Fig. 8(cl) and (d1). Moreover, the harmonic cir-
culating currents are further reduced with more control options.
The simulation results indicate that € should be increased to in-
troduce more control options with the increase in the capacitor
voltage tolerance band and the total SM number.

The weighting factors are setto A1 = 1, Ao = 0.5, A3 = 277,
and A, = 8¢~ in Fig. 7. If they are reset to A; = 1, A» = 1,
A3 =2e, and A, = 8¢, the simulation waveforms of the ac-
side output current, circulating current, and capacitor voltages
are shown in Fig. 9. It is observed that the harmonic circulating
currents are further suppressed; however, the THD of the ac-side
output current is increased and the average value of the capacitor
voltage deviates from the normal value (1 kV). That means
the selection of the weighting factors can affect the system
performance and the improvement of one control objective can
affect the performances of the other control objectives. The
weighting factors should be well tuned to obtain a good system
performance.
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Fig. 10 shows the steady-state and dynamic-state perfor-
mances of the MMC by using the modified IL-MPC-B with
the same system parameters given in Table IV. Similarly, 21 ac-
side output voltage levels are generated before 1.5 s, as shown
in Fig. 10(a). Sy, is calculated according to (45) followed by
the adjustment step and no longer confined to 9, 10, and 11,
as shown in Fig. 10(b). It should be noticed that the THD of
the ac-side output current is 0.5% and increased slightly com-
pared with the modified IL-MPC-A, since the average capacitor
voltage v,ye; 1s used to directly calculate the inserted SM num-
bers according to (35) and (45) for the modified IL-MPC-B,
but several control options are utilized to optimize the ac-side
output current control and inserted SM numbers selection for
the modified IL-MPC-A. Even though the THD performance
is improved a lot compared with N + 1 output voltage levels,
the good dynamic performance is also verified by 60% reduc-
tion of the active power at 1.5 s. The current limits of Aiciyjy
and Aig,jo are designed as =5 A. The harmonic circulating
currents are suppressed, and the average value of SM capacitor
voltages are well balanced during the transient period, as shown
in Fig. 10(f) and (g).

To verify the effectiveness of overall capacitor voltage con-
trol, the current limits of A ;1 are set to =5 A in Fig. 11 (x1)
and (x2) (x = a, b). Ado 18 set to 0 before 1.5 s. It is shown
that the average value of the SM capacitor voltages deviates
from the normal value. The overall capacitor voltage control is
enabled at 1.5 s, and the current limits of Ao are set to 5
and +10 A in Fig. 11 (x1) and (x2), respectively. The average
value of SM capacitor voltages recover to the normal value in
a short time. The larger the absolute value of Aiyjo, the faster
the transient response of overall capacitor voltage control and
the larger the circulating current ripple.

Similarly, to verify the effectiveness of arm capacitor voltage
control, the current limits of Ad ;> are set to =5 A in Fig. 12
(x1) and (x2) (x = a, b). Aij1 is set to O before 1.5 s. The upper
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arm and lower arm capacitor voltages deviate from each other.
The arm capacitor voltage control is enabled at 1.5 s and the
current limits of Ai;; are set to 5 and =10 A in Fig. 12 (x1)
and (x2), respectively. The arm capacitor voltages are balanced
in a short time. In comparison, the absolute values of the current
limits in Fig. 12 (x1) are larger than those in Fig. 12 (x2); thus,
the transient response of arm capacitor voltage control is faster
in Fig. 12 (x2) with larger circulating current ripple.

V. EXPERIMENTAL VALIDATION

A down-scaled single-phase MMC prototype, as shown in
Fig. 13, is built to test the performance of the proposed MPC
methods, and the system parameters are listed in Table IV. Six
SMs are cascaded connected in each arm with a normal capacitor
voltage value of 40 V.

The steady-state and dynamic-state performances of the
MMC by using the modified IL-MPC-A are displayed in Fig. 14.
Before the power decline at 200 ms, 13 load voltage levels are
generated in Fig. 14(a) and the corresponding THD of the ac-
side output current is 1.32%. The zoomed-in waveforms are
shown in Fig. 14(b). The arm currents and circulating current
are shown in Fig. 14(c). It shows that the harmonic circulating
currents are suppressed and the THD of the upper arm current is
43.03%. The good dynamic performance is demonstrated by a

Experimental verifications of arm capacitor voltage control. (a) Aici;j1

(b)

= +0.3A. (b) Aigiyj1 = +0.6 A.

60% active power reduction. The circulating current and ac-side
output current are fast regulated to their new references. The ca-
pacitor voltages are well balanced at steady state and during the
transient period, as shown in Fig. 14(d).

Fig. 15 demonstrates the effectiveness of the modified
IL-MPC-B. The experimental results show that the system per-
formance of the MMC can maintain well by using the modified
IL-MPC-B. In particular, the THD of the ac-side output current
is 1.43% and increased slightly compared to that of the modified
IL-MPC-A before the power decline, as shown in Fig. 15(a). The
zoomed-in waveforms given in Fig. 15(b) show that 13 output
voltage levels are generated. The current limits of Aig;; and
Aigrjo are set to £0.3 A, so that the capacitor voltages can
be well balanced while the circulating current ripple is limited,
as shown in Fig. 15(c) and (d). The dynamic performance is
similar to that in the experimental results by using the modified
IL-MPC-A and is also verified by a 60% reduction of the active
power.

The experimental verifications of overall capacitor voltage
control are shown in Fig. 16(a) and (b). When the current limits
of Aigjo are set to 0, the average capacitor voltages are not
balanced. When the current limits of Adyjo are setto 0.3 Ain
Fig. 15(a) and 0.6 A in Fig. 16(b) at 1 s, the average capacitor
voltages are balanced to the normal value. In comparison, the
transient response is faster in Fig. 16(b), while the circulating



7324

current ripple is also increased after the overall capacitor volt-
age control is enabled. The experimental verifications of arm
capacitor voltage control are shown in Fig. 17(a) and (b). When
the current limits of Aigyj; are set to 0, the upper arm and lower
arm capacitor voltages deviate from each other. When the cur-
rent limits of Adj1 are set to 0.3 A in Fig. 17(a) and 0.6 A
in Fig. 17(b) at 1 s, the arm capacitor voltages are balanced. The
transient response is faster in Fig. 17(b) with larger circulating
current ripple after the arm capacitor voltage control is enabled.

VI. CONCLUSION

In this paper, two modified IL-MPC methods are proposed to
reduce the computation load of the control system while keep-
ing a good THD performance for the MMC. First, a modified
IL-MPC-A is presented by using the predesigned cost function
to select the optimal control option. The inserted SM number
in one phase-leg is extended to N =+ ¢ to suppress the harmonic
circulating currents. The arm-inserted SM numbers are adjusted
by adding compensation values & (1, 2.. . ., €) to counteract the
ac-side output voltage deviation and generate 2N + 1 voltage
levels. The individual capacitor voltage control is realized by
the RSF voltage balancing algorithm. Second, another modi-
fied IL-MPC-B is presented with easier designing steps and to
further reduce computation load with the increase in the SM
number. The ac-side output current control has the highest pri-
ority and will not be affected by the circulating current control.
The overall and arm capacitor voltages are balanced by using
an additional control loop to adjust the circulating current refer-
ence. Finally, the performance and effectiveness of the proposed
methods are verified by a three-phase simulated MMC system
and a single-phase laboratory prototype.
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