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ABSTRACT In this paper, a novel hybrid control strategy has been proposed for the energy storage modular
multilevel converters (ESMMC) to realize a nice current performance and ensure the state of change (SOC) of
batteries to be balanced. Firstly, traditional proportional integral (PI) control was used to get the circulating
current reference; then an improved model predictive control (MPC) method with the weighting factors
being online tuned has been designed to obtain the accessing numbers of the submodules in each phase.
Lastly, the conventional sorting method for the SOC balancing was given. Experimental comparisons indicate
that this proposed novel control strategy can not only ensure a nice current control performance, but also
effectively suppress the circulating current component, and it can save over 39.42% execution time in contrast
with the traditional PI method, which is feasible for the digital implementation.

INDEX TERMS Energy storage modular multilevel converter (ESMMC), hybrid control, improved model

predictive control (MPC), weighting factors online tuning.

NOMENCLATURE
ESMMC Energy storage modular multilevel converter
SOC State of charge
PI Proportional integral
MPC Model predictive control
MMC Modular multilevel converter
HVDC High voltage direct current
ESSM Energy storage submodule

I. INTRODUCTION

Nowadays, modular multilevel converters (MMCs) have
a rapid development in the high-voltage and high-power
applications, e.g., high voltage direct current (HVDC)
transmission, reactive compensation, grid integration of
renewable energy generation and so on, for their high effi-
ciency and low output harmonic distortion [1]-[3]. On the
other hand, large-scale renewable energy generation system
usually needs energy storage devices to absorb or release
the power and effectively reduce the impact resulted from
converters’ output fluctuation on the power with the con-
siderations of the intermittent and uncertain characteris-
tics of the renewable energies [4]—[8]. In traditional energy
storage systems, the energy storage batteries were usually
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connected to the grid through former boost converter and
later inverter circuits which reduced the system efficiency
and reliability [9]. If the energy storage system is com-
bined with the grid connected converters themselves, then
a decentralized access would be realized, which is suit-
able for the large-scale renewable energy generation sys-
tems, and the studies on which will have certain research
significance [10]-[13].

In terms of the MMC-based energy storage system, related
research has become one of the hot spots. In [14], a SOC
balancing algorithm was studied under different operating
modes to eliminate the low-frequency components in the
output currents, and the unbalanced grid conditions were also
taken into account. Reference [11] proposed a novel con-
figuration, in which the batteries and supercapacitors were
distributed into the upper and lower arms, which could realize
a fully decoupled power control between the grid and hybrid
storage systems. In [15], different control modes adopted for
the hybrid energy storage systems were given and compared.
In [16], the SOC of each energy storage battery has been
balanced by adjusting the modulation of submodules. In [17],
for the SOC balancing issues, the influences of different
circulating current components have been analysed in detail,
while in [18], the performance availability and flexibility of
an energy storage-based MMC was given by theoretical and
experimental discussion.
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MPC has gradually expanding applications in the field of
power electronical systems due to its outstanding advantages
in dealing with the problems of nonlinear system and the
complex constraints issues [3], [19], 21]. In [21], the tra-
ditional finite control set MPC (FCS-MPC) strategy has
been used for the MMC system, which could eliminate the
circulating current components and regulate the arm voltages,
ac-side currents, the computational complexity was the one of
the main factors affecting performance. In [22], well-reported
experimental comparison between MPC and traditional PI
strategies were given. To improve the execution efficiency, a
novel step-by-step rolling optimization method was proposed
in [23], but it didn’t involve the design of weighting factors.
A novel sliding-discrete-control-set modulated MPC method
was proposed for MMC in [24] to simplify the computational
complexity, but this method did not involve the consideration
of weight factors and each submodular obtained a fixed
switching frequency. In [25], an improved MPC integrated
with PI was proposed to reduce the computational
complexity.

In this paper, a novel hybrid control strategy has been pro-
posed for the ESMMCs on the basis of existing research. This
hybrid control involves three parts: a traditional PI control,
an improved MPC strategy and a conventional SOC balancing
method. The control targets include ac-side current tracking
and the circulating current suppression. In detail, PI control
is used to get the circulating current references including dc
and ac components; the improved MPC strategy is designed
to obtain the accessing numbers of the submodules in each
phase, and an online tuning method has also been proposed
to improve the control performance; and the conventional
sorting method is used for the SOC balancing.

The paper is organized as follows. In Section II, the prin-
ciple and the discrete mathematical models of this studied
ESMMCis given. Section I1I presents the hybrid control strat-
egy in details and the online tuning method for the weighting
factors is also introduced in terms of realization process.
The effectiveness of this designed strategy is discussed in
Section IV in terms of contrast experimental results. Finally,
Section V gives the conclusion.

Il. PRINCIPLE AND MATHEMATICAL MODELS OF ESMMC
The three-phase ESMMC shown in Figure 1 is taken as the
research object, in which each phase contains upper and lower
bridge arms and each arm is composed of N energy storage
submodules (ESSMs) and one bridge arm inductance, and
capacitors Cy and C; are the dc-link capacitors. Each ESSM
consists of two switching devices 77 and T, two diodes D
and D, capacitor Cy (Co = 1500uF, the design consideration
is in the Appendix) and the energy storage battery Bat.

Take one phase as an example to establish the mathematical
models, then the simplified circuit of j-phase (j = a, b, ¢) is
shown in Figure 2, in which each ESSM is equivalent to a con-
trolled voltage source. Where, uy,; represents the upper bridge
arm voltage of j-phase, which equals to the sum of voltages of
the accessing submodules in the upper bridge arm; while uy;
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FIGURE 2. Simplified circuit of j-phase.

represents the lower bridge arm voltage and equals to the sum
of voltages of the accessing submodules in the lower bridge
arm. ip; and ip; are the upper and lower bridge arm current
components respectively. Uy is the dc-link voltage while igc
is the dc-link current; »; and i; stand for the output voltage and
current components in the ac-side respectively, while ug; is the
grid voltage. L, represents the bridge arm filter inductance
(L, = 5SmH, the design consideration is in the Appendix) and
Ly is the filter inductance in the ac-side.

Defining Sk as the switching function of the k™ ESSM in
j-phase and r-bridge (r = p or n, referring the upper or lower
bridge arm respectively), and it is described as

1, T;is ON, T, is OFF
Stik = : : (D
0, Tiis OFF, T is ON
Considering that there are N working ESSMs in each
phase, the sum of the switching functions for each phase is
N, which means

N N
Y S+ D Swik =N 2)
k=1 k=1
And the voltage of each ESSM can be written as
Uik = Sijk - Usm 3)
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Voltages of the upper and lower bridge arms can be derived
as

N

Upj = kzl Spik - Usm
N )

unj = Y Snjk - Usm
k=1

According to Kirchhoff’s voltage law and Kirchhoff’s cur-
rent law, following voltage and current equations can be
derived

{% = Upj +Ld dt +Lsflltj + Usj (5)
G = unj + Ly dl‘tl — LG T~ U
Ij = Ipj — Inj (6)
di;
Uy = LSE + Usj @)
With the combination of equations (5)-(7), the out-

put voltage u; can be derived as following (the induc-
tlve voltages of the bridge arm are ignored, which means
LA = 1, % — ),

Unj — Up;
2

On the other hand, making a definition of bridge arm
circulating current component flowing the upper and lower
bridge arms as [26].

®)

uj =

. Ipj + Inj
e = ©)
Then, the upper and lower bridge arm current components
ipj and ipj can be obtained by equations (6) and (9).

{ipj = icirj + % (10)
inj = icirj - %

From equation (10), it can be seen that for the bridge
arm current components ij and iyj, there not only has ac
side current component #j and also has the internal circulating
current component icij.

Considering that there is no even harmonic existing in the
ESMMC, so the circulating current component, only includes
the DC and fundamental components, and can be written
as [26]

icirj = icirj_dc + icirj_ac (11)

where, icirj_dc is the DC circulating current component and
icirj_ac 18 the fundamental circulating current component.

lll. HYBRID CONTROL STRATEGY

Considering the large number of switching states for the
ESMMC and the relatively complicated control, a novel
hybrid control strategy, including normal PI control, model
predictive control (MPC) and the SOC balancing, is proposed
in this paper.
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A. PI CONTROL PART

For the SOCs between three phases, the control structure is
shown in Figure 3 and the control output corresponds to given
value of the DC circulating current component i* cirj_dc”

For the SOCs within each phase, the control structure is
shown in Figure 4(when j = a, = 0;j = b, = —1 and
j = ¢, = 1), the control output corresponds to the given
value of the fundamental circulation component 1ClrJ act

In which, SOCJ is the average SOC of the j-phase batteries;
SOC,; is the average SOC of the batteries in the upper bridge
arm of j-phase; SOC,; is the average SOC of the batteries
in the lower bridge arm of j-phase; SOC,y. represents the
average SOC of all the batteries in the three-phase arms.

Thus, the overall reference value of circulating current i*;
can be obtained as

cirj

Teirj = Geirj_de T feirj_ac 12)
B. MPC PART

1) OBIJECTIVE FUNCTION

Firstly, according to equations (5), (6) and (9), the predicted
current in ac-side and circulating current components at
(k + D™ can be derived as

p(k + 1) L +L /2 (unj(k) ”pj(k)
P@+o—u<wr

Cll'_]

— ugj(k)) + ii(k)

. (13)
(upJ (k) + Unj (k) + Leirj (k)

In which, bridge arm voltages of j-phase at k" sampling time
can be obtained by the switching states and the battery voltage
Usm.
N
upi(k) = Z Usm - Spix(k)
(14)

upj(k) = ZUSM Snik (k)

i=1
The objective function consists of two parts: ac-side cur-
rent trajectory and the circulating current suppression, which
is displayed in equation (15).
g =M |k +1) =k + 1)\
+ A2

Btk + D) =2k + D) (15)

c1rJ
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FIGURE 5. Off-line preparation of weighting factor 1,.

where, A1 and A, are the weighting factors, ij*(k—i—l) and
iz‘irj(k+1) are the expected ac-side and circulating current
components at (k + 1) sampling period.

2) ONLINE TUNING FOR THE WEIGHTING FACTORS

In order to improve the control performance, an online tuning
method for the weighting factors has been proposed in this
paper. Firstly, setting A1 = 1 because the ac-side current
trajectory has a highest priority, then an online tuning method
based on the experiences and the detailed processes are sum-
marized as following.

a: OFF-LINE PREPARATIONS
The second item in equation (15) is separately defined as an
objective function (as shown in equation (16)).

82 = |ig(k + 1) — Gk + 1) (16)
Step 1: Sufficient 1, € (0,1) were taken as the sampled data
to get plentiful different g>.

Step 2: Defining an acceptable error ¢, and making a
division of the error band to m bands, and the correspond-
ing weighting factor A, is also divided into m bands as
Ay = u/m (u €{1,2,3,..., m}), the detailed correspondence
can be systematized into as

1

©0,9) = Ay =—

m

2

(‘P» 2(/)) = )‘-2 = —

m

3

2, 3¢) = A = —

m

u

((m— Do, mp) = Ay = P
w e {1,2,3,...,m)) (17)

To be specific, the sub-target g, is in the range of 0 to
1.83 with sufficient Ay € (0,1) being taken as the sampled
data, and m is set as 50, the acceptable error ¢ = 1.83/50,
then the corresponding weighting factor A, is divided into
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FIGURE 6. Online optimization of the weighting factor.

50 bands as A» = u/50 (v €{1,2,3,...,50}), the correspond-
ing relationship between A, and ¢ is shown in Figure 5.

b: ONLINE TUNING
Step 1: Before the rolling optimization of equation (15) dur-
ing each sampling period, gomax from equation (16) should
be firstly obtained.

Step 2: Judging the range of gomax, and the corresponding
weighting factor A, can be get according to equation (17).

Step 3: Substituting the real-timely obtained X into equa-
tion (15) to carry out the rolling optimization of g and get the
optimized gmin.

The detailed online tuning process of the weighting factor
Az is shown in Figure 6, and this online tuning method can
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FIGURE 7. Sorting method for the SOC balancing.

i SOC, i,
+
S &S0Cs ;
Us = ;%iﬁ 4 n
© Ui T 0 |1SOCqi i+ 1
- D) i L

SOC,—
SOC,—

FIGURE 8. The Control diagram of this proposed novel hybrid control.

ensure the ac-side current trajectory to be taken as the primary
control target and the subobjective go can be chosen to the
setting error band to the maximum extent.

On the other hand, a simple compensation with one step
forward prediction has also been studied because of the inher-
ent time delay problem of MPCC. In practical applications,
the current prediction value at k 4+ 1 sampling time is used as
the sampling value for the next cycle of current prediction
calculations, and i(k + 2) is substituted into the objective
function (equation (19)) for optimization.

C. SORTING METHOD FOR THE SOC BALANCING

After the confirmation of the accessing number of the sub-
modules, a conventional SOC soring method is opted to verify
the effectiveness of the proposed hybrid control algorithm,
especially the improved MPC strategy, the corresponding
implementation process is shown in Figure 7, in which Np;
is the accessing number of submodules in the upper bridge
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FIGURE 9. Flow chart of the novel hybrid control strategy.

arm of j-phase, Ny; is the accessing number of submodules in
the lower bridge arm of j-phase, and SOCij is the SOC value
of the k™ submodule in r-bridge j-phase.

Control diagram and flow chart of the novel hybrid control
strategy are shown in Figure 8 and Figure 9 respectively.

IV. EXPERIMENTAL RESULTS
An experimental platform for this studied five-level ESMMC,
which is shown in Figure 10, has been established to make
verifications and the detailed parameters are listed in Table 1.
For the online tuning of weighting factor A, the real-time
adjusting process within 0.01s is shown in Figure 11.
The static phase and line voltage waveforms at the
moment when the modulation index M = 0.9 are shown
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FIGURE 10. Structure of the experimental platform.

TABLE 1. Detailed parameters of this studied five-level ESMMC.

Parameter name Parameter value

Dc-link voltage Uy, 800V
Dc-link current Iy, 12.5A
System Power factor cos ¢ = 0.95
Amplitude of the 011.tput phase 400V
voltage in ac-side u;
Battery capacity 100Ah
Amplitude of the reference current 16A
Bridge arm inductance L, SmH
ac-side inductance L SmH
Fundamental frequency 50Hz
Sampling frequency 10kHz

0.01

0.008

20006
<

0.004

0.002

0
1

FIGURE 11. Real-time adjusting process of weighting factor 1,.

in Figure 12. The ac-side reference and actual current compo-
nents in a-phase are displayed in Figure 13, and the harmonic
distortion of the actual current is analyzed in Figure 14.

Obviously, these responses show that this proposed novel
control strategy is reasonable and the static effect is
acceptable.
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FIGURE 12. Static phase and line voltage waveforms.
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FIGURE 13. Reference and actual current components in a-phase.
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FIGURE 14. Harmonic distortion of the actual current in a-phase.

For the circulating current suppression, the amplitude is
limited to +0.9A as shown in Figure 15, by which the effec-
tiveness of the hybrid control strategy is verified in further.

In terms of dynamic responses, when the reference cur-
rent’s amplitude changes from 16A to 10A, the corresponding
responses of the ac-side current and circulation component
are shown in Figure 16(a) and (b), which shows that this
studied novel control strategy has a nice dynamic response
performance.
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FIGURE 16. Dynamic current responses.

In order to verify the effectiveness of SOC balancing
control, small SOC deviations were initially set consid-
ering of the inertia constant issue. The SOC balanc-
ing responses within and between bridge arms, interphase
are shown in Figure 17, in which, SOC reaches balanc-
ing at about 0.5s, and the response speed is relatively
acceptable.

In order to compare with different control strategies (tra-
ditional PI method; off-line weighting factors and without
delay compensation; off-line weighing factors with delay
compensation; this novel hybrid control method), the har-
monic distortion of the ac-side current under different mod-
ulation (M € [0.5 0.9]) indexes are compared in Figure 18,
which can show the superiority of this novel control strategy.
Accordingly, the comparisons of SOC balancing rates are
displayed in Figure 19.

It can be seen that the SOC balancing time increases with
the increase of modulation index and the control strategy
proposed in this paper maintains a faster balancing rate under
different modulation indexes.

Considering of the feasibility of digital implementation,
the execution efficiency of different method is also compared
as listed in Table 2. Compared with traditional PI method,
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FIGURE 18. Harmonic distortion comparisons with different control
strategies.

normal MPC method can save about 54.66% and about
46.31% with a delay compensation, and this new control
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TABLE 2. Execution efficiency of different control strategies.

Method Execution time Save time
(pus) (compared to PI) (%)
Traditional PI 82.7
Normal MPC 37.5 54.66
Normal MPC Wth 44.4 4631
delay compensation
Novel hybrid control strategy 50.1 39.42

strategy can save about 39.42%, which is convenient for
digital implementation.

V. CONCLUSION

In order to maintain a nice control performance for the five-
level energy storage modular multilevel converter, a novel
hybrid control strategy has been studied in detail. With the
traditional PI control, the circulating current reference was
obtained, which then was taken with the rolling optimization
of an improved MPC strategy, along with the ac-side current
tracking control. Then with the gotten accessing numbers of
submodules in each phase, the conventional sorting method
for the SOC balancing was used to realize the SOC balancing.
On the other hand, an online tuning method for the weighing
factors in MPC strategy was designed to improve the execu-
tion efficiency.

The effectiveness of this novel hybrid control strategy
is verified by experimental comparisons, which can save
39.42% execution time of the traditional PI method and has
better superiority in current control, circulating current sup-
pression and SOC balancing rates. In the future, the online
tuning method of weighting factor would be perfected further
to improve performance when multi-objective constrains are
considered.

APPENDIX

Ul _m*(tcos’g) | Uachy

°7 4wNeUg, 3 ~ 4oNeUg,
(A.1)
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where, I; is amplitude of the reference output phase current
(lj = 16A); w is the angular frequency of the output funda-
mental component (w = 2x 7 x50); ¢ is the ripple coefficient
of the capacitor voltage, and in this paper, ¢ is setting as
5%; Uco is the capacitor voltage (Uco = 200V); m is the
modulation index.

In order to ensure the stable operation capacitance C, is
designed by the maximum value calculated by equation (A.1),
that is

c o Ul _ 800 x 16
* 7 40NeUZ 4% 314 x 4 x 5% x 2002
= 1273.88uF (A2)

According to the parameters of the actual aluminum elec-
trolytic capacitor, a 1500V/400A capacitor was selected as
Co.

1 Py
Ly, = + U, A3
a 8w2CoUco <3lcirj dc) (A-3)
where, Ps is the Apparent Power and I;;; is the peak value of
the bridge arm circulating current.
The RMS value the reference output phase current /jn is
16/ /2 = 11A, and the I¢irj could be derived as

In g 11125
Loy = 0.35 x <J7 + ?C> =0.35 x <7 + —>

3
= 9.67A (A4)
Then, L, could be derived as
1 800x12.5
L, = 0.95 800
78 x 3142 x 1500 x 106 x 200 \ 3 x 9.67 +
= 5mH (A5)
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