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Analysis and Optimization of Current Injection
Method for Mitigating the Current Ripple
of MMC-BESS

Yongzheng Yu
and Ying Yang

Abstract—Due to the inherent operational property, the modular
multilevel converter battery energy storage system (MMC-BESS)
exists battery current ripple issue, which will inevitably affect
the battery life and increase the conduction loss. To address this
issue, this article investigates the current injection method for
mitigating the battery current ripple of MMC-BESS. To analyze the
mechanism of current ripple in submodules, the current deviation
optimization problem is converted into the energy deviation opti-
mization problem. The effect of the reactor and the battery module
is considered to obtain the accurate analytical expression of battery
current and capacitor voltage deviation for optimizing the current
injection value. Furthermore, the quantitative analysis of factors
affecting the battery current ripple is conducted for parameter
optimization. The experiment results verify the correctness of the
proposed energy-based analysis method as well as the ability of the
optimized current injection method to mitigate the battery current
ripple.

Index Terms—Current injection method, current ripple
suppression, energy deviation, modular multilevel converter
battery energy storage system (MMC-BESS).

I. INTRODUCTION

ITH the development of battery technology, the battery
W energy storage system (BESS) stands out by the merits
of efficiency, flexibility, and low cost [1]. In addition, for the
purpose of improving the stability of power systems with a
high proportion of renewable energy, the grid-forming control
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strategies for the BESS are proposed to mimic the similar
functions of synchronous generator providing the damping and
inertial support for the grid [2], [3]. In practical application, the
BESS usually utilizes the power conversion system for energy
conversion and adopts power convert like two-level or three-
level converter [4]. These topologies are easy to implement but
have low voltage level and small capacity, which cannot provide
enough strong support for the large power system applications.

Compared to two-level converter, the high voltage level en-
ergy storage topology has the advantage of high reliability and
faster response speed. It does not need the step-up transformers
to connect the network. The high voltage level topologies of
BESS with large capacity are therefore proposed, which can be
typically divided into cascaded H-bridge BESS (CHB-BESS)
[5], [6], [7] and modular multilevel converter BESS (MMC-
BESS) [8], [9], [10]. Compared to the CHB-BESS, the MMC-
BESS has high transform efficiency, larger single machine ca-
pacity, and low control complexity, which can easily control the
unbalanced state of charge (SOC) of batteries.

However, based on the operation characteristics of MMC-
BESS, the battery module in submodule will suffer from 50 Hz
and 100 Hz current ripple, which will lead to the decrease of
the calendar life of battery, higher conduction loss, and limit the
operation range of BESS [11], [12], [13]. One easy approach is
to place the passive filter to mitigate the current ripple [14].
However, this scheme requires large inductance, which will
further increase the system investment costs for the practical
applications, adversely affecting the dynamic response of the
system. To effectively mitigate the battery current ripple with
lower costs, the combination of the passive filter and the active
control strategies of power switches is necessary.

A possible active control strategy to mitigate the submodule
battery current ripple is to inject harmonic voltage into arm’s
output voltage or to inject harmonic current into arm current.
The zero-sequence third-order harmonic voltage injection is pro-
posed in MMC application, achieving the target of mitigating the
voltage ripple by increasing the modulation index during system
dynamics [15]. To reduce the fundamental and second-frequency
voltage oscillations in the submodule capacitor, instead of em-
ploying a second-order harmonic suppression controller to com-
pletely suppress the arm circulating current, the second-order
negative-sequence current injection method is adopted to set
the circulating current to a specified value [16], [17]. However,
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due to the uncertainty of parameters and operating states of
different topologies, the above methods are not universal and
may not have the best performance in the MMC-BESS appli-
cation. Since the main frequency component of the capacitor
voltage ripple in CHB-BESS is the second-order harmonic, the
current injection method can be used to completely suppress
the second-order harmonic voltage oscillation, converting the
second-order harmonic to the fourth harmonic, which is easier
to be filtered by passive elements [18]. However, the primary
frequency component of the submodule battery current ripple
is fundamental, possessing a lower harmonic order relative to
that of CHB-BESS, which requires injecting greater current into
arm circulating current to completely suppress the second-order
battery current ripple. Therefore, to prevent excessive current
injection into the arm current in MMC-BESS, the preferred cur-
rent injection method involves concurrent mitigation of both the
fundamental and second-order harmonic components, thereby
achieving an optimized suppression effect on the peak-to-peak
deviation of the battery current ripple. In [19], an analytical
expression of capacitor energy ripple is obtained to optimize the
current injection method based on the proportional relationship
between the deviation of arm energy and capacitor voltage. But
in the MMC-BESS application, this proportional relationship
does not exist due to the effect of the reactor and the battery
module and therefore affects the correctness of the analytical
expression. Thus, investigating the impact of the reactor and
battery module is necessary to accurately evaluate the deviation
of the battery current and capacitor voltage in order to optimize
the current injection method.

In this article, the relationship between the arm energy com-
ponent, battery current, and capacitor voltage is established, and
the battery current deviation optimization problem is converted
to the energy optimization problem, which also simplifies the
analysis of battery current and capacitor voltage ripple. The
current injection method is optimized based on the analytical
expression of battery current deviation and the positive factors
in mitigating battery current ripple are also investigated. The
main contributions of this article are listed as follows.

1) Establishing the relationship between the arm energy com-
ponent, the battery current and the capacitor voltage. This
converts the analysis object from the current and voltage
to the energy, obtaining the analytical expression of the
current and voltage deviation.

2) Utilizing the synchronous reference frame method, the
relationship between injected current, grid current, and
arm energy is built, simplifying the quantitative analysis
of the battery current deviation.

3) Investigating the impact of the reactor, battery module
and operating parameters on the current and voltage ripple
and the variation of the current deviation before and after
injecting current.

The rest of this article is organized as follows. Section II
analyzes the MMC-BESS from the perspective of arm energy.
Section III investigates the relationship between the capacitor
voltage, battery current, and arm energy and proposes the cur-
rent injection method optimization. Section IV analyzes the
effect of ac-side output power, battery output power, and the
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Fig. 1.

difference before and after adopting the current injection
method. In Section V, the experiment result validates the anal-
ysis method, and verifies the effectiveness of the proposed
method. Finally, Section VI concludes this article.

II. MMC-BESS FROM THE PERSPECTIVE OF ENERGY

A. Topology and Power Flow

Fig. 1 depicts the topology of MMC-BESS. Each phase con-
sists of positive and negative arms. Each arm is composed of
N submodules. The half-bridge submodule contains two power
switches, one capacitor, one reactor, and the battery module.

The power equation between the ac-side of MMC-BESS, dc-
side of MMC-BESS, and the battery modules is expressed as
follows:

Pac+Pdc+Pbat:0 (1)

where P,., Pq4., and P}, are the power of the ac-side, dc-side,
and battery modules, respectively. This equation indicates that
the output power of MMC-BESS can be controlled by any two of
the three ports. In the half-bridge submodule, the control of the
ac-side output power and the dc-side output power is achieved
by the active control of the power switches S; and Ss. Since the
ac-side and the dc-side output power are controlled, the battery
output power is also controlled.

Regardless of the difference in submodule type, as the battery
output power and the ac-side output power are the same, the
frequency component in the arm voltage and the arm current
are the same. The positive and negative arm current and voltage
equations in phase j (j = a, b, c) are defined as the following
equation:

ipj = % - %gcos(wt +d; +01)

in,j = % + %gcos(wt +0; +61) 2
Vp = % — V, cos(wt + §;)

Uy = % + V, cos(wt + 6;) 3
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where w is the fundamental frequency, 6; (0, = 0, 0y, = —27/3,
0. = +2m/3), and 0, is the phase displacement angle. /4. and
V4c are the current and voltage of the dc bus line. I, and V, are
the amplitudes of the output current and voltage.

From (2) and (3), the full expression of the ac component of
the arm energy can be obtained, and the positive arm of phase j
is taken as an example of illustration:

o Vaclgsin(wt +0; +61)  mVaclae
P.J = dw 6w

Vael,
+ﬁ%%£$mmw+2@+eg. @)
According to (4), it can be concluded that the frequency
component of the energy ripple consists of the fundamental and

second-order harmonic.

sin (wt + §;)

B. Current Injection Method

Due to the quadratic relationship between the deviation of the
capacitor voltage and arm energy in MMC, mitigating capacitor
voltage ripple is achieved by counteracting the arm energy ripple
[20]. In MMC-BESS, a similar methodology can be used to
mitigate the current and voltage ripple.

To maximize the mitigating effect of the arm energy, the
injected current is chosen to be the second-order harmonic in the
negative sequence and injected into the circulating current to not
affect the output of active and reactive power. The expression of
the injected current can be defined as

iy, = I, cos (2wt — d; + 03) 5)

where 6, is the phase angle of the injected current relative to the
grid voltage phase angle. The energy component produced by
injecting current is calculated as follows:

Vael- .
E,;= /vp’jiz’jdt = —m4dc sin (wt — 20; + 02)
w

Vael. sin (2wt — §;4+602)  mVl. .
+ o 13, Sib (3wt + 62)
(6)

where the third harmonic is small enough to be neglected.
According to (6), it can be concluded that the injected cur-
rent will produce the fundamental and second-order harmonic
component, which can be used to counteract the energy ripple
produced by the origin arm voltage and current.

C. Simplification Method

It can be observed from (2) and (3) that the fundamental
voltage and current components of the upper and lower arm
are opposite, which means the odd-order components of energy
expression are opposite phases in the upper and lower arm,
while the even-order components of energy expression are the
same phase in both arms. Therefore, adding and subtracting
the upper and lower arm energy can be used to extract the
fundamental and second-frequency components. This method
can be mathematically defined as follows:

Epj — En _ Epit+En;

B, = By, = 7
1 5 2 5 @)
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Fig.2. Comparison of energy component between MMC and MMC-BESS.

To decouple the effect between the active power and the
reactive power, as well as simplify the analysis of the relationship
between the amplitude of sinusoidal quantities like arm energy,
grid current, and injected current, the Park’s transformation is
adopted in arm energy. The d-axis and g-axis of the funda-
mental and second frequency component of arm energy can be
expressed as follows:

Ve mViye Ve mVic
By = ey ey gy oo Yoy Ve,
204 Y et 16w 99 T2 dw #1160 9?
(3)
- Ve mVie
Froa = =g lo0 = g B
_ Ve mVaclge mVic
Elwq - Elgd + 2w 4w Izd (9)

where E1y,4, E1u ¢, E24, and Ey, 4 are the d-axis and g-axis com-
ponents of the fundamental frequency and the second harmonic
component of energy. /.4, 1.4, 144, and 144 are the d-axis and
g-axis component of injected current and grid current, which
can be expressed as

Iyq=1,c08(01), Iyq=1I,sin(6q)
Ig=1I.cos(8), I.,=1I.sin(62).

(10)
an

Through the above transformation on arm energy, the active
and reactive components of the arm energy are separated into
d-axis and g-axis components, respectively, which simplifies the
analysis of the different factors affecting current and voltage
ripple. Besides, it is obvious from (9) that only the expression of
Es,,, contains the /4. value, which varies under different battery
output power conditions. According to (1), the relationship
between the dc component of the arm current and the battery
output power can be derived as

3ml,

Ige = — 12)

It can be observed that the relationship between the battery
output power and the /4. value is linear. The comparison of the
energy component between MMC and MMC-BESS is shown in
Fig. 2.

In Fig. 2, the solid line and dash line respectively represent
MMC-BESS application, in which the battery output power is
rated, and the MMC application, which is equal to zero battery
output power in the MMC-BESS application according to (12).
It can be concluded that before and after injecting current, the
amplitude of the second harmonic energy E,, is the same in
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both conditions, while the amplitude of the fundamental com-
ponent in MMC-BESS is larger than that of MMC. Therefore, in
MMC-BESS, the battery output power should be considered as
an important factor affecting the battery current and the capacitor
voltage ripple.

Moreover, due to the difference in the submodule topol-
ogy between the MMC and the MMC-BESS, the relationship
between the arm energy and the current deviation is unclear
in the MMC-BESS application. Hence, the following section
will investigate the relationship between the arm energy and
the current deviation, analyze the effect of the reactor and the
battery module, and propose a corresponding optimized current
injection method.

III. INJECTION CURRENT OPTIMIZATION

A. Relationship Between Current Deviation and
Energy Deviation

The conventional analysis method of the capacitor voltage
deviation is applicable to the MMC application, which assumes
that the arm energy equals to the sum energy of the submodule
capacitors in one arm [20]. Since the capacitor energy is propor-
tional to the square of the capacitor voltage, the maximum value
of the arm energy is at the same phase of the maximum value of
the submodule capacitor voltage, and the minimum value of the
arm energy and capacitor voltage is similarly in the same phase.
The expression of the maximum and minimum value of the arm
energy and the capacitor voltage can be expressed as

Vmax - ‘/rated + AVv/2
Vmin — Vrated — AV/2
Emax = FPraed + AE/Q = CVn%é)Z(
Ermin = Braed — AE/2 = CV2L?

min

where Vmax’ EmaXs Vmin’ Emin’ Vrateds Erated’ AV’ and AE
are the maximum, minimum, rated value, and deviation of the
capacitor voltage and arm energy. When the capacitor voltage is
maximal or minimal, the arm energy also reaches peak value
Eax or Enin. Through subtracting the maximum E,.x to
minimum E\;,, the linear relationship between the arm energy
deviation and the capacitor voltage deviation can be obtained as
follows:

(13)

AE = CNVigeaAV. (14)

While in MMC-BESS, the arm energy not only comes from
the capacitor but also from the reactor and the battery module.
Commonly, the energy ripple generated by the reactor and the
battery module cannot be ignored in the calculation because of
the large battery current ripple. Since the reactor and battery
module are paralleled connected with the capacitor, the battery
current has different phase displacement with the capacitor volt-
age, which indicates that the peak values of the arm energy, ca-
pacitor energy, reactor energy, and battery energy ripple are not
in the same phase. Therefore, the conventional analysis method
cannot derive the relationship between the current deviation, the
voltage deviation and the arm energy deviation. Thus, instead
of deriving the relationship between different deviations, this
article proposes a method to derive the relationship between
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the amplitude of the arm energy frequency component and the
deviation of capacitor voltage and current deviation.

For the simplification of the analysis, the half-bridge submod-
ule is set as the example. Since the main frequency components
of the battery current are dc, fundamental and second order,
the expression of the submodule battery current is defined as
follows:

IL = ImO + Iml sin(wt + le) + Im2 sin(2wt + GQUJ) (15)

where I,,,0, I;n1, and I,,,2 are, respectively, the amplitudes of dc,
fundamental ,and second harmonic components of the battery
current, which are also the main frequency components of the
battery current. According to the characteristic equations of
capacity and (15), the expression of capacity voltage can be
similarly defined as follows:

Vo = Vio+wLI g cos(wt + 01,,) +2w Lo cos(2wt + Oa,,)
(16)

where Vo is the dc component of capacitor voltage, which
equals to the battery voltage V.4 in the half-bridge submodule.

In MMC application, the ripple of the capacitor voltage is
usually limited within 15% . For the negative effect of the battery
current ripple, the battery current should also be limited to a
small value. Thus, the dc component is much greater than the
other frequency component in both the battery current and the
capacitor voltage. Therefore, the product of different ac compo-
nents’ amplitude in the equation can be neglected compared to
the product of the dc component and the ac components’ ampli-
tude. The expression of the ripple component of the submodule
reactor energy can be approximated to

1 1
Er = AC <2LI%> = AC(zL(Imo + Ip sin(wt + 64,,)

+ Lo sin(2wt + egw)f)

~ L(Lnolmasin(wt + 014,) + Inolme sin(2wt + 02,,)).
(17)

Similarly, the expression of the submodule capacitor energy
ripple component can be found to be

1
Ec =ac (ZCV2> ~ C(wL1p1 Vo cos(wt + 614,)
+ 2WL I3 Vino cos(2wt + 0a,,)). (18)

The expression of battery energy can be expressed as the
integral of the battery output power, which is derived as follows:

I,
Epqt = ac </ %atILdt> = ~Viat (1 COS(Wt + le)
w

I m2

— 2wt + 0a,) |- 19
+2wcos(w+2)> (19)

The energy of one submodule contains the energy of the
battery module, reactor, and capacitor. From (17), (18), and (19),
the expression of submodule energy ripple can be expressed as
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follows:
CLWQ VmO - %at

t+ 014
" cos(wt + 61.,)

E - EL+EC+Ebat:Im1 (
+ IyoLsin(wt + le))

cos(2wt + Oay,)

4CL 2Vm — Via
+Im2< w 0 bat
2w

+ IoLsin(2wt + 92w)>

= K11 cos(wt + O1ey) + Kolpo cos(2wt + Oa¢y,)

= E1, cos(wt + O10y) + Fay cos(2wt + Oac,,) (20)

where E1, and Es,, are the amplitude of the fundamental and
second submodule energy components. Because K; and K, are
constant in steady state, it can be concluded from (20) that the
relationship between the amplitude of the battery current ripple
and the submodule energy ripple is proportional.

The proportional relationship between the deviation of energy
and the amplitude of the fundamental, second-order component
can be obtained by two-dimensional curve-fitting, neglecting the
relative phase angle between the fundamental and second-order
components [19]. Similarly, according to (20), the relationship
between the battery current deviation and the deviation of arm
energy can also be given by the following relation:

2 o 2 2 |E12w| |E§w|
AT} ~ 4.087I2, + 7.7212, = 4.087 +7.72
K Ky

2

w

K, = N? ((ImOL)2 + <

2 o 2
Ky = N? ((ImoL)2 " (4LC°’ Yo V”‘”) ) 22)

2w

LCw?V,,0 — Vbat>2>

where E,, and E,,, are the amplitudes of the fundamental and
second-order components of the arm energy, which is also the
sum of the N submodule energy in the arm. The coefficients
4.087 and 7.72, derived in [19], can be directly utilized in the
context of battery current ripple, as the latter constitutes a combi-
nation of fundamental and second-order frequency components
that are appropriate for the curve-fitting method proposed in
[19]. It is obvious from (21) that the relationship between the
current deviation and the arm energy frequency component
amplitude is quadratic. According to (16) and (21), the analytical
expression of the capacitor voltage can also be obtained

AV = \/4.0557((,J/‘J)2172n1 +7.72(2wL)’ 12,

E2 | |E2,|
= /4 ol | g g Bl
\/087(w) T+ TT2A2wD)? 2 23)

1 2

Hence, the analysis of the battery current and capacitor volt-
age deviation can be converted to the analysis of the arm energy
component.
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B. Influence of the Reactor and the Battery Module in
Capacitor Voltage Deviation

The conventional analysis method assumes that the arm en-
ergy ripple completely comes from the capacitors neglecting the
effect of the reactor and battery module. Since in (8), (9), and
(23), the accurate analytical expression of the capacitor voltage
deviation can be obtained, whether neglecting the effect of the
reactor and battery module is reasonable or not can be discussed
here.

According to the assumption of the conventional analysis
method, the voltage deviation is proportional to the energy
deviation. Since the frequency components of the arm energy
Are fundamental and second order, according to (14), the ex-
pression of the capacitor voltage deviation can also be converted
to the function of the amplitude of the arm energy frequency
components as

AV = AE/CN Viged

— (Va0STIEL [+ 17BN Vi) 29

In contrast, the analytical expression of the capacitor voltage
deviation considering the effect of the reactor and battery module
is shown in (23) where the different coefficients of the arm
energy fundamental and second-order components between (23)
and (24) demonstrate the difference of the capacitor voltage rip-
ple rate between with and without the effect of the reactor and the
battery module. The difference of the capacitor voltage deviation
estimated value between the conventional and proposed analysis
method is shown in Fig. 3, where the capacitor voltage ripple
rate ¢ is defined as € = AV/(2Viated)

In Fig. 3, the estimated value of the proposed method rep-
resented by the mesh-grid is greater than the estimated value
of the conventional method represented by the color-surface.
Since the color-surface also representing the capacitor ripple
in MMC is lower compared to that in MMC-BESS, it can be
deduced that the inclusion of the battery module and the reactor
r results in an increase in the capacitor voltage ripple. It is
shown from Fig. 3 that the voltage ripple is also affected by the
submodule inductance and the difference of the capacitor voltage
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deviation estimated value between different analysis method will
significantly increase with the decrease of the capacitance C
and the inductance L, but the estimated value difference will
become small enough to be ignored when both the inductance
and the capacitance are large. As shown in Fig. 4, achieving an
error disparity less than 5% between two methods necessitates
that the product of the capacitance C and the inductance L
exceeds 1.55x10* HF, which is excessively large and typically
unacceptable for practical applications. Therefore, the proposed
method is necessary for accurately estimating the capacitor
voltage deviation

C. Current Injection Method Optimization

As mentioned before, the current injection method can mit-
igate both frequency components of energy ripple. Thus, the
function of the amplitude of the arm energy can be set as
the target function for obtaining the injected current value of
optimizing the arm energy ripple suppression effect. To achieve
the optimization of the battery current ripple suppression, the
analytical expression of the battery current deviation (21) is set
as the target function as follows:

4.087
f(Izdaqu) =AI” = Tl(E%wd + E12wq)
7.72
+ E(‘ngd + E22wq)
8f(lzd7[zq) -0 8f(lzd7[zq) -0 (25)
L. T ‘

In order to optimize suppression, the derivative of the target
function in 14 and I, should be zero to get the peak value. The
expressions of 1,4 and I, can be derived as follows:

Izd =

m(0.667m K Poar + ((0.5m% — 1)Ky — 0.475K 1 )Vael ya)
(19K1 + m2K2)Vdc

I _ _mlgq(0.475K1 —|—K2)

= 19K1 + m2K2

(26)

13055

14 — T T T T T T

after injection
—— before injection

—_ —_
IS IS}
T
1

Submodule Inductanc L (mH)

10 11 12 13 14 15
Submodule Capacitance C (mF)
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After adopting the current injection method, the battery cur-
rent deviation will significantly decrease, which means that with
the same submodule capacitance, the minimum requirement
of inductance for limiting the current ripple within a specified
value will be highly decreased. The comparison of the minimum
requirement of inductance before and after current injection is
shown in Fig. 5.

In Fig. 5, the battery current ripple ratio limitation is set to
50% and the submodule capacity increases from 10 mF to 15 mF.
The curve represents the minimum inductance requirement for
ensuring that the battery current deviation is within the current
ripple ratio limitation. The result shows that the submodule in-
ductance requirement is significantly decreased with the current
injection method and the reduction in inductance decreases with
the increase of the submodule capacitance.

According to (8), (9), (21), and (26), the full expressions of the
current deviation after injecting current can be obtained, which
gives us the ability to quantitatively analyze the impact factors
of the capacitor voltage and battery current deviation, as well as
the ripple suppression effect of the current injection method.

IV. ANALYTICAL EXPRESSION FOR DIFFERENT
INFLUENCE FACTORS

This part investigates the influencing factors of current ripple
under different operating conditions. According to (25) and (26),
there are some parameters that affect the current ripple during
operation. First, the MMC-BESS should generate active power
according to the requirements of the system operator, thus, the
active power reference is an important factor. The second one
is the battery output power. If a fault occurs in the battery
modules or the battery modules are in a low SOC, MMC-BESS
needs to decrease the output power of the battery. Besides, since
the modulation index is approximately constant under practical
operating conditions, the modulation index is not discussed here.
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For simplifying the mathematical analysis of energy ripple

here, there are some assumptions.

1) Since the battery energy storage system usually operates
at unity power factor, the reactive power reference value
is set to zero.

2) For simplicity, the benchmark of the battery output power
effect is the proportion of the battery output power and
ac-side output power k i.e., Ppyy = kP,.. According
to (1), the relationship between k and P4 satisfies that
Pyc = —(k+1)P;c.

3) Compared to other frequency components in arm current,
the injected current for SoC balancing is small enough to
be neglected.

4) Considering the effect of SoC balancing control strategy,
all submodules in the arm are assumed to be well-balanced
with the same battery voltage, as well as the six arms.

5) The internal impedance of the battery module is small
enough to be neglected compared to the impedance of
the submodule capacitor and reactor in fundamental and
second-order frequencies.

A. Influence of AC-Side Output Power

First, since the reactive power reference is zero, the g-axis
value of the grid current should be zero. Thus, according to
(8), (9), and (26), the parameters Ej,q4 and E;,q are zero.
Therefore, in the ripple component of the arm energy only Ey,,,
and E,, vary after injecting current, which can be regarded
as the benchmarks of the current deviation. For discussing the
influence of ac-side output power, the parameters /,q and Pyt
should be converted to the function of P,.. The expression of
1,4 is shown as follows:

AP
B 3m‘/dc
Substituting (27) to (8) and (9), the expression of energy

frequency components can be simplified to the product of P,
and the constant values K,; and K, as follows:

Iya 27)

Elqw = K1 Py (28)
o (0.63+ (<048 — 0.32k)m?) Ky + 8.3+ 10 km Ky
p1= mw(1.9K; + m2K>)
(29)
E2qw = P2PaC (30)
0.175 —0.13 — 0.088k)m2) K

w(K7 4 0.53m2 K>)

From (28) and (30), it can be concluded that the energy
component is proportional to ac-side output power under the
same modulation index m and battery output power proportion
k.

As shown in Fig. 6, after injecting current, the relationship
between the ac-side output power and the square of the fun-
damental energy component is a quadratic function, which is
similar to the second harmonic one. Therefore, as the absolute
value of the ac-side output power increases, the energy ripple
will increase after adopting the current injection method. Fig. 6
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Fig. 6. Comparison of energy component before and after injecting current
under different AC-side output Py,

shows the difference of £y, , before and after injection under dif-
ferent ac-side output power and different battery output power,
where the mesh grid representing the energy component before
injecting current is significantly greater than the colored-surface
representing the energy component after injecting current, which
indicates that the current injection method can not only mitigate
the deviation of the energy components, but also effectively
reduce the derivative of the energy component in the axis of
the ac-side output power.

B. Influence of Output Power Proportion Between Battery and
DC-Bus

Substituting (26) to (8) and (9), the expressions of Ej,,, and
E1.,4 can also be converted to the function of the battery output
power proportion, then the expression can be simplified to the
first order polynomial as follows:

Elqw = K1 + Kka (32)
~(0.633-0.475m2) K1 P,
Kkl - (1.9K1+m2Ka2)mw (33)
Ko — (=0.317m? K1 +8.3¥x10 °m* K3) P,
k2 = (19K +m2Ko)mw
Eoyw = Kz + Kiak (34
. —0. m2)K, P,
Kps = (0.175—0 132m ) QWJC
(K140.526m2Ko) (35)

0.0878m?2 Py

Kpa = — (K1+0.526m>Ko)w

The difference between E,, and E,, in different battery
output power is shown in Fig. 7. The result indicates that in
the same ac-side output power, with the decreasing of battery
output power, the energy ripple declines. It is worth noting that
the benchmark E,, is always larger than O under different
modulation index m and output power proportion k, which
ensures that the negative correlation between k and the square
of the energy component always exists in the work range of
MMC-BESS.

As shown in Fig. 7, the mesh grid representing the energy
component before injecting current is higher than the colored
surface representing the energy component after injecting cur-
rent and the difference between the mesh grid and the colored
surface does not increase significantly with the increasement
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Fig. 7. Comparison of energy component before and after injecting current
under different battery output power.
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Fig. 8. Output power proportion k under different battery output power and
AC-side output power.

of the battery output power, which indicates that the mitigating
effect of the current injection method is insensitive to the battery
output power proportion.

According to (1) and each port’s output power should be less
than the rated power of MMC-BESS Py, the limitation can be
mathematically expressed as

|Pdc|:|Pbat+Pac| < Py
| Poat| < Ppatn
|Pac| S PNc

(36)

Fig. 8 illustrates the constraints on the three ports in the
MMC-BESS, as derived from (36). The red line denotes the
constraint on the dc-side output power (Pqc = —(Ppat+Pac)<
P ), the blue line represents the constraint on the ac-side output
power (P,. <Py), and the purple line signifies the constraint on
the battery output power (Ppa; <Ppatn). As the Fig. 8 shown,
the range of the battery output proportion k can be extended
with the decrease of the ac-side output power P,. decrease.
The comparison between the energy component under different
ac-side output P, with the limitation of k are shown in Fig. 9.

In Fig. 9, the ac-side output power is exemplified by values
of § MW (1.0 p.u.), 6.8 MW (0.85 p.u.), and 5.6 MW (0.7 p.u.),
with the battery output power P}, constrained to 0.3Py. It can
be deduced that as the ac-side output power decreases, the range
of the battery output power proportion k increases, while both
the maximum and minimum values of the energy component
E\, q diminish accordingly.
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with the limitation of k.

C. Conclusion of Impact Factors

Based on the abovementioned analysis, the energy ripple
suppression effect of the injection method under different impact
factors is compared to investigate the effect of the impact factors.
Some important conclusions can be drawn from the analysis as
follows.

1) Different energy frequency components have the same
variation direction with or without current injection under
different impact factors.

2) The ac-side output power and the deviation of energy
have a positive correlation. The proportion of battery
output power k and the energy deviation have a negative
correlation.

3) The mitigating effect of injecting current is sensitive to the
ac-side output power, but insensitive to the battery output
power proportion.

D. Control Strategy

The MMC-BESS controller consists of three parts: 1) the
power controller, 2) the current controller, and 3) the gate signal
generator, as shown in Fig. 10. Through the ac-side power con-
troller, the active and reactive output power reference P,y and
Oy, respectively, determine the d-axis and g-axis component
of the ac-side output current iy and i,. Besides, the battery
power controller generates the reference of the dc component
of the circulating current i.;; to control the dc-side output
power P, thereby achieving the control of battery output power
Pyat. In MMC application, the circulating current controller is
used to suppress the negative-sequence second-order frequency
component of circulating current i .- to zero [21]. In this article,
the reference values for the d-axis and g-axis components of
the negative-sequence second-order frequency component in the
circulating current are designated as i.4 and i., based on (26)
to optimize the submodule battery current ripple suppression
effect. The gate signals generator is utilized to generate gate
signals for each power switch within the submodule, which
includes carrier-wave shifting pulsewidth modulation [22]. To
balance the SoC of the battery modules in different submodules,
The SoC balancing control is integrated to three layers of the
control strategy, including the phase SoC balancing, arm SoC
balancing, and the submodule SoC balancing [23].
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Fig. 11.  Photograph of the simulation platform.

V. VALIDATION

A. Comparison of the Real Time Simulation Results of Before
and After Current Injection

An MMC-BESS model within the real time digital simulation
system (RTDS) (as shown in Fig. 11) is built to verify the analysis
of the capacitor voltage deviation, battery current deviation, and
the variation of the energy components under different operating
conditions. The main parameters are shown in Table I. Fig. 12
shows the comparison of the battery current, capacitor voltage,

TABLE I
PARAMETERS OF REAL TIME SIMULATION

Parameter Rating
Dc-bus voltage V. 12kV
Modulation index m 0.85
Number of SM per arm N 12
Submodule capacity C 15 mF
Submodule reactance L; 8.8 mH
Battery voltage Viu 998 V
Grid frequency f 50 Hz
Arm Inductance L., 4.5 mH

and arm current before and after adopting the current injection
method. The real time simulation is performed for the case when
the MMC-BESS delivers the active power value P,. = +8 MW
and the battery output power proportion k = —0.3.

In Fig. 12, the MMC-BESS is initially operating without
injecting current. Before injecting the current, the deviations
of the battery current and the capacitor voltage are 0.32 kV and
16 A, respectively. At t = 1.0 s, the current injection method is
adopted and the second harmonic is injected into the arm current.
After implementing the current injection method, the amplitude
of the capacitor voltage ripple and the battery current ripple
is suppressed about 34% and 41% , while the arm current rms
increases about 48% . Given the necessity for high current-rating
semiconductor devices due to the extremely high peak arm cur-
rent following current injection, the current limitation method
[21] can be employed to mitigate arm current, while ensuring
optimized current ripple suppression under the constraint of
injected current. The arm voltage, output voltage, and output
current exhibit virtually no discernible difference before and
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TABLE I
COMPARISON OF THE SIMULATION RESULTS

Mode Battery current deviation A/ Injection Value I
SHES 22.1 A 0.22 kA
UOE 199 A 0.42 kA
Proposed Method 15.6 A 0.65 kA
T T
4 —— SHES —— UOE Proposed method|
<
= a5 ML R R L L
=
g
3 36
2
g
;;‘27 AR AR ARRRNRARARAARAAAS
18
0.50 0.75 1.00 1.25 1.50
Time (s)
Fig. 13.  Comparison of battery current under different injection method.

after current injection. The simulation results reveal that the
optimized current injection method has good performance in
suppressing the ripple of the battery current without affecting the
output current and voltage but requires semiconductor devices
having higher current ratings.

As illustrated in Table II and Fig. 13, when compared to
the second-harmonic energy ripple suppression (SHES) method
[18] and the unconstrained optimization of energy deviation
(UOE) approach [19], the proposed method exhibits a superior
effect in suppressing battery current ripple but requires a higher
injection current value. Since both SHES and UOE methods
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target suppressing the capacitor voltage ripple and ignoring the
effect of the reactor and battery module, the proposed method
exhibits better performance in mitigating battery current devia-
tion.

B. Validation of the Real Time Simulation Results of Different
Operating Conditions

For validating the accuracy of the analysis method mentioned
in Sections IIT and IV, different operating conditions are set. The
calculation and simulation results are shown in Fig. 14.

In Fig. 14(a), the ac-side output power increases from 0 MW
to +8 MW under the battery output power proportion k =
—0.3. The energy components increase with the increase of
the ac-side output power P, and the simulation results show a
proportional relationship between the energy components E1,, 4,
Es, 4 and the ac-side output power P,., and the proportion of
the fundamental and second-harmonic energy components is
constant.

In Fig. 14(b), the battery output power proportion k increases
from —0.3 to 0, i.e., the battery output power decreases from
1.0 p.u. t0 0.0 p.u., where P,. = +8 MW. The simulation results
show that both arm energy in the fundamental component E1, 4
and second-order harmonic component E»,, ;, decrease with the
increase of the battery output power proportion k and a good
proportional relationship between the energy and the ac-side
output power P,.. The decreasing degree of the fundamental
component is much greater than the one in the second harmonic
since the /4. item is significantly affected by the battery output
power. In Fig. 15, the lines representing the energy compo-
nents under P,. = +1.0 p.u. are lower compared to the lines
in Fig. 14(b) depicting the energy components under P,. =
+0.85 p.u. and the maximum and minimum values of both
energy components diminish. Furthermore, the expressions for
both energy components within the ranges of k>0 and k<0 can
be described by the same equation.

In Fig. 14(c) and (d), the ac-side output power P, is increas-
ing from 0 to +8 MW and the battery output power proportion
k = —0.3. The battery current deviation and capacitor voltage
deviation increase with the increase of P,., which completely
meets the theoretical derivation in (21) and (23) that the battery
deviation and the capacitor voltage deviation have a proportional
relationship to the energy component. The above comparison
results reveal a good degree of matching between the calculation
and simulation, justifying the high accuracy of the analytical
expressions in Sections III and IV. Conversely, the estimated
values of the capacitor voltage ripple based on the conventional
method display notable discrepancies when compared to the
simulation results.

In Fig. 16, the ac-side output power P, is increasing from
0.47 to 8 MW and the battery output power Py, is constant from
t =0.5to t =2 s. It can be observed that the injected current
value increase with the increase of the ac-side output power
P,.. Similarly, the injected current values also decrease with
the reduction of the battery output power Py, and the ac-side
output power P, is constant from t = 2 s to t = 3.5 s. These
observations validate that the proposed method can adjust the
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injected current values to achieve an optimized battery current
suppression effect under varying operational conditions.

C. Validation of the Positive Effect of the Current Injection
Method in Improving Battery Life

A downscale battery experimental platform is built to verify
the positive effect of decreasing the deviation of battery current
as shown in Fig. 17. In comparison to the battery current be-
fore and after injecting current, two batteries were cycled one
charge/discharge cycle with different current, which is equiv-
alent to the battery current before and after injecting current
in RTDS simulation under rated ac-side output power P,. =
+8 MW and battery output power proportion k = —0.3. The
main parameter of battery experiment is shown in Table III.

Fig. 18 shows the experimental results of battery capacity
changes when the current injection method is adopted or not.
For unifying the charge current between different batteries, the
charge current is usually given by C-rate, which is the current
that can totally discharge the battery in 1 h. The red and blue
curves, respectively, represent the battery capacity fading under
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Fig. 16. Comparison of injection current under different ac-side output power
P, and battery output power Ppa.

TABLE III
PARAMETERS OF BATTERY CYCLE EXPERIMENT

Parameter Rating
Battery type LiFePO,
Nominal capacity 156 Ah
Charge cut-off voltage 3.65V
Discharge cut-off voltage 3.0V
Charge current dc component 1C
Charge current ac component 0.25C/0.5C
Room temperature 25°C




YU et al.: ANALYSIS AND OPTIMIZATION OF CURRENT INJECTION METHOD FOR MITIGATING THE CURRENT RIPPLE OF MMC-BESS

Fig. 17. Photograph of battery experimental platform.
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the battery current ripple amplitude is about 0.25 C and 0.5 C.
It is evident that the red curve lies above the blue curve, indi-
cating that the battery employing the current injection method
exhibits a slower capacity fade rate. Furthermore, the battery
with current injection maintains 95% of its capacity for 348
cycles, representing an 11% increase compared to the battery
without current injection. The reason for this is that the reduction
in conduction loss due to ohmic resistance, reflecting the lithium
battery degradation [24], is attributed to the decrease in harmonic
amplitude following current injection.

VI. CONCLUSION

This article proposes an analysis method for the battery
current and capacitor voltage ripple of MMC-BESS and an
optimization method to mitigate the ripple by injecting current.
The analysis of the ripple of the current and voltage in one
single submodule can be converted into the analysis of the arm
energy component. The effect of the reactor and the battery
module on the voltage and current ripple is investigated. The
incorporation of the battery module and the reactor results
in an increase in the capacitor voltage ripple and invalidates
the proportional relationship between the arm energy deviation
and the capacitor deviation. The analytical expression of the
capacitor voltage and battery current deviation is derived to
obtain the optimized injected current value, giving the ability to
quantitatively analyze the effect of the current injection method
under different operating conditions.

The influence of ac-side output power and battery output
power is analyzed, which shows that the decrease of ac-side
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and battery output power can help suppress the battery current
ripple. The effect of the current injection method under different
ac-side and battery output power is investigated and it can be seen
that the mitigating effect of the current injection is sensitive to
the ac-side output power, while being insensitive to the battery
output power.

The experiment results have fully validated the analytical
expression of the voltage and current deviation and the analysis
of the arm energy component variation, as well as the effec-
tiveness of the current injection method for mitigating current
and voltage ripple. The results also verify that with the current
injection method, the capacity fading speed of the battery will
be significantly decreased.
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