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Abstract—Due to a dramatic increase in grid-connected renew-
able energy resources, energy storage systems are interesting and
important for future power systems, among which the modular
multilevel converter (MMC)-based battery energy storage systems
(BESSs) are one of the most modular, efficient, and flexible topolo-
gies. Uneven active power distribution among submodules (SMs)
in the arms of an MMC-based BESS is necessary for certain
applications. The main contribution of this article is to present a
general analysis of the inter-SM active power disparity problem
which incorporates the inherent operational constraints of the
MMC converter. An analytical method to derive inter-SM active
power disparity limits is introduced. The proposed analysis can
help facilitate the design of MM C-based BESS for applications such
as recycled batteries and hybrid battery chemistries, which can
both require significant inter-SM active power disparity. The anal-
ysis formulates a criteria vector and criterion value that describes
whether an MMC-based BESS is capable of supplying demanded
output powers while subject to inter-SM active power disparity.
Simulation and experimental results are obtained on a single-phase
system with varying numbers of SMs per arm, which verifies the
feasibility and generality of the proposed analytical method.

Index Terms—Active power disparity, battery energy storage
system (BESS), modular multilevel converter (MMC), operation
limit.
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I. INTRODUCTION

UE to the increase of renewable energy sources [1], en-
D ergy storage systems (ESSs) are interesting and impor-
tant for future power system infrastructure [2]. Battery energy
storage systems (BESSs) are one of the most popular candi-
dates among the ESS family. Power electronic converters are
necessary for the integration of BESS to the grid. Compared
to the conventional two-level converters, multilevel converters
provide evident advantages, such as modularity, excellent har-
monic performance, low switching frequency, etc., especially
in medium/high-voltage applications [2]-[5]. Among the large
family of multilevel converters, the modular multilevel converter
(MMC) and cascaded H-bridge converter (CHB) are the best
candidates for power conversion systems in BESSs [6]. The
CHB converter has a slightly higher power conversion efficiency
and a lower number of required components [5], [7], which
makes it the natural choice for application with no common
dc-link requirement [8], [9]. The MMC features a high voltage
dc-link terminal and is used in applications like HVdc and
medium-voltage electric drives [10], where a common dc link
is needed. Furthermore, because of multiple circulating current
paths, the MMC provides more flexibility to operate with signif-
icant interphase and interarm active power disparity [5]. Without
giving preference, MMC-based BESS is studied in this research.

In operation of the MMC without integrated energy storage,
strictly zero average active power from each submodule (SM) is
required to maintain balanced capacitor voltages [11]. In the
MMC-based BESS, uneven active power distribution among
SMs, which is defined as inter-SM active power disparity in this
article, is allowed and required in various conditions, as follows:

1) the state-of-charge (SoC) of batteries is unbalanced [12];

2) batteries of some specific SMs are faulty, meaning those
SMs cannot provide/absorb active power [13], [14];

3) the integration of batteries is uneven, for example, batteries
are integrated to some SMs only [15], [16];

4) hybrid combinations of multiple battery chemistries, or
multiple energy storage technologies (batteries and supercapac-
itors for example), are utilized;

5) recycled batteries with different state-of-health (SoH) are
utilized [17], etc.
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When uneven active power distribution is required, it is nec-
essary to determine the limits of inter-SM active power disparity
to ensure that each SM can track its corresponding power
reference. The interphase and interarm active power disparity
in MMC-based BESS is investigated in [18]-[20], however,
these references do not investigate the inter-SM active power
disparity that can exist within any arm of an MMC-based BESS.
Furthermore, despite a large number of available publications on
the MMC-based BESS, only a few of them [13]-[16], [21] take
the inter-SM active power disparity limits into consideration.
Furthermore, the aforementioned papers do not investigate the
general problem of inter-SM active power disparity. Instead, they
focus on two specific cases of the general problem.

Case I: The target is to find the minimum percentage of SMs
in one arm that can provide the total active power, with the
remaining SMs merely providing reactive power [13]-[16]. A
numerical solution is given in [13] by testing whether an MMC-
based BESS can meet the active power requirement with various
percentages of faulty SMs per arm. A numerical and an analytical
algorithm for the calculation of inter-SM power disparity are
proposed in [16]. The analytical method allows the sum of SM
output voltages to be larger than the arm voltage reference, which
simplifies the resulting analysis but also introduces significant
errors, as is noted by the authors themselves. The numerical
method is shown to be more accurate. However, numerical meth-
ods are computationally intensive, preclude real-time evaluation
of active power disparity limits, and require significant effort
in terms of their formulation within high-fidelity simulation
packages.

A graphical method is also proposed in [14] to find the
minimum percentage of SMs in one arm that can provide the
total active power. This method assumes the output voltage of
each SM is a superposition of a dc component and a fundamental
ac component. However, in practice, the SM output voltage can
contain ac components of any frequency. For example, to achieve
the maximum average active power, one SM can output a square
voltage waveform, which maximizes the fundamental frequency
component of the SM output voltage. Another analytical method
is proposed in [15], which assumes the SM output voltage as
the average SM output voltage plus/minus a constant value,
depending on the current direction and SM structure. In other
words, an extra constraint is imposed on the output voltage
of each SM. Both of the abovementioned assumptions in [14]
and [15] unnecessarily limit the SM output voltages, which
results in underestimation of the system’s ability to deal with
active power disparity.

Case II: The target is to determine the maximum difference
between the active power of one SM and the average SM
power [21]. Similar to the analysis in [14], the SM output
voltage is assumed to be a superposition of a dc component
and a fundamental ac component. Furthermore, the method
does not consider the active power limits of multiple SMs. The
active power limit of multiple SMs is typically not a multiple
of the limit of one SM. For example, under some operational
conditions, it is impossible that two SMs simultaneously supply
the maximum power that could be supplied by one SM, which
means the limit for two SMs is not equal to twice the limit for
one SM. This will be illustrated in detail in this article.
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To summarize, the abovementioned papers consider specific
cases of inter-SM active power disparity, instead of analyzing the
general problem. A general analysis is necessary, for instance,
in an MMC-based BESS with recycled batteries, which can be
one of the economical solutions in a future grid [22], where the
batteries of different SMs may have different power ratings, SoC
and SoH. In this case, either to make full use of battery power
ratings or balance the SoC and SoH, an uneven set of power
references is preferred, which for the purposes of design and
control of the system requires knowledge of inter-SM power
disparity limits to ensure the given references are viable.

To provide a general and accurate solution to the inter-SM
active power disparity problem, this article proposes an ana-
Iytical method to derive the inter-SM active power disparity
limits without introducing any unnecessary constraints on the
operation of the MMC-based BESS. Only the inherent opera-
tional constraints of the MMC (i.e., the arm voltage references
and arm power references cannot be violated) are considered
in the analysis. The proposed analysis does not make any as-
sumption that limits the SM output voltages unnecessarily and
hence provides a more accurate calculation of the ability of the
system to deal with inter-SM active power disparity. The derived
analysis is not restricted to the calculation of the power disparity
limits of one SM. Instead, the proposed analytical derivation
investigates the power disparity limits for any subset of SMs
within the MMC arms. It is shown analytically that the limits of
multiple SMs are not always an integer multiple of the limit of
one SM. A criteria vector and a criterion value are proposed
in this article to determine whether an uneven set of power
references are allowed for the system under different operational
conditions. Furthermore, the proposed analysis applies to the
abovementioned Cases I and II. The minimum percentage of
SMs in Case I can be calculated by the proposed analysis as it is
the percentage of SMs whose maximum limit is equal to the total
arm power. The maximum difference between the power of one
SM and the average power values (Case II) can also be precisely
computed as the difference between the maximum/minimum
limit of one SM and the average value, in the proposed analysis.

The remainder of this article is organized as follows.
Section II introduces the background of the MMC-based BESS.
In Section III, an analytical method is proposed to derive the
inter-SM active power disparity limits for a generalized MMC-
based BESS. The criteria vector and criterion value are also
proposed in this section to determine whether an uneven set of
power references is viable. Section IV provides simulation re-
sults on a single-phase system with five SMs per arm. Section V
provides experimental results on a single-phase system with two
SMs per arm. Finally, Section VI concludes the article.

II. MMC-BASED BESS

This section reviews the topology of the MMC-based BESS
and its operational principles, which establishes the background
for the subsequent analysis.

A. System Topology

Fig. 1 depicts the circuit representation of a phase leg of an
MMC-based BESS. Batteries can be integrated into SMs with
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Fig. 1.  Circuit diagram of a phase leg of an MMC-based BESS.

an indirect active interface (IAI) [10], which provides voltage
boosting capability. In addition to using the TAI, batteries can
also be integrated into each SM directly or with a passive
interface (various filters [23]). The system is connected to a
dc terminal, whose voltage and current are denoted as V. and
1., respectively. The variables vcy; and vy are the capacitor
voltages of the ith SM in the upper and lower arms. Ideally, all
the capacitor voltages are balanced and thus, the reference of
VUCui and VCli is

Vdc
N
where V¢ represents the average capacitor voltage and super-
script “*” represents the reference value of quantities. K is a
constant that indicates V- may differ from % For example,
when the sum of capacitor voltage of all SMs in one arm is
higher than V., K can be larger than 1.

* _ * _ _
Voyi = Vi = Vo = K

ey

B. Modeling and Analysis

By analyzing the equivalent common and differential mode
circuits, the relationships among the main electrical variables of
the MMC can be deduced [24]. Assuming that the voltage drops
in the arm inductors are relatively small, the PWM steady-state
voltages within the upper and lower arms are

Ve Ve
= 57—y = "+, 2)

where v,, represents the output voltage of the MMC. In the case
of a multiphase MMC system, a common-mode voltage can be
superimposed on the arm voltages, to achieve desired functions
such as arm energy balancing [11]. The currents flowing through
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IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 3, MARCH 2021

—Vector of size N
— Vector of size 1

iu

. . Algorithm | Switching states
Veui VSMmQ for SMs in
dowmt the upper arm

Fig.2. Proposed sorting-based SM power control algorithm in the upper arm.

the upper and lower arm are

) lo | . .o
ly = 5 + Teire; U = 5 — Zcirc 3)

where i, and 7. denote the converter output current and circu-
lating current, respectively. i circulates through the phase leg
and hence, it does not affect the output current. The circulating
current contains a dc component that exchanges energy between
the dc side and the phase leg. Some ac components can also
be included to achieve certain objectives such as arm energy
balancing [24].

C. Control Scheme

Several circulating current injection methods and control
algorithms for the MMC are discussed in [24]. The intercell
voltage balancing methods for the conventional MMC are dis-
cussed in [25]-[28]. SoC and SoH balancing is discussed in [17]
and [12]. In this article, a circulating current controller described
in [24] is implemented. The capacitor voltage balancing algo-
rithm is unnecessary if the capacitor voltage is regulated by the
batteries. A control objective of the MMC-based BESS is to
ensure that the active power of each SM tracks its reference.
A sorting-based SM power control algorithm is proposed and
implemented in this article, which is depicted in Fig. 2 for
the upper arm, where dgyy; and vsyy represent the duty cycle
and output voltage of the ith SM in the upper arm. A similar
controller is applied to the lower arm. In practice, there should be
an upper level controller to decide the power references for SMs
based on certain factors, such as the SoC and SoH of batteries
per SM. However, the design and performance of this controller
are beyond the scope of this article and hence, it is omitted in
the implementation.

As is displayed in Fig. 2, the moving average filter (MAF)
computes the average active power of each SM in a fundamental
period, Pspyui- Then the error A Py is derived by comparing
Pspui to the corresponding reference Py,

APswvui = Py — Poai- 4)

With the knowledge of upper arm voltage reference v, upper
arm current ¢,, and power error A Poyui of each SM, the sorting
algorithm decides the output voltage reference for each SM,
Ugyui» 10 Such a way that: 1) if the current is positive (with the
potential to charge inserted SMs), v}, will be distributed among
SMs with highest A Psyg,; as much as possible; 2) if the current
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is negative (with the potential to discharge inserted SMs), v,
will be distributed among SMs with lowest A Psyy,; as much as
possible. For example, if there are five SMs in the upper arm and
veui = 3KV for all of them, when v, = 4kV and i,, is positive,
Vémui Of the SM with highest A Poyy; will be 3 kV, v§y,,; of the
SM with second-highest A Psyy,; will be 1 kV and others will be
zero. In the steady state, A Psyy; of all SMs will approach zero,
which means Psyy; is equal to Péy-

III. INTER-SM ACTIVE POWER DISPARITY

This section introduces the analytical derivation of the inter-
SM active power disparity limits for a general MMC-based
BESS. Based on the derived limits, a method is proposed to
determine whether a distribution of active power among SMs in
one arm is viable for the system or not.

A. Derivation of Inter-SM Active Power Disparity Limits

Neglecting the typically small power conversion losses
Pdc = _armu + Parml + Po (5)

where P,., Pymus Pami, and P, represent the average active
power of the dc terminal, active power of the upper and lower
arms, and ac side active power, respectively. Hereinafter, the
analysis is focused on the upper arm of one phase, but a similar
analysis can be applied to the lower arm and the arms in other
phases. In a conventional MMC without embedded batteries,
Py is zero. In the case of the MMC-based BESS, P, can be
any value that is within the power limit of the inserted batteries.
Because the main focus of this article is to analyze the inherent
limits of the MMC converter, it is assumed that the batteries can
meet arbitrary active power requirements.
The total upper arm power is

N
-Parmu = Z pSMui (6)
=1

where Psyyi refers to the average active power of the ith SM
in the upper arm. Psyy; has an upper limit and a lower limit,
i.e., the maximum and minimum active power that one SM can
absorb, which depend on the operation point. As (6) implies, to
have a constant Py, any change in Papii must be compensated
by a complementary change in the sum of other SMs’ power.
In other words, Psyyi is not independent and it is a function
of the power of other SMs. Similarly, the power summation
of any combination of SMs is dependent on the power of the
remaining SMs. Thus, apart from active power limits for one
SM, there also exist maximum and minimum power limits for
any combination/subset of n SMs, wheren € [1,2 - - - N, which

are represented hereinafter with P7,and Pm | respectively.

min?®
The sum of any combination of n Psyui must lie between the
corresponding P and P . The boundary cases for when the
sum is equal to the maximum or minimum limit represent the
most uneven active power distributions allowed for the system,
i.e., the inter-SM active power disparity limits. The calculation

of P and P is introduced in the following.

min
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Fig. 3.  Maximum and minimum output voltages of n SMs. (a) Maximum
output voltage. (b) Minimum output voltage.

To achieve P, the corresponding n SMs should operate
with the maximum output voltage v?, . (t) when i, is positive
and operate with the minimum output voltage v™. (t) when i,,

.n 18 achieved by operating the n SMs
with v () when i,, is negative and v}, (¢) when i,, is positive.
Thus, considering 7" the fundamental period

is negative. Similarly, P,

DN 1 fot T n -
Pmax = T Umaxp(t)lu (t) dt
to

B = {0 HOZ0
_ 1 [to+T
Poin = 7 /t 0 Uiy ()i () dt
Vianlt) = {”ﬁm“) () =0 ®
Umax (1) if 7 () < 0.

The values of v, (t) and v]};,(t) are influenced by the SM
topology, the value of n, and the operational condition of the
system. Take the half-bridge SMs for example, which are not
able to output negative voltages. The maximum output voltage
of n SMs is v, (t) = >, veui(t) = nVe and the minimum
output voltage is vy = 0. However, due to the arm voltage con-
straint, v, (t) = nV.and o™ (t) = 0are notalways achievable
as illustrated in Fig. 3, where v}, denotes the reference for the
upper arm voltage.

Fig. 3(a) depicts the maximum output voltage of n SMs in a
fundamental cycle. During the interval [t 2], where v} (t) >
nVeo, v (t) is equal to nV as desired. However, during the
intervals [to ¢1] and [t2 t3] when v} (t) < nVc, the allowed
maximum output voltage vy, is reduced to v}, in this condi-
tion, to avoid distorting the output voltage. Similarly, Fig. 3(b)
depicts the minimum output voltage of n SMs in a fundamental
period. During the intervals [to,¢1] and [ta, t3], where v} (¢) <
(N — n)Vg, the rest of N — n SMs have sufficient capacity to
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generate v}, and thus, v}, (t) is equal to 0. However, during the

interval [ty to], where v} (t) > (N — n)V(, the allowed mini-
mum output voltage is increased to v}, — (N — n) V¢ (instead of
the desired value of 0 V) because the rest of N — n SMs do not
have the sufficient capacity to generate v}, (the maximum output
voltage of the rest N — n SMs is (N — n)V). Consequently,
ot (t) and vl (t) of n half-bridge SMs are obtained as

max min

ot (6) = min [nVe, v, (¢)] 9)
v (8) = max [0, v, (¢) — (N —n)Ve]. (10)
Hence, from (7) to (10), P, and Pgin of any number of

SMs can be derived for one arm with the knowledge of the arm
voltage, arm current, and SM capacitor voltage. Even if the arm
voltages and currents are different for several arms, like when
the upper and lower arms of one phase are providing different
power, P17 and P can still be derived for each arm with the
proposed analysis.

B. Active Power Distribution Viability Assessment Matrix

The computed power disparity limits from (7) and (8)
determine whether a set of uneven active power references
(Pérsur Pérrus P yun]? is viable. To simplify the
evaluation, the power values are first sorted from the largest
value to smallest in such a way that P;; > P}, where Py
represents the jth maximum value among the SM power refer-
ences. The given distribution is viable if and only if the following
conditions are all met:

D Zjvzl Py; = Py [the sum of average active powers of all
SMs is equal to the active power requirement of the upper arm,
as (6) requests],

Y, Py < Py

max

for 1 <n < N — 1 (thanks to the as-
sumption that P ;2 P*j 1, this inequality guarantees that the

sum of average active power of any n SMs is not larger than
Prax):

) SN iy Pry > Pry for 1<n < N —1 (similarly,
this inequality guarantees that the sum of average active power
of any n SMs is not less than P ).

As shown in the following, conditions (II) and (III) are com-
plementary. As (6) implies, the sum of active powers of all SMs
is always equal to the total arm power. Hence, if n SMs are
providing the maximum power (P7,.), the remaining N — n
SMs must be providing the minimum power (PX ™). Thus

N
Pgax+Pr111\i[;:n :ZPSMui = Pamu-
i=1

D

For an arbitrary system, if condition (II) is met (Z;;l sz <

Pr ) for any n, by applying (11), it can be deduced that

N n

Z p;j:parmufz 772‘2 7armu*
j=n+1 i=1
(12)

Therefore, condition (III) is also met for any n. Thus, to make
the evaluation process compact, condition (IIT) can be omitted.
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Condition (II) can be evaluated using the following criterion
value:

&1
i _ &2
Emin = min(§) = min
EN-1
Prrax 10 0L [ Py
. Prglax 1 0 PJQ
= min - )
o 1 . S
P! 1 - 1 1] Piva

13)

where the nth row of the matrix is &, = P, — Z?Zl P;j.
If &, is positive, then Z?Zl P;; < Pra. which matches the
expression of condition (I). £ = [&; & En_1)T is de-
fined as the criteria vector and &,;, is the criterion value, which
is the element with minimum value in £. A positive value of
&min Indicates a viable set of references, a zero value refers to
the critical distribution (the boundary condition where at least
one set of SMs has reached its maximum limit) and a negative
value (at least one &, is negative) indicates unviable references.
Each element of ¢ represents the active power margin for a
certain combination of SMs. A positive &, indicates that any
value of power up to the maximum of &,, can still be added to
E;;l P;; before it reaches the critical distribution, i.e., §,, = 0.
A negative &, indicates that, at least a minimum value of &,
should be subtracted from Z?:1 P ; before allowing this set of
references. The entry £y is omitted in the criteria vector because
the condition (I) implies {5 = 0 as PN = PN = P

It is worth to note that the above analysis considers the
inherent operation constraints of the MMC only. In a practi-
cal system, there are hardware limitations for each SM. Such
hardware limitations affect the power limit of individual SMs.
However, they will not affect the proposed analysis in this article,
which determines the power limits of multiple SMs based on the
MMC operation constraints. Nevertheless, it is straightforward
to consider these hardware limitations in the proposed analysis
by saturating the derived limits on hardware limits.

IV. SIMULATION RESULTS

To verify the analysis in Section III, simulation results are
obtained using a single-phase six-level MMC-based BESS, as
depicted in Fig. 1. The batteries are directly connected in parallel
with capacitors. Parameters of the simulation system are given
in Table I.

The output voltage and current waveforms in the simulation
are defined as

Vv .
Vo = ma% cos(wt); i, = I, cos(wt + ) (14)
where variables m,, I 0> W, and ¢ denote the modulation index,
amplitude of the output current, angular frequency, and phase
difference between the output current and voltage, respectively.
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TABLE I
PARAMETERS OF THE STUDIED SYSTEM

Parameter . Value‘ Val‘ue
(Simulation) (Experiment)
Number of SMs per arm, N 5 2
SM capacitance, C',;/Cy; 5 mF 5 mF
Battery voltage, Viqtwi/Voatii 3000 V 7BV
Arm inductance, L 2 mH 5 mH
Fundamental frequency, f 50 Hz 50 Hz

In the simulation, 7, is 1200 A and the circulating current only
contains a 600-A dc current that charges the batteries. Thus, the
upper arm power is equal to the lower arm power

Pdc - Po Vdcldc mancfo
Parmu = Larml = 9 = 9 - S

cos(¢p).
15)
All the power values in the following results are normalized

based onJParmu|. For instance, a value of P = 10% represents
10% of | Pymu|-

A. Derived Limits

The theoretical maximum active power limits for a varying
percentage of SMs in one arm under various modulation indices
and phase shift angles between voltage and current are displayed
in Fig. 4. The minimum power limits are complementary to the
maximum limits, as (11) implies. Results are displayed on the
range [0, 7] for ¢, which are symmetric for the range [—, 0].
The results in Fig. 4 represent the maximum power limits for
20%, 40%, and 60% of SMs in one arm, respectively. In other
words, the limits are derived and applicable for a general system
regardless of the number of SMs per arm or the power rating.
For example, in Fig. 4(a), the point (m, : 1, ¢ : 0, P : 50.23)
denotes, when m, = 1 and ¢ = 0, the maximum active power
that 20% of SMs can absorb is 50.23% of the total arm power. In
the case of the simulation system with five SMs per arm, these
three figures correspond to one, two, and three SMs, respectively.

As one can see from Fig. 4(a), the value of P (the normalized
maximum limits for 20% of SMs) decreases when ¢ increases
from O to 7. The change of P is decided by both the value

of Pnfa/; max in the simulation system) and P,y because
P = Pud /Pa,m“ x 100%. When m, < 0.6 and ¢ increases, P

increases while P,;Va/,{) remains constant, based on (15) and (7),
hence P decreases. When m,, > 0.6 and ¢ increases, both Py
and Pma/X increase but P, increases relatively faster, thus P
decreases. The change of P is more complicated when m,,
decreases from 1 to 0.2. When ¢ is between [7/2, 7], the value
of P increases with the decrease of m,. When ¢ is between
[0, /2], with the decrease of m,, the value of P will increase
first and then decrease. Comparing Fig. 4(a)—(c), it is clearly
indicated that the increase of power limit is not proportional to
the increase of SMs. In other words, the maximum power limit
of n SMs is not n times the power limit of one SM.

The simulation results of two specific cases are displayed in
Figs. 5 and 6.
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of a single-phase MMC-based BESS with half-bridge SMs. (a) 20% of SMs of
the arm. (b) 40% of SMs of the arm. (c) 60% of SMs of the arm.

B. Casel

In this case, the system operates with the modulation
index 0.8 and unity power factor. Initially, the active
power references are evenly set for all SMs, which

D D D D P T _
means Porrur Péaruz Pénrus Powus Pénrus)” =

20% 20% 20% 20% 20%]T.  Using  (7),
) and (10), [Ply Py Py PiJT=
[56.79% 83.38% 95.71% 99.73%]". Using (13), ¢=

[36.79% 43.38% 35.71% 19.73%] and thus &min = 19.73%,
which indicates the references are viable and represents the
available margins. As one can see from Fig. 5(a), the measured
average active power of each SM remains at 20%. At 0.2, the
references change unevenly. After this transition, i, = 3.38%
so the references are still viable. According to Fig. 5(a), after a
short transient, the measured average active power of each SM
tracks its corresponding reference.

At 0.6 s, the references become more uneven and accordingly,
&min = —16.62%, indicating that the references are unviable. As
one can see, none of the SMs are able to track the corresponding
reference. In the steady state, Ps sy remains at P max [56.79%,
according to Fig. 4(a)] because its reference (70%) Was beyond
this maximum limit. Similarly, Ps /5 remained at P, [0.26%,
according to (8)]. Even though P, .., (30%) does not change,
Psaru2 cannot track this reference anymore because of the
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Fig. 5. Case I: Simulation results when m, = 0.8 and ¢ = O (unity power
factor). (a) Average active power waveforms of each SM and the corresponding
reference. (b) Average active power waveforms of a different number of SMs and
the corresponding reference. (c) Upper arm voltage and current of the converter.

limit of P2, . Since P2, = 83.38% and Psp,1 = 56.79%,
Pspryz is forced to drop down to 26.59%. This process is
displayed more clearly in Fig. 5(b), where P = """ | Psyui
and P*" = 3" | Péyui- As one can see, P2, the sum of Pgpyq1
and Pg .2, remains at Prflax [83.38%, according to Fig. 4(b)]
in the steady state. Similar to the case of Pg 7,2, Psyvus cannot
track its reference (0%) because of the limit of Prf’lax (95.71%).
Since Pgprus = 0.26%, Psyua is forced to rise to 4.03% to
ensure that the power of the remaining 3 SMs is no more than
P3 [95.71%, according to Fig. 4(a)]. As Fig. 5(b) displays, P3
remained at P2, . Eventually, Ps .3 is forced to rise to 12.33%
to compensate for the total arm power.

Fig. 5(c) displays the upper arm voltage and current of the
converter, where the voltage and current are normalized based
on 15 kV and 1 kA, respectively. Since the proposed method
always maintains the operational constraints of the converter,
even when the active power distribution changes among SMs,
the magnitudes of the converter are not distorted.

C. Casell

In this case, the system operates with the modulation index
0.8 and the power factor 0.5. The results are displayed in Fig. 6.
The changes in power references and results of Case II are very
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Fig. 7.

Picture of the experimental system.

similar to those of Case I, hence a detailed analysis is omitted
here. As is observed, the simulation results are aligned with the
analyzed results in Fig. 4.

V. EXPERIMENTAL RESULTS

Experimental results are obtained using a single-phase three-
level MMC-based BESS. No dc current is transferred from the
dc terminal to the system and the circulating current is zero in
the experiment. Batteries are directly connected in parallel with
capacitors. In the experiments, the BESS works in discharging
mode but, depending on the output power, it can also work
in charging mode. Parameters of the experimental system are
given in Table I, and a picture of the setup is provided as
Fig. 7. The Imperix B-Box RCP control platform is used to
implement the proposed control strategy in the experimental
setup. The MMC is built by the series connection of Imperix
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Fig. 8. Normalized maximum power limits for 50% of SMs of one arm of the
single-phase MMC-based BESS, under different operating points.
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Fig. 9. Capacitor voltage waveforms of two SMs in the upper arm of the
experimental setup.

PEH 2015 full-bridge power modules, which are configured
as half-bridge converters. Six series-connected RS 537-5488
lead—acid batteries are connected to the dc-side of each SM,
while resistors and inductors are connected to the output as a
load.

A. Derived Limits

Fig. 8 displays the derived maximum active power limits
for 50% of SMs of the upper arm under different operational
conditions, which is one SM in this experimental system. Results
are displayed in the range [0, 1] for ¢ and [0.2, 1] for m,,. Within
this range, the upper arm is working at discharging mode thus
Pnuis negative. All the power values in the following results are
normalized based on | Pymy . It is worth to note that the results in
Fig. 8 are obtained with the assumption that the equivalent inner
resistance of batteries are relatively low and thus, the capacitor
voltage of each SM is equal to its battery voltage. However, in
the experimental setup, six batteries are connected in series for
each SM, which has a considerable equivalent inner resistance
(represented with Rj,, around 1.15 ). Because of Ry, and the
corresponding voltage drop when current flows between the
capacitor and batteries, the capacitor voltage is not equal to the
battery voltage. As an example, the recorded capacitor voltage
waveforms of two SMs in the upper arm is provided in Fig. 9
when the arm power is evenly distributed among them. This
change in capacitor voltages will affect the maximum/minimum
active power limits of SMs.

The voltage drop across Ri, depends on the active power
of the SM. To derive more accurate power limits, the average
capacitor voltage of each SM can be approximated by assum-
ing that this SM is providing a certain active power based on
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Fig. 10.  Case I: Experiment waveforms of Pgy/,1and Pgjs,2 under unity

power factor. (a) Power references change with m, = 0.6. (b) m, changes with
constant power references, set as 0 and 100% for two SMs, respectively.

Fig. 8. Then, with the approximated capacitor voltages, the max-
imum/minimum power limits can be updated with (7) and (8).
For example, when m, = 0.8 and ¢ = 0.5, if Rj, is negligible,
the maximum power of one SM is —20.39% of | Pyy. In the
experimental setup, if one SM is providing —20.39% of | Py,
the average capacitor voltage of this SM is estimated to be
74.20 V and the average capacitor voltage of the other SM in this
armis 71.8 V. Based on these two voltages, the maximum power
of one SM in the experimental setup is calculated to be —21.69%
of | Pyrmu| and the minimum power of one SM is —78.31% of
| Parmu |-

Experimental results are obtained for the following two cases,
which are displayed in Figs. 10 and 11.

B. Casel

In this case, the system operates under unity power factor.
Fig. 10(a) displays the results with a constant modulation index
mg = 0.6. Initially, the system is balanced, i.e., 155 Mu1 and
P 1o are —50%. Because Py, is negative, the normalized
P orar and Pgyyo sum up to 100%. As one can see from the
figure, in the period from 0 to 0.04s, both Pgz,,1 and Psyz.o
stay constant at —50%. At 0.04s, P%,;,,; tises to —20% while
P 1o dropsto —80%. PL. and PL, are 4.35% and —104.35%,
respectively when m,, = 0.6. At this operating condition i, =
24.35%, which indicates the references are viable. Therefore,
as can be observed, Pgyru1 and Pgpyye are able to track the
references. At(0.22s, 15§ w1 Tises to 10% while P;i Muo drops to
—110%. At this new operating condition &, = —5.65%, which
indicates that the references are unviable. As can be seen, Ps /1
and Pgpsu2 are unable to follow these references and only can

go as far as the calculated limits P}, and P, , respectively.
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Fig. 10(b) displays the results with different modulation in-
dices at 0.7, 0.8, and 0.9. P%,,,, and PZ,,,, are set constant
at 0% and —100%, respectively, which are beyond the derived
limits, based on Fig. 8. Thus, Ps 7,1 and Pg /.2 should remain
at the corresponding computed limits in the steady state. As one
can see, when m,, changes, the derived P., and PL change.
Accordingly, Psyry1 and Pgpyo also change, following the
derived limits.

C. Casell

Similar experiments are repeated with a power factor of 0.827,
which means ¢ = 0.597. The results are displayed in Fig. 11,
which are similar to those in Fig. 10. It is evident that experi-
mental results are aligned with the analysis under all operating
conditions.

In the experimental results of Figs. 10 and 11, small discrepan-
cies (less than 2%) between the measured and predicted power
limits are observed. Apart from some inaccuracies in sensors
measurement, the other factors that contribute to having this
error include, voltage drop on semiconductors and capacitor
voltage ripples. These small discrepancies demonstrate that the
predicted active power disparity have low sensitivity to these
factors.

VI. CONCLUSION

An analytical method to derive the inter-SM active power dis-
parity limits for a generalized MMC-based BESS under arbitrary
operational conditions has been proposed in this article. With this
method, if the arm voltage, arm current, and capacitor voltages
are known, the limits of this arm can be derived analytically. With
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the derived limits, it is straightforward to determine whether
an uneven set of power references are viable for the system
under different operational conditions. If the sum of active
power references of an arbitrary subset of SMs lies between the
corresponding maximum and minimum limits, the references are
viable. With the proposed analysis, it is also simple to determine
how much the references can be modified to avoid violating
the limits. A feasible and computationally efficient method is
proposed for the determination process, with a criteria vector
and a criterion value whose sign is able to tell whether an
uneven set of references is viable. According to the analysis and
provided analytical results, the system always has the ability to
tolerate certain inter-SM active power disparity. The change of
limits is not proportional to the change of the number of SMs,
for example, the maximum limit for two SMS is not twice the
maximum limit for one SM. Both simulation results and exper-
imental results are obtained to verify the proposed method and
criterion value, which indicate they are applicable for a general
system under various operational points. The proposed method
and analysis in this article facilitates the MMC-based BESS to
make full use of the potential to operate with inter-SM active
power disparity. Designing a BESS control strategy that uses
the derived power limits as constraints to generate optimal SMs
power references is a direction for future studies to complement
this research.
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