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Abstract: In recent years, the integration of battery energy storage systems (BESSs) with multilevel
modular converters (MMCs) has received interest in power system applications. In this work, this
configuration is called a MMC-based BESS. The batteries are connected directly to the MMCs on
submodules (SMs), called the single-stage approach. Several control strategies have been proposed to
guarantee the proper operation of a MMC-based BESS. This system is complex due to the control
strategy. Another challenge is in obtaining the controller gains for a MMC-based BESS converter.
In this sense, there is a gap in the methodology used to calculate the controller gains. Thus, this
work aimed to tune the analytical expressions of a MMC-based BESS by considering the single-stage
approach. The methodology is validated through detailed simulation models of 10.9 MVA/5.76 MWh
connected to a 13.8 kV power system. Finally, to validate the dynamics of the controllers, the
simulation results in the PLECS software for the charging and discharging processes are presented.

Keywords: batteries; control-tuning; dynamic modeling; MMC-based BESS

1. Introduction

Renewable energy sources (RESs), such as photovoltaic (PV) and wind power plants
(WPPs) are presented as solutions that support the modern energy system. However,
uncertainty and intermittency in generation can cause power fluctuations [1,2]. As a
consequence, the stability of the electrical system can be affected. Battery energy storage
systems (BESSs) are used as alternatives to increase the penetration of RESs into the power
system [3].

BESSs are beneficial, i.e., due to their flexibility in installation locations, shorter con-
struction times (regarding facilities), and quick response times to system events. BESSs
are gaining more space in the electric power market due to the numerous applications in
systems related to generation, transmission, and distribution. In recent years, there has
been an increase in BESS facilities worldwide, totaling over 17 GW at the end of 2020 [4].
Different battery technologies can be used in the grid, such as NiMH, NiCd, Pb-acid, and
Li-ion [5]. According to [2], currently, Li-ion batteries are the most used in low-, medium-,
and high-powered applications.

The connection between a BESS and the grid is carried out through power electronics.
The battery bank can be directly connected to the grid by a DC/AC converter or decoupled
by a DC/DC stage [6]. Different topologies can be used to implement BESSs, including
two-level voltage–source converters (VSCs) and multilevel converters [2,7]. Among them,
the multilevel modular converter (MMC) is a promising alternative due to its characteristics,
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such as reliability, scalability, high efficiency, effective redundancy, and functionality [8–10].
Furthermore, a MMC is able to provide high-output voltage using low-voltage switches. In
addition, a low number of batteries in series is required [11]. The integration of BESS with
the MMC is called MMC-based BESS.

Figure 1 presents the MMC-based BESS topology studied in this paper. The MMC is
characterized by the bidirectional submodule (SM) cascade connected on each converter
arm [12]. The SM is a half-bridge converter composed of two insulated-gate bipolar
transistors (IGBTs) and two diodes. In a MMC-based BESS system, the battery arrangement
can be connected directly to the DC-link (called centralized) or connected directly to each
SM of the converter (called distributed) [13]. In this paper, the distributed configuration is
adopted. In addition, in this configuration, the batteries can be connected directly to the
SM (single-stage) or interfaced by a DC/DC converter (two-stage) [10,14].

Figure 1. Schematic of a MMC topology.

In systems that use MMC-based BESSs, the SM half-bridge configuration implies
low-frequency currents at the outputs. In the single-stage approach, as the battery rack
connection is direct to the SM, the current flowing to the battery has low-order harmonic
content [2]. These components are mainly first- and second-order. As a consequence, the
root-mean-square (RMS) value of the current, the temperature, and the internal losses in
the battery increase. These variations may decrease the battery’s lifetime [6,15,16].

Another challenge with the MMC-based BESS is the control strategy. In this type
of system, the control used needs to evaluate the energy flow. When using batteries,
an imbalance with the state-of-charge (SOC) can occur due to some hypotheses, such as
different technologies, different battery lifetimes, or failure in a SM. Therefore, a SOC
balancing algorithm must be implemented [17,18]. Finally, in systems with unbalanced
grids, it needs a control capable of evaluating each MMC phase independently.

References [17,19] present the control strategies that apply to the single-stage approach.
In [3,20,21], control methods for the two-stage approach are discussed. However, in these
works, control tuning is not presented. This poses challenges for researchers who intend to
investigate or compare such control schemes. Conversely, MMC is a converter topology
with a relatively complex structure with several control objectives. In order to fill this
gap, this work proposes a tuning methodology based on analytical expressions for MMC-
based BESS controllers. The objective is to provide a straightforward way to compute the
controller gain, which is very useful for those who want to investigate challenges in a
MMC-based BESS that are not directly coupled to the control scheme, but require a proper
control operation (e.g., modulation scheme, efficiency, redundancy, fault tolerance, etc.).

This paper is outlined as follows: Section 2 presents the mathematical model of the
MMC. Then, the main circuit parameters design for a single-stage approach is presented.
In Section 3, the control strategy for the MMC-based BESS is presented. Section 4 presents
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the case study for a single-stage approach. In order to validate the presented methodology,
all controllers are analyzed with respect to frequency and step response. In Section 5, the
methodology for control-tuning is presented. Section 6 presents the simulation results,
considering the charging and discharging processes of the batteries for the single-stage
approach. Finally, the conclusions are stated in Section 7.

2. Mathematical Models
2.1. MMC

The mathematical model presented in this section defines the main variables that
describe the MMC dynamics. In addition, the instantaneous power flow in MMC is
modeled, which leads to some conclusions regarding the capacitor voltage balancing
and voltage ripple. Voltage sources represent the voltages generated by each arm. vu,n
denotes the voltage synthesized in the upper arm of phase-n while vl,n denotes the voltage
synthesized in the lower arm of phase-n. The following assumptions are adopted:

1. The effect of the switching frequency is neglected, i.e., an average model is considered;
2. The capacitor voltages are assumed to be perfectly balanced.

Under such conditions, the converter presented in Figure 1 can be represented by
Figure 2. This model assumes perfect balancing capacitor voltages and negligible har-
monic components.

ig,a

ig,b

ig,c

Figure 2. MMC arm-average model for ig,n and ic,n dynamics evaluation.

In the distributed topology, the DC-link current (idc) is zero. In this way, the sum of
the upper and lower arm currents must be zero. Accordingly,

c

∑
n=a

iu,n =
c

∑
n=a

il,n = 0, (1)

where iu,n is the upper arm current of phase-n and il,n is the lower arm current of phase-n.
According to [22], the arm currents can be written as follows:

iu,n =
ig,n

2
+ ic,n,

il,n = −
ig,n

2
+ ic,n,

(2)
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where ig,n is grid current of phase-n and ic,n is the circulating current of phase-n . The ic,n can
be indirectly measured through the arm currents as follows:

ic,n =
iu,n + il,n

2
. (3)

Replacing Equation (2) into Equation (1) yields:

ic,a + ic,b + ic,c = 0. (4)

The superposition theorem can be employed to analyze the output current and the
circulating current independently. The output current dynamics are described by the
per-phase circuit shown in Figure 3.

vg,n

Rarm

Larm

il,n

vl,n

RgridLgrid

ig,n

Rarm

Larm

iu,n

vu,n

Figure 3. Equivalent circuit of the output current dynamics.

The analysis of Figure 3 leads to:

vg,n = vs,n −
(

Larm

2
+ Lgrid

)
dig,n

dt
−
(

Rarm

2
+ Rgrid

)
ig,n, (5)

where vs,n is the line-to-neutral output voltage, which can be expressed by:

vs,n =
1
2
(−vu,n + vl,n). (6)

It is important to remark that the factor 1/2 in Equations (5) and (6) are due to
Millman’s theorem. Reference [23] any association with the connected voltage sources in
parallel can be reduced to just one equivalent source. The same conclusion can be obtained
through Thevenin’s theorem.

The ic,n dynamics can be obtained as follows:

vdc
2
− vc,n = Larm

dic,n

dt
+ Rarmic,n, (7)

where vc,n is the internal voltage. The normalized reference signals per n-phase are given by:
vu,n =

v∗b
v∗SM

+
vc,n

Nv∗SM
− vs,n

Nv∗SM
+

1
2

;

vl,n =
v∗b

v∗SM
+

vc,n

Nv∗SM
+

vs,n

Nv∗SM
+

1
2

.

(8)
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where v∗b is the output reference of the individual voltage balancing control. However, v∗b is
disregarded as close to zero.

The insertion index for the upper and lower arms, respectively, are given by:
nu,n =

vu,n

Nv∗SM
,

nl,n =
vl,n

Nv∗SM
,

(9)

where v∗SM is the SM voltage reference and N is the total number of SMs.
At this point, two facts must be highlighted. First, the control of the output current

guarantees the power exchange between the batteries and the electrical grid. On the other
hand, the circulating current control plays an important role in the energy balance among
the converter arms. The expressions of instantaneous power developed by each arm in
a steady state are derived to explicitly show these facts. The instantaneous active power
in the lower arm of phase-n (pl,n) and the instantaneous active power in the upper arm of
phase-n (pu,n) of the system can be estimated by:{

pl,n = vl,nil,n,
pu,n = vu,niu,n.

(10)

Using Equations (2) and (8), Equation (10) can be expanded as follows:
pl,n =

(
−vc,n + vs,n +

vdc
2

)(
−

ig,n

2
+ ic,n

)
,

pu,n =
(
−vc,n − vs,n +

vdc
2

)( ig,n

2
+ ic,n

)
.

(11)

Equation (11) can then be rewritten as follows:
pl,n = vc,n

ig,n

2
− vc,nic,n − vs,n

ig,n

2
+ vs,nic,n −

vdc
2

ig,n

2
+

vdc
2

ic,n,

pu,n = −vc,n
ig,n

2
− vc,nic,n − vs,n

ig,n

2
− vs,nic,n +

vdc
2

ig,n

2
+

vdc
2

ic,n.

(12)

Assuming the contribution of the internal voltage of phase-n, (vc,n) small, Equation (12)
can be simplified. Accordingly:

pl,n ≈ −vs,n
ig,n

2
− vdc

2
ig,n

2
+

vdc
2

ic,n + vs,nic,n,

pu,n ≈ −vs,n
ig,n

2
+

vdc
2

ig,n

2
+

vdc
2

ic,n − vs,nic,n.

(13)

Different colors are employed in relation to Equation (11) to highlight the power terms
with different physical meanings. At this point, the following conclusions can be stated:

1. The product vs,n
ig,n

2
leads to a DC component and the second-harmonic power oscilla-

tion. Assuming that vs,n and ig,n are sinusoidal waves, the average value represents the
active power transferred from the submodules to the grid. The oscillating component
leads to a second-harmonic ripple in the battery current.

2. Product
vdc
2

ig,n

2
leads to a fundamental frequency oscillating power. This term re-

sults in a fundamental frequency ripple in the battery current. As observed, this
term presents opposite signals in the lower and upper arms. Therefore, this power
oscillation is not observed at the converter AC terminals.

3. The parcels containing ic,n require more attention. As previously mentioned, a possible
solution for Equation (4) is given by:
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ic,c = −ic,a − ic,b, (14)

with free ic,a and ic,b. The term
vdc
2

ic,n indicates that a DC component in a circulating
current component can perform the energy exchange between the converter phases.
Indeed, the sum of the power transfer for the three phases must be zero, which
becomes evident in the energy exchange among the converter phases.

4. The term vs,nic,n indicates that a fundamental frequency–circulating current leads to
a non-zero power in the arm. Moreover, these terms present opposite signals in the
upper and lower arms. Therefore, a fundamental frequency–circulating current can
exchange energy between the lower and upper arms.

2.2. Battery

Figure 4 presents the detailed model of the battery. Two models are used in this system:
electric and thermal. In the electrical model, the current source receives updated values at
all times obtained from the division between the power of a SM and the OCV of the battery.
Through the battery current and other parameters with Cn, Np, Ns, and the battery mission
profile, it is possible to obtain the SOC over time. Finally, the impedance of the battery at
this moment is represented by Zbat.

With the electrical model of the battery, the next step is to represent the thermal
model. This equivalent model presents some simplifications so that several experimental
measurements are not necessary. The battery surface temperature is assumed to be uniform.
In this sense, three parameters are considered: internal heat transfer resistor (Ri), external
heat transfer resistor (RO), and heat capacity (CC). These parameters were estimated from
experimental data [24]. PL is the power of each battery and Tamb is the ambient temperature
in Kelvin. Finally, the internal temperature of the battery (TI) can be analyzed during the
battery operation. In addition, the battery temperature is used in the lifetime estimation
procedure. The procedure for calculating the battery lifetime is presented in [10].

Eletrical Model

T
I

Figure 4. Structure of the battery model.

3. MMC-Based BESS Control Strategy

The control strategy used in a MMC-based BESS can be divided as follows:

• Grid current control;
• SOC-balancing control;
• Circulating current control.

Figure 5 shows the complete control strategy of a MMC-based BESS.
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Detailed in Figure 8 Detailed in Figure 5

Detailed in Figure 17

Detailed in Figure 14 Detailed in Figure 11

Figure 5. Overview of the MMC-based BESS control strategy.

The grid current control is implemented in the stationary reference frame (αβ)
coordinates [22]. Proportional resonant (PR) controllers are used to control the active
power exchange with the grid.

The active power reference in the grid current control depends on the operating status
of the MMC topology. In the process of battery charging or discharging, the reference is
derived from the global SOC control. Therefore, Pre f is obtained based on the proportional–
integral (PI) controller. On the other hand, in the case of an external power reference, the
current reference is computed by:

i∗g =
2
3

Pre f

V̂2
g

vg(t), (15)

where V̂g is the peak of the line-to-neutral voltage.
The leg-balancing control guarantees that all converter phases present the same aver-

age SOC. The average SOC of each phase n is computed by the:

SOCΣ,n =
1

2N

(
N

∑
i=1

SOCu,i +
N

∑
i=1

SOCl,i

)
, (16)

where SOCu,i is the SOC of the i-th SM battery rack in the upper arm of phase n and SOCl,i
is the SOC of the i-th SM battery rack in the lower arm of phase n. The SOC reference in
leg-balancing control is computed by the average SOC in the converter phases:

SOC∗Σ =
1
3

3

∑
n=1

SOCΣ,n. (17)
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The leg-balancing controller computes the DC circulating current component respon-
sible for the exchange of energy in the converter phases. Therefore, it ensures that all legs
have the same average SOC.

For the arm-balancing control, the average SOC balancing in the upper and the lower
arms is performed. The SOC difference in each converter phase, (SOCdi f f ,n), is computed
through the proportional controller. The SOCdi f f ,n is expressed as follows:

SOCdi f f ,n =
1
N

(
N

∑
i=1

SOCu,i −
N

∑
i=1

SOCl,i

)
. (18)

In the arm-balancing control, the SOC∗di f f is set to zero to guarantee SOC balancing in
the arms of each phase. This controller computes the fundamental frequency circulating
current responsible for the energy exchange in the upper and lower arms. Since the leg-
balancing control (or horizontal balancing) and arm-balancing control (or vertical balancing)
compute different components of the circulating current, these controllers can have similar
bandwidths. The arm energy control can be designed with a bandwidth similar to the leg
energy control [25].

However, the circulating current of one phase must be the linear combination of
the other two. Therefore, this work uses the decoupling network discussed in [26]. This
proposal injects an active current in the unbalanced phase and a reactive current in the
balanced phase. Thus, the averages of the SOC are not displaced and the difference in the
average energy is not affected. For example, if phase A has an SOC error (ea 6= 0), the SOC
error in phases B and C are zero (eb = 0 and ec = 0); a fundamental frequency component
in the phase with the grid voltage must circulate in phase A to guarantee the active power
exchange. On the other hand, the fundamental frequency circulating currents are selected
to be 90 degrees (lead or lag) to the grid voltage in phases B and C, leading to the (now
active) power exchange. It is important to remark that the sum of the circulating currents
will be zero if the amplitude of the circulating currents is properly computed. In this way,
the circulating current references computed by the arm balancing control are given by:

i∗c,a = kP,A

[
ea cos(ωt) +

1√
3

eb cos
(

ωt +
π

2

)
+

1√
3

ec cos
(

ωt− π

2

)]
,

i∗c,b = kP,A

[
eb cos

(
ωt− 2π

3

)
+

1√
3

ea cos
(

ωt− 7π

6

)
+

1√
3

ec cos
(

ωt− π

6

)]
,

i∗c,c = kP,A

[
ec cos

(
ωt +

2π

3

)
+

1√
3

ea cos
(

ωt +
7π

6

)
+

1√
3

eb cos
(

ωt +
π

6

)]
.

(19)

where kP,A is the proportional gain of the arm balancing control and ω is the fundamental
angular frequency obtained by PLL.

It is important to remark that the global SOC control and the leg-balancing control
do not operate at the same time. When the MMC-based BESS operates in the charg-
ing/discharging mode, the global SOC control computes the current reference of each
phase, which leads to a balance of the average SOC of the three phases. Under such condi-
tions, the leg-balancing control is disabled. However, when the MMC-based BESS provides
ancillary services, the global SOC-balancing control is disabled. Under such conditions, the
leg-balancing control is enabled and the leg-balancing control is obtained based on a DC
circulating current.

The insertion index calculated in Equation (9) is applied in the modulation strategy.
Regarding the modulation strategy, the PS-PWM is employed. The injection of one-sixth of
the third harmonic is considered to extend the linear region of the modulator.
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4. Case Study

The case study employed in this work is based on Ref. [6]. This reference presents
a methodology to perform the sizing of the MMC-based BESS. The case study is based
on a 10.9 MVA/5.76 MWh system connected to a 13.8 kV power system, which provides
ancillary services for a PV power plant. The MMC-based BESS in this study is composed
of Li-ion cells. The input parameters of the MMC-based BESS studied in this paper are
presented in Table 1.

Table 1. Parameters of the MMC-based BESS.

Parameters Value

Rated apparent power (Sn) 10.9 MVA
Total energy storage (En) 5.76 MWh
Output voltage (line to line) (Vg) 13.8 kV
Grid frequency ( fn) 60 Hz
Arm reactance (xarm ) 0.15 pu
Switching frequency of the HB ( fc) 270 Hz
Sampling time (Tsw) 123.45 µs
Rated blocking voltage (Vps) 3.3 kV
Reference SM voltage (v∗SM) 1.8 V
Number of SM (N) 90
Number of series battery strings per SM (Ns,bat) 512
Number of batteries of parallel battery strings (Np,bat) 13

The battery cell ANR26650M1-B manufactured by A123 systems is employed [27]. The
main battery cell data are presented in Table 2.

Table 2. Parameters of the battery cell ANR26650M1-B [27].

Parameters En Cn C-Rate SOCMAX [100%] SOCMIN [0%]

Value 7.6 kWh 2.5 Ah 1 3.4 V 2.5 V

Based on the parameters presented, the next section discusses the control strategy and
the control-tuning methodology.

5. Control Tuning

In order to validate the methodology for control tuning, after each control, the analysis
of the frequency and step response is performed. It is worth mentioning that all con-
trollers were discretized by the Tustin method (trapezoidal). Moreover, the delay in digital
implementation is included in the model.

Finally, the gains for all controllers were calculated neglecting the sensor gains. This
inherently assumes that, in practice, the sensor presents a higher bandwidth than the
control loop requirements.

5.1. Grid Current

Figure 6 shows the block diagram with the closed control loop for the grid current
control. CG(s) represents the proportional resonant (PR) compensator, given by:

CG(s) = kP,G +
kR,Gs

s2 + ω2
n

, (20)
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where kP,G is the proportional gain and kR,G the resonant gain. In this control loop, the
resonance frequency is the grid frequency. The effect of the implementation delay and the
zero-order hold can be represented by the following transfer function, [28,29]:

GD(s) =
1− e−Tsw

Tsws
e−Tsw ≈ 1

1.5Tsws + 1
, (21)

where Tsw is the sampling time. Finally, the plant grid current transfer function GG(s) can
be represented by:

GG(s) =
Is

Vs
=

1
sLeq + Req

, (22)

where Req =
Rarm

2
and Leq =

Larm

2
.

v
s,n

Figure 6. Block diagram for the strategy for controlling the grid current.

The open-loop transfer function for the grid current control can be written as follows:

GG(OL)(s) =
(

kP,G +
kR,Gs

s2 + ω2
n

)(
1

1.5Tsws + 1

)(
1

sLeq + Req

)
. (23)

The control-tuning of the current loop follows the methodology discussed in [22]. The
objective is to maximize the current control bandwidth. Based on this methodology, the
following tuning formulas are obtained:

kP,G = αgcLeq,

kR,G = 2αhgkP,G,
(24)

where αhg is the resonant part bandwidth and αgc is the desired closed-loop system band-
width. Thus, there is an upper limit to αgc for the closed-loop system to remain stable. In

this work, consider αhc, at least
1

10
of the grid frequency. In order to simplify the closed-loop

transfer function, consider αhg << αgc. In this work, αgc =
1

20Tsw
.

The kP,G gain is obtained considering the transfer function of Equation (22) in a closed
loop with a pure proportional gain. According to [22], the bandwidth of the closed-loop
system is an important parameter. It determines the exponential convergence rate for
transients of the closed-loop system. The gain kR,G is the product of the angular frequency
and impedance, or equivalently, angular frequency-squared times inductance.

Figure 7 shows the open-loop Bode diagram for the output grid’s current control. The
control features a margin gain of 9.93 dB at 1.33 kHz and a phase margin of 57.6◦ at 409 Hz.
Furthermore, we can see the effect of using the resonant controller in the 60 Hz range, as
shown in Equation (20).
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MG = 9.93 dB

at 1.33 kHz

PM 57.6º=

at Hz409

Figure 7. Output grid current controller’s open-loop Bode diagram plot.

The performance of the output grid current controller in tracking a sinusoidal reference
was evaluated in a 0.30 s simulation. According to Figure 8, up to 0.15 s, the reference is 0, after
which a unit reference is given. The system takes approximately 0.02 s to reach the reference.

Figure 8. Output grid current controller step response.

5.2. Global SOC Control

The plant transfer function can be obtained by neglecting the converter losses and
assuming an even distribution of the energy among the converter cells. Under such
conditions, the following expression can be obtained for the battery current:

ibat =
V̂

4NNsNpvbat︸ ︷︷ ︸
Ks

Îg, (25)

where V̂ is the peak of the output voltage of the SM, vbat is the battery voltage, Îg is the peak
of the converter output current, Ns and Np are the number of series and parallel battery
strings, respectively.

In addition, the battery SOC can be obtained as:

SOC(s) = SOC(0) +
ibat
Cns

. (26)

where Cn is the battery capacity.
Therefore, substituting Equation (25) in Equation (26) leads to the following relationship:

SOC(s)
Îg(s)

=
KS
s

, (27)
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In this system, a PI controller is used. Then, the transfer function CS(s) is given by:

CS(s) = KP,S +
KI,S

s
. (28)

The block diagram of the SOC global control is presented in Figure 9.

Plant

Figure 9. Block diagram of the global SOC control.

The open-loop transfer function is given by:

Gs(OP)(s) =
(

kP,S +
kI,S

s

)(
Ks

s

)
. (29)

The closed-loop transfer function can be written as follows:

Gs(CL)(s) =
KskP,Ss + KskI,S

s2 + KskP,Ss + KskI,S
. (30)

Note that Equation (32) is equivalent to the following expression:

Gs(CL)(s) =
2ξωns + ω2

n
s2 + 2ξωns + ω2

n
. (31)

The tuning of the controllers is carried out by the pole placement method. This
proposal defines the gains for the poles of the transfer function in a closed loop as being
real, allocated in the left semi-plane, and considering the closed-loop poles as p1 and p2.
Moreover, we assume that p1 = −2π fc1,s and p2 = −2π fc2,s. Thus,

−2π fc1,s − 2π fc2,s = −
KskP,S

1
,

(−2π fc1,s)(−2π fc2,s) =
KskI,S

1
.

(32)

Thus, the following tuning formulas are obtained:
kP,S =

2π( fc1,s + fc2,s)

KS
,

kI,S =
4π2 fc1,s fc2,s

KS
,

(33)

where fc1,s and fc2,s are the poles of the closed-loop transfer function. Typically, the poles
are separated by a decade. In addition, the value of the largest must be allocated at least a
decade below the cutoff frequency of the grid current. In this way, it guarantees the proper
functioning of the cascade control.

According to Figure 9, in the global SOC, the control strategy used considers the
internal loop of the output current and the external loop of the global SOC control. The
open-loop frequency response for the global SOC control is shown in Figure 10. The control
has a gain margin of 75.4 dB at 4.05 kHz and a phase margin of 85.3◦ at 0.441 Hz. Two
Bode diagrams are presented: in the solid line, considering the ideal internal current loop
(gain = 1), and in the dashed line, considering the insertion of the internal current loop.
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Note that for high frequencies the curves are not similar. This is due to the fact that it is
above the current loop cutoff frequency.

MG = 75.4 dB

at 4.05 kHz

PM 85.3º=

at Hz0.441

MG = 61.5 dB

at 521 Hz

Figure 10. Output global SOC controller–open-loop Bode plot.

Figure 11 presents the step response for the closed-loop system considering the ideal
and non-ideal systems. With slower dynamics than the output grid current control, the
global SOC control needs approximately 2.5 s to reach the reference.

Figure 11. Global SOC controller step response.

5.3. Circulating Current Control

The circulating current control block diagram is presented in Figure 12. In this control
project, CC(s) is the PR controller, represented by:

Cc(s) = kP,C +

(
kR,Cs

s2 + ω2
n
+

kR,Cs
s2 + (2ωn)2 +

kR,Cs
s2 + (4ωn)2

)
, (34)

where kP,C and kR,C refer to the proportional and resonant gains of the circulating cur-
rent controller.

The plant transfer function of the circulating current controller GC(s) is given by:

GC(s) =
ig

vc
=

1
sLarm + Rarm

, (35)

According to Section 5.1, the gains of the PR controller can be calculated according to
the following formula: 

kP,C = αccLarm,

kR,C = 2αhckP,C,
(36)
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where αhc is the resonant part of the bandwidth and αcc is the desired closed-loop system

bandwidth. Consider αhc, at least
1

10
of the grid frequency. In order to simplify the

closed-loop transfer function, consider αhc << αcc. In this work, αcc =
1

20Tsw
.

v
c,n

Figure 12. Block diagram of the circulating current control.

The open-loop Bode diagram of the circulating current control is shown in Figure 13.
The system frequency response has a stable response at 241 Hz. Furthermore, according to
Equation (34), the resonant control used is allocated at 60, 120, and 240 Hz.

MG = 0.072 dB

at 241 Hz

PM 0.11º=

at Hz241

Figure 13. Circulating current controller–open-loop Bode diagram.

The performance of the circulating current controller in tracking a sinusoidal reference
is evaluated in Figure 14. The following sinusoidal reference presents the fundamental-,
second-, and fourth-order harmonic components with unity amplitudes and phase 0. Note
that the control tuning allows the circulating current to follow the reference as desired.

Figure 14. Circulating current controller’s step response.

5.4. Leg-Balancing Control

In order to obtain the system transfer function, the converter losses are disregarded
and uniform energy distribution is assumed between the converter cells. With this, the DC
portion of the current in the battery can be calculated as follows.

ibat =
V̂s

2NNsNpvbat
, (37)
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In addition, the battery SOC can be obtained as:

SOC(s) = SOC(0) +
ibat
Cns

. (38)

Therefore, the following transfer function is obtained:

SOC(s)
Ic,dc(s)

=
KL
s

, (39)

where Ic,dc is the DC component of the peak current and KL is given by:

KL(s) =
V̂s

2NvbatNsNpCn
. (40)

In this system, a PI controller is used. Then, the transfer function, CL(s), is given by:

CL(s) = KP,L +
KI,L

s
. (41)

The block diagram of the leg-balancing control is presented in Figure 15. The open-loop
transfer function is given by:

Gl(s) =
(

kP,L +
kI,L

s

)(
V̂s

2NvbatNsNpCn

)(
1
s

)
. (42)

Using a similar procedure in Section 5.2, the following tuning formulas are obtained:
kP,L =

2π( fc1,l + fc2,l)

KL
,

kI,L =
4π2 fc1,l fc2,l

KL
,

(43)

where fc1,l and fc2,l are the poles of the closed-loop transfer function.

Figure 15. Block diagram of the leg-balancing control.

In the leg-balancing control, the external loop has the total SOC per phase as the input.
The controller output sends a current reference to the internal circulating current loop.
Considering that the external loop has slower dynamics than the circulating current loop,
the leg-balancing control is allocated to four decades of the circulating current control. The
system has a gain margin of 95.4 dB at 4.05 kHz and a phase margin of 85.3◦ at 0.0442 Hz.
Figure 16 shows the Bode diagram for the ideal and non-ideal systems. Note that for
frequencies below 122 Hz, the behaviors are the same. However, for frequencies greater
than the current loop cutoff frequency, the behaviors do not follow the ideal loop.

Figure 17 shows the closed-loop response of the leg-balancing control to a step refer-
ence. With slower dynamics than the circulating current control, the system needs 20 s to
reach the reference. Note that the ideal and non-ideal system dynamics overlap.
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MG = 95.4 dB

at 4.05 kHz

PM 85.3º=

at Hz0.0442

MG = 63.4 dB

at 122 Hz

Figure 16. Leg-balancing controller–open-loop Bode plot.

Figure 17. Leg-balancing controller response.

5.5. Arm-Balancing Control

We perform the same considerations highlighted in the leg-balance control; the current
in the battery in the upper and lower arms can be calculated as follows:

ibat,lower = Ic,ac
V̂

2Nvbat
,

ibat,upper = −Ic,ac
V̂

2Nvbat
.

(44)

Ic,ac is the component of the peak of the circulating current.
In addition, the battery SOCs of the lower and upper arms can be obtained as:

SOClower(s) = SOC(0) +
ibat,lower

Cns
.

SOCupper(s) = SOC(0)−
ibat,upper

Cns
.

(45)

Therefore, the following transfer function is obtained:

SOC(s)
Ic,ac(s)

=
KA
s

, (46)

where KA is given by:

KA(s) =
V̂

2NvbatNsNpCn
. (47)

In this system, a P controller is used. Then, the transfer function CA(s) is given by:

CA(s) = KP,A (48)
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The block diagram of the arm-balancing control is presented in Figure 18. The open-
loop transfer function is given by:

Ga(OP)(s) = (kP,A)

(
KA
s

)
. (49)

The closed-loop transfer function is represented by:

Ga(CP)(s) =
KAkP,A

s + KAkP,A
. (50)

Analyzing Ga(CP)(s), the closed-loop poles must be located in the left semi-plane for
the system to be stable. In effect, the gain to adjust the proportional controller can be
calculated as follows:

kP,A =
2π fc,A

KA
, (51)

where fc,A is the location of the closed-loop pole. Thus, Figure 18 represents the block
diagram for arm-balancing control.

Figure 18. Block diagram for arm-balancing control.

The control strategy considers an internal loop of the circulating current with the
fastest dynamics and the SOC external loop with the slower dynamics. The open-loop
frequency response of the arm-balancing control is shown in Figure 19. Considering that
the external loop has slower dynamics than the circulating current loop, the arm-balancing
control is allocated to three decades of the circulating current control. According to the
Bode diagram, the system has a gain margin of 76.2 dB at 4.05 kHz and a phase margin of
89.7◦ at 0.391 Hz. Comparing the frequency responses of ideal and non-ideal systems, we
observe similar behaviors within the frequency range of the controllers.

MG = 44.2 dB

at 122 Hz
MG = 76.2 dB

at 4.05 kHz

PM = 89.7º

at Hz0.391

Figure 19. Arm-balancing controller–open-loop Bode diagram.

The step response for the closed-loop transfer function comparing ideal and non-ideal
systems is shown in Figure 20. Note that the behaviors of both systems are the same, and
the system needs 2.5 s to reach the reference.
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[s]

Figure 20. Arm-balancing controller step response.

5.6. Individual SOC-Balancing Control

The block diagram of the individual SOC-balancing control is presented in Figure 21.
The individual SOC-balancing control aims to reduce the difference between the reference
SOC and the ith SOC converter SM. Consider ∆SOC, the difference between the average
value of the SOC in an arm, and the value of the SOC∗ in the nth cell of the converter in the
respective arm.

∆SOC = SOC∗ − SOC (52)

The value of ∆SOC can decrease the process of charging and discharging the battery
in the SM battery of a given arm. For this process to take place properly, an AC voltage is
superimposed to minimize the difference. The voltage vbat can be calculated as follows:

vbat = Kb,i∆SOC sin(ωt) (53)

where Kb,i is a proportional gain. Note that the expression considers phase A. However, for
the other phases, it can be applied without loss of generality.

The active power required to perform SOC balancing in a SM is given by:

pbat = vbat
Îs

4
− Di (54)

where Di represents a loss or a disturbance in the converter cell. An active power, pbat, is
extracted or released from the SM in order to vary the SOC so that ∆SOC = 0.

∆SOC ≈ − 1
vbatNsNpCn

∫
pbatdt (55)

Cib(s) is a proportional controller. Furthermore, the plant transfer function of the
individual SOC-balancing control Gib is given by:

Gib =

(
1

vbatNsNpCn

)(
1
s

)
. (56)

Therefore, the closed loop transfer function can be obtained as follows:

∆SOC(s)
Di(s)

=
1

svbatNsNpCn + Ki,b
Îs

4

(57)

Finally, the transfer function has the function of rejecting disturbances. In fact, the
project uses the dynamic stiffness method. Therefore, the proportional gain can be calcu-
lated as follows.

KI,B =
8π fc,bCn

Îs
(58)

where fc,b is the location of the closed-loop pole.
Figure 22 shows the frequency response for the open-loop transfer function of the

individual SOC-balancing control. The system has a gain margin of 44 dB at 1.35 kHz and
a phase margin of −180◦ at 0 Hz.
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vbat
pbat

Figure 21. Block diagram for the individual SOC-balancing control.

MG = 44 dB

at 1.35 kHz

PM = 0º

at 0 Hz

Figure 22. Individual SOC-balancing controller–open-loop Bode diagram.

Figure 23 shows the step response for the closed loop of the individual SOC-balancing
control. The system needs approximately 2.5 s to reach the unit reference.

Figure 23. Individual SOC-balancing controller step response.

Table 3 presents a summary of the frequencies used to control the MMC-based BESS
single-stage approach.

Table 3. Frequency bandwidth for the MMC-based BESS.

Frequencies Value [Hz]

fc1,s 2
fc2,s 0.2
αgc 405
αhg 37.69
αcc 405
αhc 37.69
fc1,l 0.4
fc2,l 0.04
fc,b 0.08
fc,A 0.4
fi 8.1
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Finally, the gains of the controllers used in the simulations for the single-stage approach
are shown in Table 4.

Table 4. Controller parameters of the MMC-based BESS.

Control Tuning Parameter Gain Units

kP,G = αgcLeq KP,G 5.8972 Ω

kR,G = 2αhgkP,G KR,G 1396.9 Ω/s

kP,S =
2π( fc1,s + fc2,s)

KS
KP,S 1202.7 A

kI,S =
4π2 fc1,s fc2,s

KS
KI,S 274.80 A/s

kP,C = αccLarm KP,C 1.8771 Ω

kR,C = 2αhckP,C KR,C 7.50 Ω/s

kP,L =
2π( fc1,l + fc2,l)

KL
KP,L 27.50 A

kI,L =
4π2 fc1,l fc2,l

KL
KI,L 0.628 A/s

kP,A =
2π fc,A

KA
KP,A 546.70 A

KI,B =
8π fc,bCn

Îs
KI,B 0.0272 V

6. Results

The PLECS simulations are used for evaluating the dynamics of the MMC-based BESS
single-stage approach. In both approaches, they are evaluated in the process of the charge
and discharge of the batteries.

6.1. Charging Procedure

For the battery-charging process, the simulation time is 220 s. In the beginning, the
arm-balancing control is disabled. Then, at t = 20 s, this controller is activated. To validate
the SOC arm-balancing control, the upper arms of each phase start with 1% greater than
those of the lower arm. At t = 100 s, a step in the SOC is applied from 52% to 55%.
Furthermore, in the loading process, the leg-balancing control is deactivated, because the
global SOC control is responsible for the balance of the battery SOC.

Figure 24a presents the SOC behavior in phase A and the average SOC for the three
phases. The SOCs in the arm are not spread out and are within the tolerance range of 1%.
Figure 24b shows the average SOC of the arms of each phase. As observed, before 20 s,
there is no balancing of the arms. Afterward, the energy balance control is activated and
the SOC average is balanced. Following the SOC reference step, the SOC of the battery
increases following a ramp due to the active power limitation (1 pu). After 10 s, the batteries
reach a steady state.
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Figure 24. SOC behavior during the charging process: (a) SOC phase A and (b) average SOC.

Active and reactive powers during the charging process are shown in Figure 25a. As
observed, the reactive power is controlled to zero, while the active power is defined by the
global SOC control. When the SOC reaches the reference value, the active power reduces to
a value close to zero. Figure 25b shows the transient response at the SOC balancing instant
and Figure 25c shows the transient response of the power outputs at the step instant.

Figure 25. Dynamic behavior during the battery charging process: (a) active and reactive power,
(b) transient response at the balancing instant, (c) transient response at the step instant.

The grid current follows the behavior of the active power, as shown in Figure 26a.
Figure 26b shows a zoomed-in view of the grid current, which is practically sinusoidal.
The THD at this operating point is 0.1%. Figure 26c shows the transient response of the
network current. Note that the response time is consistent with what is shown in Figure 8.
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Figure 26. The behavior of the grid current during the battery charging process: (a) grid current,
(b) zoomed-in view of the grid current at the balancing instant, and (c) zoomed-in view of the grid
current at the step instant.

As seen in Figure 24, before the SOC balance control operates, the current and the
variation in the current reference of one phase affects the others, as shown in Figure 27a.
Due to imbalances between the SOC, a 60 Hz component is observed in the circulating
current. Finally, Figure 27c shows a zoomed-in view of the circulating current in a steady
state. As expected, when the SOC balancing is reached, the AC circulating current goes to
zero and only the ripple is observed.

Figure 27. Dynamic behavior of the circulating current during the charging process: (a) circulating
current; (b) zoomed-in view of the transitory state; (c) zoomed-in view of the steady state.

6.2. Discharge Procedure

In the battery discharge process, the simulations started with the same initial condi-
tions as the previous tests. However, for the discharge process, the global SOC control
is disabled, while the leg-balancing control is enabled. At t = 100 s, the negative step is
applied after the system reaches the steady state. Therefore, the grid current reference is
computed based on Equation (15).
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Figure 28 shows the behavior of the SOC of the MMC-based BESS in the battery
discharge process. The individual SOC of phase A maintains the same behavior presented
in the discharge process. Because the SOC control is disabled, small mirroring can be seen
in the average SOC of the converter; Figure 28b.

Figure 28. SOC behavior during the discharging process: (a) SOC phase A and (b) average SOC.

Figure 29a shows the dynamic behavior of the instantaneous active power injected
into the grid for the single-stage approach. As observed, the converter injects 1 pu of active
power during the discharge process. In Figure 29b, one can see a zoom-in of the transients
of the active and reactive powers. Figure 29c presents the output’s current response. As
noted in Figure 29d, during the battery discharge, the peak current is, approximately, 600 A.
Por fim, na Figure 29d presents the grid currents during the instant that the system is in a
steady state.

99 100 101 102

(b)

(c) (d) (e)

Figure 29. Dynamic behavior during the battery discharging process: (a) active and reactive power,
(b) transient of active and reactive power at the start of discharge, (c) grid current, (d) three-phase
grid current and (e) grid current zoom at steady state instant.

Figure 30a shows the current behavior during the charging process for the single-stage
approach. Analyzing the current spectrum in Figure 30c, low-frequency components with
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high amplitudes are observed. The fundamental and secondary harmonic components are
the most significant in the battery current’s harmonic spectrum. Finally, there is a scattering
of harmonic components; this is justified by the fact that the batteries are connected directly
to the SM without any type of filter.

(a) (b)

(c)

Figure 30. Current in the batteries for the single-stage approach: (a) dynamic behavior, (b) current in
the charging process, (c) spectral analysis.

6.3. Charging Procedure-Active and Reactive Power

In this simulation, the reactive power control is evaluated through a step during
battery charging. The simulation lasts for 120 s. The active power in the simulation is
0.5 pu. At 85 s, a step in the reactive power from 0 pu to 1 pu is performed. Figure 31a
shows the behavior of the SOC in phase A and Figure 31b shows the average behavior of
the SOC for the three phases.

Figure 31. SOC behavior during the charging process to the reactive power step: (a) phase A SOC
and (b) average SOC.

Figure 32a shows the dynamics of the active and reactive power during the battery
charging process. Initially, the active power is equal to 0.5 pu and goes to 0 pu when the
SOC is equalized. The reactive power starts at 0 pu and goes to 1 pu after 85 s. Figure 32b
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shows the response time during SOC equalization and Figure 32c shows the response
for the reactive power step. After the reactive power step, the active power presents a
steady-state negative value. This is observed because the grid provides the converter
energy losses.

Figure 32. Dynamic behavior during the step reactive power: (a) active and reactive power, (b) tran-
sient response at the balancing instant, (c) transient response at the step instant.

Figure 33a shows the behavior of the grid current during the battery charging process.
Figure 33b shows a zoomed-in view of the current system reaching a steady state; Figure 33c
shows the behavior of the grid current at the instant of the reactive power step.

ig,a

ig,b

ig,c

Figure 33. The behavior of the grid current during the reactive power step: (a) grid current,
(b) zoomed-in view of the grid current at the balancing instant, and (c) zoomed-in view of the
grid current at the step instant.

Figure 34a shows the behavior of the circulating current in the battery charging process.
Note that during the SOC balance process and in the reactive power step, disturbances in
the behavior of the circulating current are observed. However, the response time is fast
and consistent with the designed control loop. Figure 34b displays the behavior of the
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circulating current during the step process in reactive power. Finally, Figure 34c shows a
zoomed-in view of the circulating current at a steady state.

Figure 34. Dynamic behavior of the circulating current during the reactive power step: (a) circulating
current; (b) zoomed-in view of the transitory state; (c) zoomed-in view of the steady state.

7. Conclusions

This paper discusses a control strategy and how to perform control tuning for the
MMC-based BESS. Thus, a control-tuning strategy and a methodology are presented to
obtain the gains for each controller. The control strategies were designed for the single
stage. In addition, this control methodology applies to different battery models/chemistry.

The methodology used to calculate controller gains is based on pole allocation. In a
system with many control loops, this strategy makes it possible to minimize interference
between the loops. Among the control loops discussed, one approach involves the use of
independent control of energy levels in each arm. The decoupling of the system allows for
a better balance of the SOC between the arms.

To validate the controls and gains obtained, the frequency response was presented
through the Bode plot and the step response. Next, completing the validation of the
controllers, the MMC-based BESS converter in the single-stage approach was simulated
using PLECS software. The results pertain to the moments of charge and discharge of the
batteries. As shown in the results, MMC-based BESS presented satisfactory dynamics.
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