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ABSTRACT This paper proposes a dynamic state-of-charge (SOC) balance control strategy for the modular
super capacitor energy storage system (ESS). The strategy takes SOC information as the droop variable
and introduces the SOC of each module into its independent current closed loop by inverse droop control,
so that the system can adjust the average operating current of each sub-module according to its SOC in
the system dynamic charging and discharging process. Moreover, a concise unified current compensation
method is proposed to minimize system current deviation caused by the balance algorithm. Compared with
the traditional control strategies, the proposed strategy does not need to exchange SOC information between
sub-modules, thus effectively reduces system communication data. In addition, the proposed strategy not
only has favorable voltage control ability and stability, but also has a concise control structure. The proposed
balance control strategy can further improve the modularity and reliability of the modular ESS, which is
helpful to promote the application of the system in medium and high voltage applications.

INDEX TERMS SOC balance control, modular multilevel DC/DC converter (MMDDC), droop control,
bidirectional DC/DC converter, energy storage system.

I. INTRODUCTION
Super capacitor is a kind of energy storage device with
the features of high power density, long lifetime and wide
working temperature range [1]. Super capacitor based energy
storage system is widely used in renewable energy system,
rail transit system and electric vehicle [1]–[3]. Due to the low
voltage level, super capacitors are usually used in series to
supply high voltage applications. However, because of the
manufacturing errors and frequent charging and discharging
operations, the capacitance of super capacitor will be incon-
sistent after long-term use, which will lead super capacitors to
be overcharged or over-discharged. Therefore, SOC balance
control is one of the key issues in the ESS [4]. At present,
many SOC balance strategies have been proposed and these
strategies can be summarized as active balance strategy, pas-
sive balance strategy and direct balance strategy, as shown
in Figure 1 [5].

Active balance strategy needs to transfer the energy from
the high SOC cells or modules to the low SOC ones with
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the aid of external equipment, such as capacitors or isolated
converters [6]–[11]. Capacitor-based balance strategy has the
advantages of simple circuit structure and low cost [7], [8].
Yet, the energy transfer between non-adjacent modules will
reduce system efficiency. In order to solve this issue, soft-
switching balance technique is proposed in [9], but the con-
trol of the balance circuit becomes more complex. In contrast,
the balance strategy using isolated converter can improve
energy transfer efficiency [10], [11]. However, the require-
ment for designing the transformer increases with the number
of super capacitors.

Passive balance strategy uses power resistor or zener diode
to consume the redundant energy in high SOC super capac-
itors [12]. Although this strategy has the advantages of easy
implementation and simple control, the energy utilization is
very low and the system heats seriously.

Unlike the former strategies, direct balance strategy can
use the system main power circuit to achieve SOC bal-
ance control in system dynamic process [13], [14]. There-
fore, the external balance circuit can be avoided, which can
not only improve the system reliability, but also avoid the
energy loss caused by the balance circuit. Huang et al. [13]
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FIGURE 1. Classification of SOC balance methods.

synthesized DC bus voltage control and SOC balance control
into a single control system, and used the average SOC
to control each sub-module. A decoupled dynamic balance
control strategy was proposed in [15]. The decoupled SOC
control loop is superposed with the current loop to achieve
SOC balance control during system dynamic process. In addi-
tion, model predictive control [16] and novel cascaded topol-
ogy [17] are also studied. These direct SOC balance strategies
need to share SOC information with others by communi-
cation lines. Yet, the communication between sub-modules
leads to the complexity of system control increasing with the
number of sub-modules, at the same time, the large amount of
communication data will increase the system computational
burden and any sub-module failure will affect the system
normal operation. Reference [18] proposed to build indepen-
dent SOC balanced control closed loops for sub-modules,
and applied the traditional droop control to sub-module’s
current loop to achieve power balance control. However,
the output bias caused by droop control is not studied in this
paper. Reference [5] proposed a SOC balance control strategy
based on a common balance bus, which can reduce com-
munication data and improve system modularity. However,
the change of system hardware circuit brings some disadvan-
tages: 1) The balance bus and digital to analog converters
(DACs) make the system design more complex, which not
only increases system cost, but also greatly enhances system
potential risk; 2) The voltage signal in the long balance bus
is easily affected by external electromagnetic environment
in high power systems, and then affects the system control
performance; 3) The balance busmakes it impossible for each
sub-module to achieve electrical isolation. The electrical fault
of any sub-module will be transmitted to other sub-module
through the balance bus. This is a fatal defect for the modular
system to achieve the electrical isolation control of each
sub-module. 4) Each sub-module is still unable to achieve
completely independent control, and there is still room for
further improvement of system modularization. In summary,
the method proposed in [5] is not the optimal SOC balance
control scheme for the modular ESS.

Droop control is often used in the parallel system to achieve
power balance control [22]–[26]. Lu et al. [22] proposed the
SOC droop method for the parallel system to achieve power

balance control for the first time. On this basis, [24] proposed
a dual quadrant SOC droop strategy for energy storage units
to achieve energy balance control. Reference [26] proposed
to use frequency scheduling instead of adaptive droop gain to
regulate the active power, so each energy storage unit can
schedule its own frequency reference according to the SOC
values of all other units. However, due to the difference of
application background and converter topology, these strate-
gies are only suitable for distributed systems, not for cascaded
systems. An integrated SOC balance control strategy with
voltage compensation for the ESS is proposed in [27]. How-
ever, the output voltage deviation is not eliminated by the pro-
posed compensation method, and the voltage compensation
method requires different current compensation according to
the voltage error level, which results in the strategy to be
complex. Droop control is a balance control strategy with
simple principle and high reliability, its disadvantage lies in
the deviation in system control [28], [29]. The compensa-
tion method of parallel system is more complex than that
of cascade system because of the decentralized equipment.
Therefore, it is necessary to consider the actual condition to
design the balance strategy for the ESS, such as the converter
topology and the system working requirements, so as to find
the optimal solutions.

In order to achieve the SOC balance control of modular
ESS and further improve the modularity and reliability of the
system, this paper proposes a dynamic SOC balance control
strategy. The proposed strategy takes SOC as the inverse
droop variable to design the current closed loop, and a concise
current compensation method is proposed to minimize the
positive current deviation caused by the balance algorithm.
Compared with the traditional strategies, this strategy has
favorable voltage control ability. It not only greatly simpli-
fies the digital communication required by the SOC balance
control, but also effectively simplifies the hardware and soft-
ware structure of the cascade modular energy storage system,
which helps to further improve the reliability and modular-
ity of the system. In summary, this strategy is more suit-
able for the multi-module ESS in medium and high voltage
applications.

The organization of this paper is as follows: The basic
principles of the proposed strategy are presented in Section II.
Detailed design and analysis of the proposed strategy are
carried out in Section III. Section IV shows the experimental
results to verify the effectiveness of this strategy and presents
the comparison with other strategies. The conclusion of this
paper is presented in Section V.

II. BASIC CONCEPT BEHIND THE PROPOSED BALANCE
STRATEGY
A. OPERATION PRINCIPLE OF THE MODULAR ENERGY
STORAGE SYSTEM
Figure 2 illustrates the schematic of the super capaci-
tor ESS based on the modular multilevel DC/DC con-
verter (MMDDC) [15]. The converter consists of multiple
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FIGURE 2. Schematic of modular super capacitor ESS.

FIGURE 3. Switching basis of ESS operation mode.

sub-modules SMi, (i = 1,2,3. . .n). Each super capacitor
module (SCM) occupies one sub-module. In Figure 2, udc is
the DC bus voltage, L represents the system inductance, RL is
the inductance equivalent resistance, Cdc represents the filter
capacitor of the ESS, and iL is the system current.
Super capacitor ESS is used to keep DC bus voltage

constant when the power on the grid is unbalanced. When
the load power exceeds DC bus input power, the ESS releases
the stored energy to prevent bus voltage from dropping.
When the load feeds back energy to DC bus, the ESS stores
the feedback energy to prevent the bus voltage from rising.
Hence, the ESS operation mode is determined by DC bus
voltage level. Figure 3 shows the system operation mode
switching basis. Because the judged voltage has a hysteresis
interval, the system operation modes are independent of each
other, and there is no mutual interference when the operation
mode is switched.

B. ESTIMATION OF SUPER CAPACITOR MODULE SOC
The simplified circuit model of SCM is shown in Figure 4,
which can be used to analyze the dynamic characteristics
of SCM. In Figure 4, Ckj represents the capacitance of the
jth super capacitor cell in the ith module (k, j = 1, 2, 3 . . . n),
Rkj is the equivalent resistance of super capacitor cell.
When multiple super capacitor cells are connected in series,
the equivalent capacitance and the equivalent resistance can
be expressed as Csci and Rsci, usci represents the voltage
of Csci.

FIGURE 4. Simplified super capacitor module circuit.

FIGURE 5. Observation model of SCM based on dual Kalman filters.

Super capacitor’s SOC is related to its charge[22], which
can be expressed as:

SOCi =
Csciusci
Qr

(1)

where Qr is the rated charge.
As shown in (1), the capacitanceCsci and the actual voltage

usci are required to calculate the SOC. Due to only usmi can
be measured in the actual system and the existence of Rsci,
themeasured voltage cannot be used directly. In order to solve
this issue, state observer is usually employed to estimate the
indirectly measurable parameters [20], [21]. The estimation
methods of SOC, available power and state-of-health (SOH)
of batteries using Kalman filter are designed and analyzed in
detail in [20]. Here, the dual Kalman filter observation model
is adopted to calculate the SCM SOC.

According to Figure 4, the SCM state equation in discrete
state can be derived as: usci(m+ 1) = usci(m)+

1
Csci(m)

isci(m)Tc + w(m)

usmi(m) = usci(m)+ isci(m)Rsci(m)+ v(m)
(2)

where isci is the operating current of SCM, Tc is the sample
period, m represents the sampling times, w(m) and v(m) are
assumed to be the mutually uncorrelated white Gaussian
random processes with zero mean.

In order to obtain the SOC accurately, it is necessary to get
the value of Csci and Rsci. A new state variables expressed
as x2(m) = [Csci(m) Rsci(m)]T is constructed. According
to the method proposed in [21], an observer based on dual
Kalman filters is built to get the value of Csci and Rsci,
as shown in Figure 5. x−(m) and P−(m) are the predicted
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state and error covariance vector, which are calculated from
the prior moment. The optimal estimate of state and error
covariance x+(m) and P+(m) are obtained though refining
processes based on the predicted state and error covariance.
It can be seen that the calculation process has two Kalman
filters running in parallel—one is used to achieve the state,
the other is used to achieve the parameters.

C. BASIC PRINCIPLE OF THE PROPOSED BALANCE
STRATEGY
Phase-shifting control is adopted by the MMDDC to improve
system current ripple frequency [15]. According to the anal-
ysis presented in [5], the relationship between iL and the
average current flowing through SCM ia_sci can be obtained:

ia_sci = di · iL (3)

where di is the duty ratio of arbitrary sub-module.
According to (1), the relationship between SCM charge

and its SOC value can be derived:

1Qi(T ) = Qr1SOCi(1T ) (4)

where 1SOCi(T ) is the changed SOC value in 1T time,
Qi represents the changed charge of SCM.

Meanwhile, according to the Coulomb’s law, we can have:

1Qi(T ) = 1Tia_sci(T ) (5)

According to (4) and (5) we can have:

ia_sci(Ts) =
1Qi(Ts)
Ts

=
Qr1SOCi(Ts)

Ts
(6)

where Ts is the switching period.
The total power of ESS is the sum power of all sub-

modules, hence the system power in any switching period can
be expressed as:

P(Ts) =
n∑
i=1

[
usmi(Ts) · ia_sci(Ts)

]
(7)

Substituting (6) into (7), it yields:

P(Ts) =
Qr

Ts

n∑
i=1

[
usmi(Ts) ·1SOCi(Ts)

]
(8)

According to (6), we can have the relationship between
sub-module operation current and its SOC variation:

ia_sci(Ts)
SOCi(Ts)

=
Qr

Ts
(9)

Substituting (9) into (8), it yields:

ia_sci(Ts) =
1SOCi(Ts)P(Ts)

n∑
i=1

[
usmi(Ts) ·1SOCi(Ts)

] (10)

From (3) and (10), the relationship between the duty ratio
of each sub-module and the SOC variation of SCM can be
obtained as follows:

d1 : d2 : ... : dn = 1SOC1 : 1SOC2 : ...1SOCn (11)

It can be known from (11) that the SOC variation of each
sub-module is proportional to the duty ratio, which means
that the SOC balance control can be achieved by controlling
sub-module duty ratio. To achieve this purpose, the higher
SOC module in charge mode should be charged by a small
average current, and the one with lower SOC should work
with a large average current. In discharge mode, the sub-
module working principle is opposite to that in charge mode.

III. DESIGN AND ANALYSIS OF THE PROPOSED
CONTROL STRATEGY
A. CONTROL STRATEGY DESIGN
Assume that the current direction in discharge mode is pos-
itive. Figure 6 shows the unified schematic diagram of the
proposed strategy for charge and discharge mode. The strat-
egy has a master-slave structure. All sub-modules share a
common voltage loop and each sub-module has an indepen-
dent current loop with the same structure. The communi-
cation content between master and slave controllers is only
the original current reference. The SOC information of each
sub-module no longer needs to be processed centrally. This
design method not only minimizes the communication data,
but also guarantees the independence of each sub-module in
system control.

The structure of the proposed strategy in charge mode is
basically the same as that in discharge mode. But in order
to ensure the original current reference and feedback current
are positive in any mode, the feedback voltage and current
signals must be adjusted. For example, due to udc > uref in
chargemode, the voltage loop input is designed as (udc−uref).
At the meantime, the feedback current in charge mode needs
to be reversed.

As shown in Figure 6, the SOC of each sub-module is
treated as the droop variable and is introduced into the current
loops. The final current reference of each sub-module can be
expressed as:


i∗refi = iAi + iBi
iAi = iref(1+ m0SOCi),

iBi = −

{
α0(iL − iref) iL > iref
0 iL ≤ iref

(12)

where i∗refi is the final current reference; iAi is the balance
current reference; iBi is the system current compensation
reference; iref is the original current reference, which is gen-
erated by voltage loop;m0 is the balance coefficient; α0 is the
system current compensation coefficient.

The balance current reference iAi is the critical part in the
proposed strategy to achieve SOC balance control. It can be
seen from (12) that the high SOC module will have a larger
final current reference than the low SOC one. Therefore,
when the system operates in discharge mode, the high SOC
module will work with a larger duty ratio and discharge more
power. While, the one with low SOC will release less power.
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FIGURE 6. Control block diagram of the proposed SOC balance control strategy.

The system equivalent equation can be written as:

udc =
n∑
i=1

uscidi − (L
diL
dt
+ iL · RL) (13)

It can be known from (13) that the system current is
inversely proportional to the duty ratio in charge mode.
Therefore, the final output duty ratio is reversely designed,
which is shown in Figure 6. By this way, the duty ratio of
high SOC sub-module in charge mode will be always smaller
than the low SOC one until the SOC difference between sub-
modules is eliminated.

B. SYSTEM CURRENT PERFORMANCE ANALYSIS
Assume that all the SCMs have the same SOC and the current
compensation in (12) is ignored, in the steady state we can
have:

IL = (1+ m0SOCi)Iref (14)

where IL and Iref are the system current and original current
reference in the steady state, respectively.

According to (14), we can have the effect of the balance
coefficient and SOC on system current, which is shown
in Figure 7.

As shown in Figure 7, the proposed SOC balance strategy
is similar to the droop control method used in the parallel
operation system to achieve load current sharing [22]–[24].
The common advantage of the proposed strategy and con-
ventional droop control method is that the communi- cation
data in the system control can be minimized, thus the system
modularity can be improved. The shortage of droop method
is the poor output voltage regulation performance. How-
ever, the proposed control strategy sacrifices system current

FIGURE 7. Effect of balance coefficient and SOC on system current.

regulation performance to achieve distributed SOC balance
control, leading to a positive current deviation.

According to (14), the current positive deviation rate kui
can be expressed as:

kui = m0SOCi (15)

The role of kui is to generate the current reference deviation
between sub-modules to balance the SOC. A larger m0 is
beneficial to achieve SOC balance control. However, it will
cause a larger deviation in system current.

In order to reduce system current deviation, a unified cur-
rent compensation reference is added to the current reference,
which is expressed as iBi in (12). After adding the current
compensation, in the steady state we can have:

IL = (1+ m0SOCi)Iref − α0(IL − Iref) (16)

According to (16), we can obtain:

IL = Iref +
m0SOCi
1+ α0

Iref (17)

So, the modified current positive deviation rate kumi is

kumi =
m0SOCi
1+ α0

(18)
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FIGURE 8. Design principles of m0 and α0.

It can be seen from the comparison between (15) and (18)
that the current compensation can help to reduce the cur-
rent positive deviation. However it can only minimize but
not completely eliminate the current deviation. Therefore,
it needs to compromise the balance control and system cur-
rent control according to system operation requirements to
design the parameters.

The design of m0 and α0 should satisfy the following
principles: (1) The system current deviation must be within
the maximum allowable range. (2) The current compensation
reference has no effect on the original current reference. The
two principles can be expressed by the following equations:

m0 ≤
1Imax

Iref
(1+ α0) (19)

Irefm0SOCi − α0(IL − Iref) ≥ 0 (20)

where 1Imax/Iref is the system current deviation ratio.
So as to prolong the lifetime of super capacitors, the SCM

SOC should be kept larger than 0.5 [1]. Substituting (20)
into (19), we can get the value of α0, which can be designed
within the range of 0∼1. Under this range, the design princi-
ple of m0 and α0 can be derived according to (19), which is
shown in Figure 8.

According to Figure 8, themaximum allowable system cur-
rent deviation should be determined firstly, and then design
m0 and α0 by synthesizing other performance requirements,
such as balance performance or system response speed. For
example, assume that the maximum current deviation rate
is 0.05, at the meantime the parameters should ensure the
fastest system dynamic performance, thus, according to the
analysis in Section III (D) and Figure8, α0 should be designed
as 1 and the maximum value ofm0 is 0.1. The value ofm0 can
be selected less than 0.1 to improve system current regulation
performance. But, when the balance speed is considered first,
m0 should be designed as 0.1.

C. STABILITY ANALYSIS
Because of the large capacity, the voltage of each SCM can be
viewed as a constant value in a short time [22]. Thus, we can
have:

usci = Usci (21)

where Usci is the voltage of SCM at steady state.

By perturbing (13), the perturbed expression of system
state equation is shown as:

ûdc =
n∑
i=1

Uscid̂i − (sL + RL)îL (22)

where ûdc is the perturbed DC bus voltage; d̂i is the per-
turbed sub-module duty ratio and îL is the perturbed system
current.

The voltage variation of super capacitor during system
dynamic process is shown as:

usci = uscit=0 −
∫ t

0
iscidτ/Csci (23)

where uscit=0 is the super capacitor initial voltage.
Substituting (23) and (3) into (1), the expression of

SOC can be written as:

SOCi =
Csciuscit=0 −

∫ t
0 diiLdτ

Qr
(24)

Substituting perturbation into (24), and transferring the
final result into s-domain, the expression of the perturbed
SOC can be obtained:

sSÔCi = −(d̂iIL + Di îL)/Qr (25)

where Di is the sub-module duty ratio at steady state.
By perturbing (12), the perturbed expression of final cur-

rent reference is derived:

î∗refi=m0IrefSÔCi−α0 îL + (1+ m0SOCi+α0)îref (26)

where îref is the perturbed original current reference.
Substituting (25) into (26), the relationship between î∗refi

and d̂i is obtained:

î∗refi = −m0Iref
IL
sQr

d̂i − (α0 + m0Iref
Di

sQr
)îL

+ (1+ m0SOCi + α0)îref (27)

The original current reference and sub-module duty ratio
are generated by the voltage loop and current loop, respec-
tively, and their expressions are shown as:

iref = (uref − udc)Gdcpi(s) (28)

di = (i∗refi − iL)Gipi(s) (29)

where Gdcpi(s) and Gipi(s) are the voltage loop regulator and
system current loop regulator, respectively.

The classical proportional integral (PI) regulator is used by
the system, and their transfer functions are shown as:{

Gdcpi(s) = kdcp + kdci/s
Gipi(s) = kip + kii/s

(30)

where kdcp and kdci are the proportional coefficient and inte-
gral coefficient of voltage loop regulator, respectively; kip and
kii are the proportional coefficient and integral coefficient of
current loop regulator, respectively.
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By perturbing (28) and (29), the perturbed expression of
iref and di can be obtained:

îref = −ûdcGdcpi(s) (31)

d̂i = (î∗refi − îL)Gipi(s) (32)

Substituting (32) into (27), the perturbed final current ref-
erence can be removed. Thus, the perturbed duty ratio of each
sub-module can be expressed by îL and îref, which is shown
as:

d̂i =
sQrGipi(s)

Gipim0IrefIL + sQr

[
−(α0 + m0Iref

Di
sQr

)îL
+(1+ m0SOCi + α0)îref

]
(33)

Substituting (33) into (22), and combining the result
with (31), the system characteristic equation is reached:

As4 + Bs3 + Cs2 + Ds+ E = 0 (34)

where A, B, C , D and E are listed in (35).

A = kdcpLQr

B = kdciLQr + kdcp(RLQr + Lkipm0IrefIL

+

n∑
i=1

Uscikipα0Qr)

C = kdci(RLQr + Lkipm0IrefIL +
n∑
i=1

Uscikipα0Qr)

+kdcp

RLkipm0IrefIL + Lkiim0IrefIL

+

n∑
i=1

Uscikiiα0Qr +

n∑
i=1

UsciDim0Irefkip


D = kdcp(RLkiim0IrefIL +

n∑
i=1

UsciDim0Irefkii)

+kdci

RLkipm0IrefIL + Lkiim0IrefIL

+

n∑
i=1

Uscikiiα0Qr +

n∑
i=1

UsciDim0Irefkip


E = kdci(RLkiim0IrefIL +

n∑
i=1

UsciDim0Irefkii)

(35)

To simplify the system stability analysis, an ESS con-
sists of three sub-modules is studied. System parameters are
shown in Table 1, which are verified by Matlab/Simulink.
The system root locus under different conditions are shown
in Figure 9∼11. According to (34), we can know that the
system has four poles. Because one pole is far away from the
imaginary axis and locates on the left plane, it is not shown in
the figures. The pole marked with a circle means that it does
not change with the analyzed parameter. The arrow shows
the changing trend of the pole as the analyzed parameter
increases.
Figure 9 shows the system root locus when the parameters

of voltage loop regulator change. In Figure 9(a), kdci keeps
the value shown in Table 1 unchanged and kdcp increases
from 0.1to 10 with the step size of 1.1. It can be seen that

TABLE 1. System parameters.

FIGURE 9. System root locus under different voltage regulator
parameters. (a) kdcp increasing (b) kdci increasing.

the increasing of kdcp leads to one pole moving toward the
imaginary axis. Figure9(b) shows the system root locus when
kdcp does not change and kdci increases from 0 to 5 with the
step size of 0.5. One pole locates on the origin when kdci is 0,
but with the increasing of kdci, this pole graduallymoves away
from the imaginary axis.

It can be seen from Figure10 that only one pole is con-
trolled by the current loop regulator. When kip increases from
0.05 to 0.5 with the step of 0.05 and other parameters remain
unchanged, the system root locus is shown in Figure10(a).
It can be seen that the increasing of kip weakens the system
stability. Figure10(b) shows the root locus when kii varies
from 0.05 to 0.5 with the step of 0.045. The increasing of
kii leads to this pole moving away from the imaginary axis.

Figure 11(a) shows the poles with the balance coefficient
varies from 0.05∼0.5 with the step of 0.045, and α0 is set

41424 VOLUME 8, 2020



K. Bi et al.: Dynamic SOC Balance Strategy for Modular Energy Storage System Based on Adaptive Droop Control

FIGURE 10. System root locus under different current regulator
parameters. (a) kip increasing (b) kii increasing.

to be the maximum value 1. It can be seen that m0 mainly
affects the system dominant pole and a larger m0 can help to
improve system stability. Figure11(b) shows the system root
locus when the voltage of the three SCMs gradually reduces
from the value shown in Table 1 to 30V and the final duty
ratio of each sub-module gradually reaches 0.89. It can be
seen that the SCM voltage does not influence the system
stability obviously. Due to the voltage can reflect SCM SOC,
Figure11(b) also can be used to demonstrate the influence of
SOC on system stability.

The dominant closed-loop pole of the system is mainly
decided by m0. As shown in the Figure 9∼11, all the poles
are located on the left half plane, so that the stability of the
control system can be confirmed.

D. ANALYSIS OF VOLTAGE STABILIZATION CAPABILITY
The current in a series system is determined by all modules
together. Due to the current loop of each sub-module has
the same structure, all current loops can be represented by
a unified average current loop. From this point, the system
control block diagram can be simplified, which is shown
in Figure 12.
M0 is the gain of the original current reference, M0 =

(1 + m0SOC0). Even though the final current reference of
each module is different, the system current will approach
the average final current reference when the number of series
modules is large. Therefore, SOC0 can be considered as the
average SOC of all modules. idc is the load current. Ki and
Ku are the feedback gains of system current and bus voltage,
respectively, which are set to be 1. The transfer functions of
Gdcpi(s) and Gipi(s) are shown in (30). Gs(s) is the transfer

FIGURE 11. System root locus when m0 and SCM voltage change. (a)m0
increasing (b) SCM voltage increasing.

FIGURE 12. The simplified control block diagram of modular ESS.

function from inductance voltage to system current. Gc(s) is
the transfer function from system current to DC bus voltage.
The expressions of Gs(s) and Gc(s) are shown as follows:

Gs(s) =
1

sL + RL
Gc(s) =

1
sCdc

(36)

As shown in Figure 12, the system current loop can be
divided into two parts: the improved current reference and
the current closed loop. Since the balance strategy only
changes the current reference and the response of the current
loop is much faster than that of the voltage loop, part 
in Figure12 can be simplified to a first-order inertial item.

i∗ref
iL
=

1
τ s+ 1

(37)

where τ is the inertia time constant.
Substituting (36) and (37) into Figure12, the voltage closed

loop transfer function of the proposed control strategy can be
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FIGURE 13. Unit step response of the proposed strategy. (a) m0
increasing (b) α0 increasing.

obtained as follow:

uref
udc
=
kdcpLWs2 + (kdciL + kdcpRL)Ws+ kdciRLW

N4s4 + N3s3 + N2s2 + N1s+ N0
(38)

whereW = (1+m0SOC0+α0). The expressions from N0 to
N4 are shown as follows:

N4 = τCdcL
N3 = (1+ α0)CdcL + τRLCdc

N2 = kdcpLW + α0RLCdc + τ

N1 = (kdciL + kdcpRL)W + α0
N0 = kdciRLW

(39)

The system unit step response results are derived according
to (38), which are shown in Figure13. In addition to the
parameters shown in Table 1, SOC0 is set to be 0.8 andKpwm0
is 1. Figure 13(a) shows the response results when α0 is set to
be 1 andm0 increases from 0.1 to 0.5 with the step size of 0.1.
Figure13(b) shows the results when m0 is set to 0.2 and α0
varies from 0.2 to 1 with the step size of 0.2. According to the
curves shown in Figure13, the following conclusions can be
obtained: 1) The unit step response of voltage closed-loop is
convergent, which means the proposed strategy has favorable
voltage control capability; 2) Larger balance parameters are
conducive to improve system dynamic response speed.

IV. EXPERIMENTAL VERIFICATION
In order to verify the validity of the proposed control strat-
egy, a laboratory scale prototype has been developed, which
consists of three sub-modules. A 32-bit floating-point DSC
(TMS320F28335) and an FPGA (XC3S500E) are utilized for
the system control. TheDSC is in charge of sampling and data
computation, and the FPGA is used to generate drive signals.
Infineon IRFP90N20D is employed as the power device.

It can be known from the analysis presented in
Section II(A) that the system operation modes are indepen-
dent of each other, thus the verification of the proposed
strategy under the two modes can be carried out indepen-
dently. Because of the limited experimental conditions, two
super capacitor modules connected in series are employed
to simulate the DC bus to achieve bidirectional energy flow.
Figure14(a) shows the schematic of the experimental plat-
formwhich consists of charging part, DC bus and themodular
ESS. Except for the parameters shown in Table 1, other
experimental parameters are listed in Table 2. DC bus and

TABLE 2. Experimental parameters.

the modular ESS are pre-charged by the charging part before
experiment starts. The discharge resistances including Rdc
and Rdsc are used to adjust the voltage of DC bus and SCM
to the set value. The physical experiment platform is shown
in Figure 14(b).

A. EXPERIMENTAL RESULTS
Figure15 shows the experimental results in charge mode.
The initial voltage of DC bus is 98V, and the initial SOC of
the three SCMs is 0.62, 0.68 and 0.74, respectively. As can
be seen from Figure15(a) that the ESS is charged with the
maximum current of 15.5A and the DC bus voltage is
finally stabilized at 80V. The charge time at steady state is
about 4 seconds. Figure 15(b) shows the response results
without adding current compensation. It can be seen from
Figure 15(b) that the maximum current in charge mode
is larger than 15.5A, and the current deviation increases
with the increase of SOC value. The charge time at steady
state lasts 3.6 seconds, which is less than that with current
compensation.

In order to better display the variation of SOC curves,
the initial SOC value of the minimum SOC module is set
to be the zero level in charge mode. The SOC curves in
charge mode are shown in Figure 15 (c). The SOC increases
gradually as the charging process continues, and the SOC
differences between SCMs decreases obviously. Figure15(d)
shows the SOC difference curves, where1SOCi−j represents
the SOC difference between the ith module and the jth mod-
ule. At the end of the charging process, the final values of
1SOC2−1 and1SOC3−2 reach 0.038 and 0.04, respectively.
Thus, 1SOC2−1 has been reduced by 36.7% and 1SOC3−2
has been reduced by 33%. Due to the sub-module #1 has the
smallest initial SOC, it can be seen from Figure15(e) that,
with the aid of the proposed control strategy, sub-module #1 is
fully turned on to absorb energy.

The experimental results in discharge mode are shown
in Figure16. The initial voltage of DC bus is 70V, and the
initial SOC of the three SCMs is 0.64, 0.76 and 0.7, respec-
tively. The system response curves are shown in Figure16(a).
It can be seen that the DC bus is charged by the ESS with
the current of 15.5A, and the steady-state discharge time
is about 1.4 seconds. The system response curves without
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FIGURE 14. Schematic and physical diagrams of experimental platform. (a) Schematic diagram of experimental platform. (b) Physical diagram of
experiment platform.

FIGURE 15. Experimental results in charge mode. (a) Waveforms of DC bus voltage and system current with current compensation. (b) Waveforms of DC
bus voltage and system current without current compensation. (c) SOC waveforms of each SCM. (d) SOC variation waveforms. (e) Sub-module output
voltage and system current.

current compensation are shown in Figure16(b). The max-
imum discharge current reaches 16.5A and the steady-state
discharge time is 1.2 seconds. The initial SOC value of the
maximum SOC module is set to be the zero level in dis-
charge mode, and the SOC curves are shown in Figure16(c).
Figure16(d) shows the SOC difference between SCMs. The
final values of1SOC3−1 and1SOC2−3 are 0.049 and 0.041,
respectively. Compared with the initial state, 1SOC3−1 has
been reduced by 18.3%, and 1SOC2−3 has been reduced by
31.67%. Figure16(e) shows the waveforms of system current
and sub-module output voltage. Sub-module #2 operates with
the largest duty ratio and the duty ratio of sub-module #1
is 0.5, which is the smallest. The duty ratio lower limit
of MMDDC is 0.5, which means that sub-module #1 has
operated under the smallest duty ratio to prevent discharging
energy.

The following conclusions also can be drawn from the
above experimental results: (1) The proposed current com-
pensation method can efficiently minimize the current devi-
ation, thus the current regulation performance is improved.
(2) Super capacitor has the characteristic high power den-
sity, the charging and discharging time of the system
used in the experiment is relatively short. So, multiple
charging and discharging times are required for the sys-
tem to achieve completely SOC balance control. (3) From
the current curves in Figure 15(e) and Figure 16(e), it can
be seen that different sub-module voltages and their duty
cycles lead to an increase in current ripple. Yet, in the
practical system, the proposed strategy will not cause
SOC difference as large as the experimental settings in
this paper, so the current ripple will not increase sig-
nificantly. Considering the system security, the system
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FIGURE 16. Experimental results in discharge mode. (a) Waveforms of DC bus voltage and system current with current compensation. (b) Waveforms of
DC bus voltage and system current without current compensation. (c) SOC waveforms of each SCM. (d) SOC variation waveforms. (e) Sub-module output
voltage and system current.

inductance can be increased appropriately to suppress the
current ripple.

To verify the effectiveness of the strategy under other
unbalanced conditions, the experiment with single unbal-
anced module is carried out under the same experimental
conditions, and the experiment results are shown in Figure17.
In Figure17(a) the initial SOC values are 0.68, 0.68 and
0.74, respectively. During the charging process, 1SOC1−2
keeps zero all the time and 1SOC3−2 decreases gradu-
ally. When the charging process is over, the final value of
1SOC3−2 reaches 0.027, as shown in Figure17(b). Thus,
the SOC difference has been reduced by 55% compared
with initial state. Fig17(c) shows the SOC curves in dis-
charge mode, and the initial SOC values are 0.7, 0.76 and
0.7 respectively. As shown in Figure17(d),1SOC2−1 reaches
0.034 and 1SOC3−1 is always 0. Thus, the SOC difference
has been reduced by 43.3%. In order to clarify the effect of
the proposed strategy more clearly, the key experimental data
in Figure15, 16 and 17 are sorted out and presented in Table 3.
From the results we can know that the proposed strategy has
favorable SOC balance control ability.

B. COMPARISON WITH OTHER METHODS
Acomparison analysis is carried out to highlight the effective-
ness of the proposed control strategy. The subjects selected
are the SOC balance strategy proposed in [5] and [13]. The
balance control strategy proposed in [13] is also applicable to
the MMDDC topology, so we compare and analyze the three
balance strategies under the same MMDDC. The comparison
results are as follows.

TABLE 3. Experimental results.

1) COMPARISON OF BALANCE EFFICIENCY
Figure 18 shows the experimental results of the strategy
proposed in [13] under single unbalance module. Figure18(a)
and (b) shows the experimental results in charge mode. The
initial SOC values in charge mode are 0.68, 0.68 and 0.74,
respectively. After charging, 1SOC1−2 remains zero, while
1SOC3−2 gradually decreases to 0.023, which is 61.67%
lower than the initial state. Figure 18 (c) and (d) shows
the discharge experiment results. The initial SOC values are
0.7, 0.76 and 0.7 respectively. After discharge termination,
1SOC2−1 reaches 0.031, which has been reduced by 48.3%
compared with initial state. In the same case, the balance
efficiency of active SOC balance strategy for charge and
discharge mode can be found in [5], which are 66.7% and
50%, respectively.
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FIGURE 17. Experimental results under single unbalanced SCM. (a) SOC waveforms in charge mode. (b) SOC difference
waveforms in charge mode. (c) SOC waveforms in discharge mode. (d) SOC difference waveforms in discharge mode.

2) COMPARISON OF POWER LOSS
The ESS power loss can be classified as system line loss PL
and power device loss Ps, which can be expressed as:{

PL = i2LRSL
Ps = Pcon + Pon + Poff + PD

(40)

where RSL is the system circuit equivalent impedance,
Pcon is the conduction loss, Po and Poff are the switching-on
and switching-off losses, respectively, and PD is the power
loss of body diode. The expressions of the above power loss
are shown as follows [30], [31]:

Pcon = (Uce0 + iLRch)iLδt

Pon = fswEsw_on
iL
IN

Usc

UN
KRg_onKT

Poff = fswEsw_off
iL
IN

Usc

UN
KRg_offKT

PD = (uD0 · iL + rD · i2L)+ Erec · fsw

(41)

where Uce0 is the threshold voltage of IGBT, Rch is the con-
duction resistance of IGBT, δt is the conduction time, fsw is
the switching frequency, Esw_on, Esw_off are the switching-on
and switching-off energy consumption respectively, iL/IN
and Usc/UN express the conversion coefficients for IGBT,
KRg_on and KRg_off are the correction coefficients for the
switching-on and switching-off energy consumption respec-
tively, KT is the temperature coefficient on switching loss,
uD0 is conduction voltage drop of body diode, rD is the
equivalent resistance of body diode, and Erec is the reverse
recovery losses of body diode.

The system energy loss is determined by both the power
loss and the running time of the system. Assuming that the
total transferred energy is Ew, which is expressed as:

Ew =
∫ t2

t1
udciLdt (42)

According to (42) we can obtain system running time.
According to the running time and (41), we can have the
expression of system total energy loss:

Eloss =
EwiL
udc

[
RSL +

n∑
i=1

(Rchiδti + rD)

]
+ nErecfsw

+

n∑
i=1

Ew
udc

[
Uce0iδti +

fswKTiUsci

INUN
(Esw_onKRg_on

+Esw_offKRg_off)
]

(43)

It can be known from (43) that when the number of cascade
modules is large, the switching losses tend to be the same
and the system energy loss will be determined by system
current. Therefore, reducing the system current can reduce
the energy loss. However, both the methods in [5] and in this
paper contain current compensation, and the system current
difference is very small. At the same time, the equivalent
impedance of the system and the conduction resistance of
the power device are very small. So, the energy loss of three
control strategies is basically the same.
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FIGURE 18. Experimental results of the SOC balance strategy proposed in [13] under single unbalanced SCM. (a) SOC waveforms
in charge mode. (b) SOC difference waveforms in charge mode. (c) SOC waveforms in discharge mode. (d) SOC difference
waveforms in discharge mode.

3) COMPARISON OF IN PRACTICAL APPLICATIONS
In addition to the balance efficiency and system power loss,
it is also necessary to evaluate the control strategy from the
perspective of practical application, which is carried out from
the aspect of system hardware architecture and communica-
tion data in this paper. All the three balance strategies require
digital communication. In addition to the digital control and
communication circuits, the strategy proposed in [5] requires
additional DAC circuits and a long balance bus. As analyzed
in the introduction, the additional circuits not only increase
system cost, but also bring great potential risks to the sys-
tem. In terms of communication data, the strategies proposed
in [5] and in this paper require very little communication, and
both strategies have fault tolerant control capability. But the
strategy in [13] needs to collect the SOC information of all
modules by means of digital communication, which not only
needs to deal with a large amount of communication data, but
also leads to the poor fault-tolerant control ability, and any
sub-module fault will affect its normal operation. Therefore,
in a comprehensive view, the control strategy proposed in this
paper has more obvious advantages in the actual conditions.

V. CONCLUSION
This paper proposes a dynamic SOC balance control strategy
for themodular super capacitor ESS. SOC is used as the droop
variable in the proposed strategy to redesign the independent
current loop of each sub-module, so that the sub-modules
can operate with the droop characteristic. Thus, the SOC
balance control is realized in the system dynamic process,
and the communication data for system control is minimized.

Moreover, a unified system current compensation method is
proposed to reduce system current deviation, which is caused
by the SOC balance algorithm. The proposed strategy has
favorable energy balance ability, stability and control perfor-
mance. Compared with the traditional balance strategies, the
proposed strategy not only has a concise structure and control
method, but also improves the modularity of the system.
Therefore, it is more suitable for the practical applications.
Furthermore, this strategy can be extended to other cascaded
modular ESS to balance the SOC of energy storage device,
such as cascaded modular battery ESS.
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