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In this paper, a new decentralized gradient-based co-
operative control method is proposed to achieve cur-
rent sharing for parallel chargers in energy storage-
type light rail vehicle systems. By employing a gener-
alized artificial potential function to characterize the
interaction rule for subchargers, the current-sharing
control problem is converted into an optimization
problem. Based on the gradient of the potential func-
tion, a decentralized gradient cooperative control law
is derived. A general saturation function is introduced
in the proposed control to guarantee the bounded-
ness of the control output. The stability of the closed-
loop system under the proposed decentralized gra-
dient control is proven with the aid of a Lyapunov
function. Simulation results are provided to verify
the feasibility and validity of the proposed distributed
current-sharing control method.

Keywords: current-sharing, cooperative control, parallel
charging

1. Introduction

Supercapacitors have many advantages over energy
storage batteries, such as large capacitance, high power
density, quick charge/discharge with instantaneous large
current, and long cycle life. As an emerging energy stor-
age component, supercapacitors have been adopted as the
main power supply for energy storage-type light rail ve-
hicles. With this technology, a traction power grid is no
longer needed to construct a light rail system, and a regen-
erative braking system can be designed to save energy.

In order to keep light rail vehicles running at high ef-
ficiency, supercapacitors need to be fully charged during
each parking period at the platform, which requires the
charging system to supply a large enough current to speed
up the process. A single charger is difficult and expen-
sive to obtain, thus several chargers can be connected in
parallel to boost the system’s capacity and form redun-
dancy [1,2]. However, this may also lead to a current
imbalance problem among chargers [3, 4].
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Current imbalance is mainly caused by the intrinsic dif-
ference between the parameters of each component in the
circuit, especially the difference in each supercapacitor’s
capacitance, which is nonlinear and affected by input volt-
age. If the charging current is not balanced, the charger
with higher current has to bear a larger output power,
which may lead to high thermal stress and higher risk of
system breakdown during prolonged operation [4]. Thus,
current imbalance may degrade the performance and re-
liability of the whole charging system. It is necessary to
adopt an effective current-sharing control strategy to bal-
ance the output current of charging systems.

There are several solutions to current-sharing prob-
lems, such as the droop control method [5], master-slave
method [6, 7], central current-sharing control method [7],
and distributed current sharing control method [8]. The
droop control method achieves current balance by tun-
ing the output impedance. This method is simple and
has been widely used in parallel charging systems with
small capacity. However, for large capacity systems or
large variance load systems, this method ceases to be ef-
fective and suitable [9]. The master-slave method arbi-
trarily designates one power module as the master mod-
ule while the rest are designated as slave modules, which
follow the master module’s allocation current [6, 7]. The
central current-sharing control method contains a central
controller to compute each module’s output current ac-
cording to the total load current. The common disadvan-
tage of the master-slave method and the central current-
sharing control method is that a faulty master module or a
central controller can cause the whole system to collapse,
thus decreasing the system’s reliability.

In the distributed control method, each parallel charger
has its own autonomous controller, which communicates
and exchanges state information with other chargers. It
can be easily expanded to increase the system’s charging
power and form redundancy, to improve the system’s re-
liability. The failure of one charger will not cause the col-
lapse of the whole system. Distributed consensus and co-
operative control were recently applied to current-sharing
control [8], where the current-sharing problem was con-
verted into a current consensus-tracking problem of non-
linear and non-identical multi-agent systems. The adja-
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cent chargers interacted with each other and exchanged
state information on the charging current, which allowed
the cooperative current-sharing objective to be achieved.

However, in practical applications, two aspects of the
cooperative control law [8] need to be improved: the dis-
turbance rejection and convergence rate performance. On
the one hand, the charger is intrinsically nonlinear be-
cause of the principles of the buck DC/DC circuit as well
as the features of the supercapacitor. The charger is also
inevitably affected by the disturbances mentioned above.
Current consensus-tracking control is essentially a pro-
portional control method for each agent [8], which makes
it hard to address the problems of nonlinearity and distur-
bances.

On the other hand, the distributed control law is based
on the state difference between neighbors, which is ac-
tually a gradient of a special potential function formed
by the square of the state difference between neighboring
agents [8]. The potential function is associated with the
convergence rate, but the omitted potential function in [8]
is fixed and cannot be changed, which means that conver-
gence rate performance cannot be improved by adopting
more suitable potential functions. To solve these prob-
lems, a generalized artificial potential function (APF)-
based decentralized gradient control would be a good op-
tion.

The APF-based gradient nonlinear control is a real-time
optimization tool, whose purpose is to autonomously find
an optimal point for the potential function, while main-
taining the stability and boundedness of signals. Potential
functions have been widely used for multi-agent coordi-
nation [10-12]. A potential function is created to contain
the scalar signal to be tracked as well as the interaction
rules for a group of agents. The parallel current charging
process can be divided into two parts. One is the sub-
chargers’ current synchronization and the other is target
current tracking. Thus, the current-sharing objective can
be treated as a potential function optimization problem.
By minimizing the potential function, target tracking and
current synchronization can be achieved simultaneously.
A generalized APF provides flexibility for convergence
rate improvements, and the nonlinear decentralized gradi-
ent control is applied to address the problems of nonlin-
earity and disturbances.

In this paper, we seek to solve the current imbalance
problem of supercapacitor chargers by gradient based
optimization based on a generalized potential function,
while taking into account the control input constraints.
The main contribution of the paper can be summarized
as follows.

First, by introducing a potential function, the current-
sharing control problem of the charging system for en-
ergy storage-type light rail vehicles is converted into an
optimization problem.

Second, an APF-based decentralized gradient control is
developed by treating the charging system as a decentral-
ized nonlinear multi-agent system. A potential function is
created to characterize the interaction rule for the group,
which is composed of two parts. The agent-target func-
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Fig. 1. Schematic diagram of main circuit of charging sys-
tem for energy storagetype light rail.

tion contains the scalar signal to be tracked, which directs
the group’s behavior for target tracking. The agent-agent
function forms the interconnection part which makes the
agent synchronize its state during the whole process.
Third, since the control signal of the charger is the duty
ratio, which is physically constrained between O and 1,
a general saturation function is added into the proposed
control to satisfy input constraints. Fourth, the overall
system stability is rigorously proven using the Lyapunov
method.

The rest of this paper is organized as follows. Section 2
discusses the current-sharing problem, charging system
analysis, and modeling. Section 3 elaborates the current-
sharing strategy using the APF-based decentralized gradi-
ent control, followed by stability analysis. The simulation
results of current-sharing cases are given in Section 4. Fi-
nally, Section 5 presents the conclusions.

2. Charging System Analysis and Modeling

2.1. Charging System Composition and Problem
Formulation

As shown in Fig. 1, the charging system for the energy
storage-type light rail vehicle is composed of a 10 kV AC
supply grid, a 10 kV/900 V AC converter, and four par-
allel connected chargers, which can exchange state infor-
mation by communicating with each other. We need the
charger to have an output current of 1800 A, which means
an equal average output current of 450 A for each charger.
The charging process is completed when the supercapac-
itor’s terminal voltage reaches 900 V. Because of the in-
trinsic differences between the parameters of components
in the circuit as well as disturbances, the output current
of each charger is difficult to balance. Therefore, the pur-
pose of this study is to design a control law to balance the
output current of each charger.
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Fig. 2. Equivalent three branches RC circuit model of the
supercapacitor.
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Fig. 3. Buck circuit for each charger subsystem.

2.2. Super Capacitor Modeling

As the storage device for the energy storage light rail
vehicle system, the supercapacitor is the charging target.
It is intrinsically nonlinear [13] and its capacitance Cg.
rises with increasing voltage. Electric charge redistribu-
tion occurs when the charging process ends; a leakage
current also exists. There are several methods for su-
percapacitor modeling, but the Three Branches equiva-
lent modeling method is widely used because of its ac-
curacy and practicability. As Fig. 2 shows, a supercapac-
itor can be divided into three capacitor-resistor branches
and a leakage resistor branch. Each branch has its own
time constant, which varies widely from each other. The
first branch or immediate branch is composed of a resis-
tor Ry, a constant capacitor Cp, and a variable term C,
proportional to the terminal voltage C, - U,. Its time con-
stant is in seconds. The second branch or delay branch
includes a capacitor C, and a resistor R;, and its time con-
stant is in minutes. The third branch or long-term branch,
includes a capacitor C3 and a resistor R3, and a time con-
stant to the 10 min level. According to the time constant,
the first branch reflects almost all behaviors in a charg-
ing process, so the capacitance of the first branch can be
equally used as the capacitance of the supercapacitor, de-
noted as C.; = Cp 4 C,U., which shows that the capaci-
tance is linear with its terminal voltage.

The dynamics then can be described as

Generalized APF-Based Cooperative Current-Sharing Control

2.3. Charger Modeling

Figure 3 specifically depicts one charger from the di-
agram of the charging system in Fig. 2. It can be seen
that the charger mainly consists of a chopper buck DC/DC
circuit and a three-phase bridge rectifier circuit. Uy; is the
input DC voltage, U, is the supercapacitor’s terminal volt-
age, I; is the output current of the i-th charger, L; is the
inductor, 7; is the equivalent resistance, and D; is the insu-
lated gate bipolar transistor (IGBT) duty ratio. According
to Kirchhoff’s voltage law, the current dynamics can be
obtained as follows:

, ; U Uy
=l Zey A @
L; L L;
: r U,
i=——5Lr—— . . . ... ... ... @3
f LT 3)

where Egs. (2) and (3) represent the conditions when
IGBT is ON and OFF, respectively. To obtain uniform
dynamics for all times, there are several modeling meth-
ods available, among which the average value modeling
method is the most practical and effective [14,15]. To
adopt this method, we can obtain uniform current dynam-
ics as

= (=G Ly Y4 p,
I L[l Ll C Ll l

7 1
+<—E’111—EUC>*(1—D,-)
o r,-I_ 1U —|—UdiD
oLt oL L
ri 1 1
= ——I——U —Uuj . . . . . . . . 4
LT et )

where u; = Uy D; represents the control input to facilitate
later analysis. D; € [0, 1] determines u; € [0,U,] , which
is a constraint for the system that will also be discussed
later. From Egs. (1) and (4), we can see that the charging
model is nonlinear and has a coupling relationship with
each other.

We can convert the i-th charger dynamic model into a
more general form, described as

X = fixi) + gi(xi)ui

y,:h,(xl),(S)
where i = 1,2,3,4, x; = I; € R is the i-th charger’s state,
u; is the control input as in Eq. (4), system function f;(x;)
and g;(x;) are Lipschitz continuous, and #;(x;) is the out-
put of the system, as defined below

fl(xi> = _Ell - EUC
o) = 1
hi(x,-) :Ii. C e e e e e e e e e e e e e (6)

0. — I 1 i I ) Our objective is to design a control law u;(f) to over-
‘G GHCOUET come the system’s nonlinearity, coupling restriction, and
unpredictable disturbances, thus balancing the current of
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every charger. Described in mathematical form we have

lim|x;i—x[=0, . . . ... ... ... @
X—o0
where x; is the target current trajectory. x; should be pre-
determined by x; = I./n, where I, represents the total cur-
rent of subchargers.

3. Current-Sharing Strategy Based on the
Decentralized Gradient Control

In this section, a generalized potential function is em-
ployed to characterize the optimization objective for cur-
rent sharing with subchargers. A decentralized gradient
cooperative control law is designed to serve as a basis.
Stability is proven with the aid of a Lyapunov function.

3.1. Preliminary APF-Based Decentralized
Gradient Control

The APF-based decentralized gradient control is typi-
cally an optimization problem of the potential function.
The optimal value is found literally from the gradient di-
rection of the APF [16-19]. In order to achieve system
goals, the design of the APF becomes very critical. The
APF must have a global minimum or maximum value,
which is the point where the system control objectives are
achieved. The gradient of the APF should be easy to cal-
culate analytically and have low computational complex-
ity. To a large extent, the APF determines the convergence
rate of the output value. Hence, in order to improve dy-
namic performance control, the APF should provide some
flexibility for design. The nonlinear decentralized gradi-
ent control is basically a control method to find the op-
timal APF value. With some nonlinear control concepts
like siding mode, it can address the problems of system
nonlinearity and disturbances. With these requirements,
the APF-based decentralized gradient control shows ex-
cellent control performance.

3.2. Potential Function Design

Consider a multi-agent system consisting of N individ-
uals in n-dimensional Euclidean space. We assume that
the i-th agent’s motion is governed by the nonlinear model
(5). We also assume there is a scalar signal J;(x) to be
tracked by the swarming agents, which has an unknown
isolated minimum at x, € R". Our purpose is to design a
control law for each agent such that we can achieve swarm
tracking. We consider a potential function composed of
several components. The interconnection component puts
coordination on the agent based on its neighbor’s informa-
tion, in order to maintain synchronization of the agent’s
state. In addition, a tracking component containing the
scalar signal to be tracked is added to direct the group’s
behavior for target tracking.

First, consider the potential function for agent to target
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interaction given by

N
Jaox) =Y T (xi—xl), ~ - . o oL @®
i=1

where J;; is the potential between the i-th agent and the
target trajectory x;, which is defined in Eq. (7). Jj is as-
sumed to have a minimum at x; = x;, whose purpose is to
track the target for the i-th agent, i.e., target tracking for
agents.

Second, consider the potential function for agent to
agent interaction given by

N-1 N
Jaa(x) =Y Z Jij (Jxi=xi)), - - - .. ©®

i=1 j=it1

where J;;(x) is the potential between the i-th and the j-
th agent, and is assumed to have a minimum at x; = x;,
whose purpose is to achieve synchronization for agents,
i.e., state synchronization for agents.

Combining J,; and J,,(x) together, the generalized APF
for the nonlinear system (5) is formed

J(x, %) = Kapdar (%, %) + KgaJaa (%), . (10)

where K, K,, are the weights of the potential compo-
nents. Obviously, the minimum value of J(x,x;) appears
at x; = x; and x; = x;. If we can design a decentralized
controller to minimize the APF, then target tracking and
state synchronization can be achieved.

3.3. Control Law and Stability Analysis

In this section, we present a cooperative control law,
i.e., the APF-based decentralized gradient nonlinear con-
trol. A Lyapunov function is applied to prove the stability
of the control law.

1) Cooperative Control Law
First, we introduce a saturation function ¢(-), which
satisfies the following assumption

Assumption 1:
(1) ¢(-) is Lipschitz continuous,
(2 ¢(2) =0 z=0
(3) z¢(z) >0,Vz#0
@) Pmin < 0(2) < Pmax, ZER

We assume that ||%,|| < % for some known ¥ > 0, is
a realistic assumption, since x; represents the velocity of
a moving target, and velocity is always bounded. With
this assumption, let k; > 0, B; > ¥, inspired by [17], the
controller can be written as

zi = Vi J(x,x)

4 = —Ki9(@i) — Pisgn(9(zi) — filxi)
l gi(x:)

where sgn(-) is the signum function, V,J(x,x;) is the

derivative potential function J(x,x;) at x;, and ¢(z) is a
saturation function with z, which might be a hyperbolic

G 8))
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tangent function as used in [20]. Nonetheless, any func-
tion satisfying Assumption 1 would work. From Eq. (6),
we can see that fi(x;) and g;(x;) are bounded. Thus, in
Eq. (11), bounded V. J(x,x;) determines a bounded u;,
which meets the practical requirements mentioned in the
previous section. The forthcoming subsection will pro-
vide detailed proof.

2) Stability Analysis
First, we assume that the following conditions hold for
potential function J:

Assumption 2: Fori=1,... N, there exist functions A; :

R* — R such that
Ve ([Ixl1) = xhie (||x[])

Assumption 3: There exist unique distances J; at which
we have

hit<5it) =0

Assumption 4: The potentials J; (||x; —x;||) are symmetric
and satisfy

Viidij(lxi —x;11) = =V Jij([lxi —x;])
Assumption 5: For 1 <i, j < N there exist functions gﬁ{r :
R™ — R such that

Vidij(llx]l) = xgg-(llx])

Assumption 6: There exist unique distances ;; at which
we have

>0, x| > &;

ga(lel) =4 =0, x|l =8;
<0, x| < 8.

The term gii( ||x||) determines the attraction-repulsion re-
lationship between the individuals. Specifically, it shows
attraction when ||x|| > §;; and repulsion when ||x| < &;;.

Hence, g5.(|[x]|) can be divided into two parts [17], as
gl = g (i) + g2 Clsl), - o o (12)

where g/ (||x||) and g (||x||) represent the attraction and
repulsion, respectively. The distance §;; is the equilibrium
point where the attraction and repulsion reach a balance,
meaning that ||x; —x;|| = &;; is the minimum point of the
potential function J;;(||x; —x;]|).

Theorem 7: Consider the charging systems Eq. (5) with
decentralized control protocols Eq. (11). Under Assump-
tions 1-6, suppose k; > 0, B; > %, ||%]| < 7 for some
known 7y > 0, the control objective of Eq. (7) can be
achieved, i.e., the output current of the parallel chargers
can ultimately synchronize to the desired reference cur-
rent trajectory. That is, the overall closed-loop system is
asymptotically cooperative stable.

Proof: ~ With Assumptions 2 and 5, we can obtain the
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gradient of J(x,x,) in Eq. (10) with respect to x; as

Vx,-](x7xt) = Ku - Vi Ja (x,%1) + Kaa - ViJaa (x)
=Ky - Vx,Jit(Hxi _xtH) + Kaa

N
Z Vi ([lxi — ;1)
=1,j#i

Kar - (i = )i ([l = x[])

N

Z (xi

J=Lj#i

+Kaa - _xj)gfzjr(”xi_xj”)u

(13)
and the gradient of J(x,x,) with respect to x; as
Vi J(x,x:) = —Kgr (Xi — x0)hie (|| xi — x¢|]). .+ (14)

With the transformation of Eq. (13), Eq. (14) can be
rewritten as

N
Vi d(x,x) = — ZinJ(x,x,)
i=1
N N
+Kaaz Z _xj gar Hxl x]”)'
i=1j=1,j#i
(15)
Moreover, since
N N
(X x])gar<||xl xj”):O? e (16)
i=1j=1,j#i

which follows from Assumption 4, we obtain

Vi (x,x) = va,Jxx,) N ¢ 1))

i=1
Now we choose a Lyapunov function candidate as
V=J,x). . - . . . . . . ... .. .08

Differentiating Eq. (18) with respect to time ¢ and then
substituting Eqs. (5) and (17) into the derivative function
V, then it follows that

. N
V= 1[V I (x, xt)]

X+ [V J(x,x))" %

I
™M=

[Vxlj(x xl)] (ﬁ(xl)+gl(xl) xt) . (19)

I
-

Substituting z; = V. J(x,x,) and u; into Eq. (19), we get

VZZ

Since z, ¢(z) and sgn(z) have the same sign componen-
x| <%, Bi > ¥ as mentioned above, and obvi-

—ki¢(z:) — Bisgn(9(z:)) —%). . . (20)
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Table 1. Supercapacitor’s parameters in simulation.

Parameter R; (mQ) Cy (F)
Value 5.6 92.3

G (F/V)
0.0747

Table 2. Four buck circuits’ main parameters in simulation.

Bucki Uy (V) r(mQ) L; (mH)
1 1332 3.49 3.15
2 1269 2.98 2.88
3 1288 3.12 2.96
4 1375 3.89 3.01

ously sgn (¢(z)) = sgn(z), so

V=Y (~kizl ¢(z)

N
= Z (_kiZiT O(zi)

— Bizisgn(z) —z} %)

=B |zl

— 4 &)

N
< — Z(kz, #(z)) <0, . . . . .. .2

to this end, the system is stable.

4. Simulation Examples

4.1. Simulation Cases

In this section, we present three cases to illustrate
the feasibility of the APF-based decentralized gradient
control for the current-sharing parallel charging system
shown in Fig. 1. The supercapacitor was modeled as three
branches of an RC circuit, as shown in Fig. 2, whose main
parameters are presented in Table 1. Four subchargers are
adopted to form the charging system, which means that
N =4 in Fig. 1. The main parameters of the four buck
circuits are given in Table 2. We assumed that the ini-
tial current is O for all the buck circuit simulations. Three
different cases are considered below.

Case A: The supercapacitor’s charging current is set at
1800 A for the whole charging process. That is to say,
each subcharger’s output current should be 450 A.

Case B: The whole charging process for each sub-
charger includes two sequential phases, namely, a fast
charging phase with a charging current of 450 A, and a
trickle charging phase with a charging current of 100 A.

Case C: On the basis of Case B, a disturbance is added
to the buck circuit.

In all cases, the initial current of each subcharger is
0 A. Case A is used to test the feasibility of the APF-
based decentralized gradient control technology applied
to a current-sharing situation. Case B is used to determine
whether the decentralized gradient control can meet the
requirements in actual practice. More specifically, when
an energy storage-type rail vehicle reaches the platform
and the supercapacitor must be charged to 900 V within
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30 s for the next trip. The supercapacitor’s initial voltage
should not be less than 500 V, here, without loss of gener-
ality. The initial voltage is set as 500 V. The charger, com-
posed of four parallel subchargers with a charging cur-
rent of 1800 A, charges the supercapacitor until its volt-
age reaches 870 Vi; this is called the fast charging phase.
Then, it moves on to the trickle charging phase, where the
charging current decreases to 100 A. The charging process
is completed when the supercapacitor’s voltage reaches
900 V. Case C is used to evaluate the disturbance rejec-
tion performance of the APF-based decentralized gradient
control applied in current-sharing.

There are four buck circuits and four decentralized gra-
dient controllers in Fig. 1. The performance function de-
picted in Eq. (10) can be formulated in a specific form
as

4
y= xxt:KZ

+Kaa ), ) E(x,-—xj)z. N ¢))

w
~
—_

The specific final control law u; and the duty ratio D; are
written as

Zi:V xxt atz _xt

+Kaaz Z (xl

i=1j=i+1
u; = —Liki(])(zi) —Liﬁisgn ((I)(Zl)) r,-Ii + UC
uj
Di=—, . . . . . . ... .. ... (23
Un (23)

where 7y, L;,i =1,2,3,4 are given in Table 2. The weights
of the potential components K, = 1, K,, = 0.1, the su-
percapacitor’s initial voltage U.(0) = 500, and its initial

current ;(0) = 0,i=1,2,3,4 in all cases.
The specific saturation function in Eq. (23) is given as
a x>a
o(x)=qx x€[-a,al . . . . ... .24
—a x< -—a,

where a is a parameter which can characterize the upper
and lower bounds of the saturation function. Here, a =
300 for all cases in the simulation. In addition, another
saturation function with lower bound 0 and upper bound
1 was added to the output control signal duty ratio D; to
ensure that it is strictly confined within [0, 1].

4.2. Results and Analysis

In Case A, the current-sharing objective was 450 A,
which means that in performance function Eq. (10), the
target value x; = 450. The current-sharing curve is plot-
ted in Fig. 4(a), which illustrates that the current quickly
achieved synchronization under different initial parame-
ter conditions, and reached the consensus objective when
t =2 s. The charger then maintained a constant charging
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(a) Current-sharing curve

(b) The Charging voltage curve

(c) The duty ratio curve

Fig. 4. Current-sharing curve for Case A: under decentralized gradient cooperative control with a target value x; = 450 A until

voltage reaches 900 V.
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(a) Current-sharing curve

(b) The Charging voltage curve

(c) The duty ratio curve

Fig. 5. Current-sharing curve for Case B: under decentralized gradient cooperative control with a fast charging phase (x; = 450 A)
until voltage reaches 870 V, and then shifts to the trickle charging phase (x; = 100 A) until voltage reaches 900 V.

current until the supercapacitor’s terminal voltage reached
900 V, as shown in Fig. 4(b). This means that the super-
capacitor was fully charged, and the control output then
dropped to O A at a quick response rate, as shown in
Fig. 4(c). However, the charging current declined at a
lower response rate because of the residual energy stored
in the inductor and capacitor of the buck circuit. More-
over, at this point, as shown in Fig. 4(b), the terminal
voltage exhibited a sharp drop of approximately 20 V
for two reasons. The first was the disappearance of the
impedance divider, which was very large under large cur-
rent. The other reason was the reallocation of the super-
capacitor’s electric charges. The simulation results show
that the APF-based decentralized gradient control can be
applied in the current-sharing task of a parallel charging
system.

In Case B, the target value x;, = 450 was used in the
performance function for the fast charging phase, and
x; = 100 was used for the trickle charging phase. The
current-sharing curve is plotted in Fig. 5, which illustrates
that under different initial values, the charging current of
each subcharger quickly synchronized its value and in-
creased to 450 A from O A, when r =2 s. A constant
charging current was maintained until the supercapaci-
tor’s voltage reached 870 V, which indicated that the fast
charging process was over. The charging current then de-
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creased to 100 A as the charging process moved on to
the trickle charging phase. The charging process ended
when supercapacitor’s terminal voltage reached 900 V.
As Fig. 5(b) shows, the supercapacitor was fully charged
when its terminal voltage rose from 500 V to 900 V in
less than 30 s. This illustrates that the voltage objective
was achieved by adopting the decentralized gradient con-
troller. The control output signal duty ratio is plotted in
Fig. 5(c).

A comparison with Fig. 4(b) shows that in Fig. 5(b),
the supercapacitor was charged to almost exactly 900 V
without any excess or decline in voltage. This means that
charging tasks cannot be performed effectively and safely
using a large current. A better and more practical alter-
native is to use a large charging current during the first
stage for a quick charging response, followed by a lower
charging current in the second stage for a steady and safe
charging process.

In Case C, on the basis of Case B, a disturbance sig-
nal was added to the buck circuit’s input voltage Uy; (i =
1,2,3,4). More specifically, a sharp decline of 800 V for
0.2 s was added to Uy; at t = 10 s. The current-sharing
curve plotted in Fig. 6 illustrates the simulation results,
which show that at r = 10 s, with disturbances, the cur-
rent had a maximum decline of approximately 15 A, and
then returned to the normal value within 0.6 s, which was
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Fig. 7. Current-sharing curve under traditional distributed control law: a comparison with Case C.

a quick response. Fig. 6(b) shows the charging voltage
response, which exhibited almost no effects from the dis-
turbances. The 800 V voltage drop was a very large dis-
turbance, but the fluctuation of the charging current was
relatively small. Fig. 6(c) shows the control output duty
ratio curve. It maintained a constant maximum value be-
fore 2 s, which guaranteed a quick consensus. Then the
duty ratio value kept increasing due to the rise in superca-
pacitor voltage. When t = 10 s, a sharp rise was regulated
to counteract the voltage disturbance. When the voltage
reached 900 V, the duty ratio dropped to O to decrease the
charging current to 100 A. In short, we can conclude that
the APF-based decentralized gradient control scheme can
effectively reject the disturbances of the buck circuits, and
thus perform current-sharing tasks.

Figure 7 shows a performance comparison using the
traditional distributed control law depicted in [8] with
Case C. All the parameter settings were the same, except
for the controller. Obviously, the current convergence rate
was slower than in Case C. Under disturbances at¢t = 10's,
the current had a maximum decline of about 30 A and
recovered for 5 s, which was larger and longer than in
Fig. 6(a). Clearly, Case C rejected disturbances more effi-
ciently. The curve in Fig. 7(b) also increased more slowly
than in Fig. 6(b), which indicated a slower response to the
output voltage. The duty ratio curve depicted in Fig. 7(c),
which has a slow response to consensus as well as dis-
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turbance, also showed less competitive performance com-
pared with Fig. 6(c). Thus, we can conclude that the APF-
based decentralized gradient control method performed
better in terms of both convergence rate and disturbance
rejection, making it a more effective and suitable way to
achieve current sharing.

5. Conclusions

In this paper, a generalized APF-based decentralized
gradient control was adopted to address the current im-
balance problem for the parallel charging system of an
energy storage-type light rail vehicle. A generalized po-
tential function was employed to determine the interaction
rule for the subchargers, converting the current-sharing
problem into a problem of minimizing the potential func-
tion. A nonlinear decentralized gradient control law is
proposed based on the gradient of the potential function.
The boundedness of the control output was also consid-
ered with a general saturation function. The charging sys-
tem proved to be cooperative stable. Simulations showed
that the proposed current-sharing approach was effective
and feasible, and had good performance in terms of both
convergence rate and disturbance rejection.
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