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Introduction

o Characteristics of Supercapacitors[1]
Fast charging speed

long service life

O O O

High power density

RN

Wiz g

S319010NHIIL|
R S S S S )

«=\\®D A

S3IDOTONHIS L

L R S S

o no pollution, etc

* F 4+ + o+ F

o Application

o Energy storage electric vehicles[2]
o Uninterruptable power supply

Domestic: Guangzhou, Shenzhen, Wuhan......
Oversea: Russia, Australia......

Any requirements for charging?
Figure 2. Energy storage electric vehicles

[1]Xu A, et.al. Dynamic voltage equalization for series-connected ultracapacitors in EV/HEV applications[J]. IEEE IVT, 2009.
[2]zhang L, et al. A review of supercapacitor modeling, estimation, and applications: A control/management perspective[J]. RSER, 2018.
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Introduction

o Requirements of charging

o Fast charging in a limited time
o Charging with high current

0 Existing methods

trol model Centralized
o Constant current (CC) [1-2] LGN Decentralized
o Constant voltage (CV)[3] Distributed
a Hybrid charging (CC-CV) [4]
a ...

o Numerous works focus on distributed charging control model

more promising due to its high robust and scalability! = ?
®

[1]Hussein A et al. A review of charging algorithms for nickel and lithium battery chargers[J]. IEEE TVT, 2011.

[2] H. Li, et al. “A cooperative charging strategy for onboard supercapacitors of catenary-free trams,” IEEE ECCE, 2016.

[3]Yang J, et al. Online state-of-health estimation for lithium-ion batteries using constant-voltage charging current analysis[J]. Applied Energy, 2018.

[4] Glcin T N, et al. A constant-current constant-voltage charging based control and design approach for the parallel resonant converter[C] ICRERA, 2015.
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Introduction

o Motivation

o Excessive overshoot leads to current fluctuations
o Current imbalance influences system security and stability

Current overshoot and imbalance are critical issue!

a Current solving method
o Distributed cooperative charging (DCC) strategy[1]
> Introduce equilibrium terms

g‘i=gOi(IO—Ii)+Zn:aij(lj—li) Control strategy
j=1

» Regulate in fixed weights

Note that there are different charging requirements at different stages!

[1]Li H, et al. A cooperative charging protocol for onboard supercapacitors of catenary-free trams[J]. IEEE ICST, 2017.

Xiaoyu Luo IWIN 2019 June 19, 2020 5/24



Introduction

a Inspiration
o Unified equilibrium thought cannot solve current imbalance and overshoot well
o Divide the charging process into three stages
o Design dynamic correction weight coefficients

o Protect system performance in terms of current overshoot and imbalance

o Our goal

o Suppress current imbalance to enhance security
o Reduce overshoot to improve stability
o Design efficient charging scheme for current while improving charging speed
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Problem Formulation

o Distributed charging system model

o Multi-module collaboration

o Network-based equilibrium control

Distributed Charging System
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Figure 3. Distributed multi-module charging system model
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Problem Formulation

o Basic preliminaries

o For single module

T ;
o b to)® + tollif t <t

I, if t >t

Iy(t) = (1) ——  Reference current

Al ={1 (t+1) =1, (t+2)| 1, ()= T}/T () ——  Current overshoot

Al ={(t+ 1) - L+ DO =0} @)
o For n charging modules

n [—
Objective: |im Zli(t)—l
=1

t—>+o0 i

!Lrg\li(t)—lj(t)\:o, Vie{l,2,---,n},jeN,

Current imbalance

0, Vie{L,2,,n)

(4)

o Meet the total current demand

o Make sure current balance
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WCCA Charging Scheme

0 WCCA scheme
g’:i:21g0i(lo—li)+7/i2aij(lj—Ii) (5)
j=1

O A; optimizes the relationship between reference current I, and self module
output current I;
O y; optimizes inter-communication among n charging modules.

a Key idea

O Divide the charging process into three stages
O Stage 1 ---rising stage---catch up with the desired current I,
O Stage 2---unbalanced stage---current imbalance is the optimization focus
O Stage 3---over-regulated stage---reduce current overshoot

O Design dynamic correction coefficients
O Rising stage--- increase 1; to narrow the gap between I; and I, quickly.
Q Unbalanced stage---Make max I; and min I; approach I;

O Over-regulated stage--- decrease A; in time to avoid overshoot
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WCCA Charging Scheme

a Definition 1

O The stable fluctuation range ¢, satisfies

|Ii(t) — I~| < Eui, (6)

in which the charging system is in steady state.
Classical control theory

A (k) <« 4 (k)+ 6w,
sw, =1, (k)—1; (k)| /1, (k)

method

o Stage 1: ;(t) < (1 — g)I
I; is in the state of speed regulation.

a0 Weight-optimizing rule {

core . : .
k is the number of iterations

Tracking reference current
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WCCA Charging Scheme

o Weight-optimizing rule

3 . method o
o Stage 2: |[;(t) —I| < e, I if 7;(t) is in stage 2 then
I enters unbalanced stage 2 Find maximum and minimum current 7; (k)
l g9¢ < if 1;(k) — Io > O then
)k'ijmam {_ )\ijma,a: T 51“'?25
core dwy = max |I;(k) — I; (k)| /To(k).
else
Suppressing current imbalance Aijmin € Aimin + 0W2.
end if
_ method
o State 3: [;(t) > (1+¢,)I A (k)< 4 (k)-ow,
I; is in over-regulated stage 3. SW, :||0 (k)-1, (k)|/ 1, (k)

core

Avoiding excessive overshoot
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WCCA Charging Scheme

o WCCA scheme framework

4 D
[ Define initial Weight optimization
weight coefficients S
8 Stage 1: é Increase weight: N
l Speed [ Accerate
\sregulation / \_ toreference current )
Calculate current
deviation 5 (“Stage 2: \ ([ Y
utput Dynamic-optimize:
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» | currents . Suppress current imbalance
P \ regulation / \_ ~
Current Current control
overshoot | | imbalance Stage 3: Decrease weight:
» Over- . .
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\- /
}
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Update the Change variable {5% = max|1 (k) L&b)|/ I,(k)
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Figure 4. Overview of designing WCCA scheme

Pl regulate

Current deviation = > | Weight optimization
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WCCA Charging Scheme

0 State space model

x=Ax+Bu (7)

x = [xq,, %, Xnt1ll, State variables: current, voltage
u = [ug, uy, -+, uy, 0]7, Input variables: duty cycle
1 : v, -
Onxn - diag (¢) Onxl
A _ Li,i:1,2,---,n B — Li,i=1,2,---,n n
o 1 n 1 Rquin C
E _Req zi=1 E - Lii=12,-m d(n+1)x(n+1)
L\T€d/ 1xn J(n+1)x(n+1)

O The first n state variables are output currents
O Input variables are bounded
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WCCA Charging Scheme

o Stability Analysis

o Theorem 1
Suppose that

n

Z xi<nl,  (8)

=1
using WCCA scheme, the output currents of charging modules will converge to the
reference current asymptotically, i.e.,

tIim |Ii(t)— Io(t)| =0, Vie {1,2,---, n}
O The proof is finished through Lyapunov stability theorem

Theorem 1 gives the condition for system convergence
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WCCA Charging Scheme

o Impacts of current imbalance and overshoot

O Discuss the impacts of current overshoot and imbalance on charging system.
Note that the noise is unavoidable in the circuit. Consider WCCA strategy with

noise 6;
E(Gi)=0,
fo<0 ifi=j
E(eief)‘{o if i#]
O The current deviation with noise is denoted by

& =—0;(4ig0i +7i Terai) + —6;(vi Xl aij)+& (9)

QO Thus, we derive

E(s7)=E(&) (10)
D(¢f)=-D(8))a? + D(6,)B? + D(&)

—_ n — n
where a = A;go; + Vi Xj=1Qiji B = Vi Xj=1 Qij,
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WCCA Charging Scheme

o Mathmatical analysis !

o Ci’ inDCC
% gf in WCCA

Current deviation attenuation ratio

[S%]
T

0 _¢. Aj L=]
Is? =<ill, 6D 7

probability
]

ni

—_

o Simulation analysis

The size of overshoot and imbalance -1
is calculated by

current deviation/A

Figure 5. Comparison of PDF between WCCA and DCC

£
P(lfl‘9 | < S) = gD(fﬁ)d(fﬁ) (1 2) ¢The probability denotes that the current deviation
s is close to zero

WCCA has a higher probability of zero deviation than DCC under the noise. Thus,
It means that current overshoot and imbalance are effectively suppressed under

the control of WCCA.
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Simulation and Experiment

o Comparison of settling time
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Figure 6(a). Output currents in DCC Figure 6(b). Output currents in WCCA

0 WCCA has stabilized in 0.15 seconds
0 But DCC has not stabilized in the range of 0.08-0.15 seconds.
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Simulation and Experiment

o Comparison of current imbalance
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Figure 7(a). Current imbalance in DCC Figure 7(b). Current imbalance in WCCA

O Current imbalance drops from 1.74% to 0.29% under the control of WCCA
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Simulation and Experiment

o Comparison of current overshoot
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Figure 8(b). Current overshoot in WCCA

Figure 8(a). Current overshoot in DCC

O Current imbalance drops from 3.27% to 0.45% under the control of WCCA
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Simulation and Experiment

o Simulation data reshlts

Settling Time 0.1357s 0.1008s
Current imbalance 1.74% 0.29%
Current overshoot 3.27% 0.45%

Current steady

e 0.0042A 0.0006A
state deviation

Table 1. Comparison of simulation results

Compared with DCC strategy , WCCA has the advantages of
O suppressing current imbalance,

O decreasing current overshoot noticeably,

O reducing settling time.
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Simulation and Experiment

0 Experiment platform

Figure 9. Supercapacitor Charging Experiment Platform. (a) 24V DC power
source. (b) Development board. (cl), (c2), (c3) Three charging modules. (d)
Supercapacitors
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Simulation and Experiment

o Experiment results
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Figure 10(a). Output currents in DCC Figure 10(b). Output currents in WCCA

O The x axis: time t/s
O The y axis: output current I/A
O The maximum current imbalance in DCC is 24.26%, WCCA is 2.04%
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Conclusion

0 Summary
o Propose a WCCA scheme to improve and protect charging performance in overshoot,
imbalance and charging speed.

o Give a general proof of system stability for onboard SCs.

o Validate the effectiveness of WCCA in overshoot and imbalance.

o Future improvement
o Broaden strategy application range such as voltage or other following and

synchronization problems
o Consider how to evaluate other factors such as charging speed to improve

analysis.
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Q&A

Thank you!
&A
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