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Abstract: The voltage imbalance of cells will reduce supercapacitor stack storage efficiency,
and even cause permanent damage. To address this issue, a controllable voltage equalizer with
state of charge prediction is proposed in this paper. First, the voltage equalizer is designed by
using the controlled multiple-output DC-DC converter to provide a large equalization current.
Then, a dynamic linear-recursive model is introduced to predict the state of each supercapacitor.
Using the state of charge prediction, a control strategy is proposed to regulate the cells’ charging
current. The proposed voltage equalizer can obtain the complete balance of capacitor voltage in
large current applications. The simulation and experiment results validate the efficiency of the

proposed voltage equalizer.
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1. INTRODUCTION

As an emerging energy storage system, supercapacitors
(SCs) have many advantages over traditional storage bat-
teries: long life cycle, large charging/discharging capacity,
high efficiency, fast dynamic response. It is therefore be-
coming the most attractive energy-storage device for high-
power applications, such as electric vehicles and smart-grid
(Y. Zhong et al., 2006; M. Steiner & J. Scholten, 2005).

In many high-power applications, high output voltage of
around 900 V or more is needed, thus it is always connect-
ing a series of supercapacitor cells as a stack to satisfy the
high-power requirement. However, when the stack of SC
cells is charged, cell-voltage imbalance and dispersion may
occur because of the different individual cell properties,
such as capacitance, internal resistance, self-discharge rate,
and environmental conditions (S. Lambert et al., 2010).
SCs would not work with full efficiency and even be dam-
aged if the cell-voltage imbalance is not well handled.

Some equalization techniques are usually employed to
eliminate such imbalance, and they are mainly classified as
the dissipative equalization method and the nondissipative
equalization method (Z. G. Kong et al., 2006; J. Cao et
al., 2008). Among the dissipative equalization methods,
the most common way is to use a switched resistor (A.
C. Baughman et al., 2008) or zener diode (D. Linzen

* This work was partially supported by the National Natural Science
Foundation of China (Grant Nos. 61073103, 61379111, 61003233 and
61202342).

Copyright © 2014 IFAC

et al., 2005) across each capacitor cell in the string, as
shown in Fig. 1(a). By utilizing the switching resistor
and zener diode regularly, this can bypass the charging
current on the cell of large voltage, and achieve the balance
without complications. However, in high-power conditions
the charging current is high, which will lead to high power
losses on resistors, and may damage the SCs due to the
high temperature on resistors.

The nondissipative equalization scheme is a good alterna-
tive as less power loss is guaranteed. In literature (M. Uno,
2009; C. Speltino, A. Stefanopoulou et al., 2010), a number
of flying capacitor equalization schemes are proposed, as
shown in Fig. 1(b). The scheme uses a capacitor as an
external energy storage device to transfer energy between
the stack cells. The advantage of this scheme is its sim-
plicity of circuit topology and control method. However,
the equalization current of this scheme is limited by the
difference in voltage between the stack capacitors and the
flying capacitor.

Another type of equalizer through the series-parallel con-
nection of supercapacitor cells, as shown in Fig. 1(c), has
been studied by M. Uno & H. Toyota (2008) because
it needs no magnetic components. The drawback in this
scheme is similar to that of the flying capacitor scheme
in that the equalization current between the capacitors
is very low. It will take quite a bit of time to get the
voltage balanced and therefore is not suited for high-power
applications.
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The equalization scheme based on DC-DC converters is
one of the more developed solutions. Such structures al-
ways transfer energy from the higher voltage capacitor
to the whole stack or to the lower voltage capacitor to
avoid over-voltage conditions. The scheme proposed by
T. H. Phung et al. (2011) has a high degree of modu-
larity, as shown in Fig. 1(d), since each converter works
independently of others. In this circuit, it will take a long
time to get equalization, because the energy can only be
passed from one cell to an adjacent cell. Therefore, it is
not suited for high-power applications. A. Xu, S. Xie & X.
Liu (2009) proposed a dynamic voltage equalizer without
the voltage-detection and comparative circuits. However,
the performance of this scheme is limited by the difference
in circuit parameters of each branch.
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Fig. 1. (a) Switching resistor equalization scheme, (b)
Flying capacitor equalization scheme, (c) Series-
parallel connection equalization scheme, (d) Buck-
boost-based equalization scheme

In high-power applications, the high current will amplify
the voltage imbalance effect. To eliminate the effect rapid-
ly, the equalization current must also be high. However,
due to the low voltage characteristic of each supercapaci-
tor, the problem of how to supply high equalization current
with the given low voltage still remains.

Moreover, most voltage-equalizing algorithms are always
controlled by measuring the voltage of the capacitor, but it
can not represent the supercapacitors’ real state of charge
as the internal resistance shares the same voltage. When
the measuring voltages reach consensus, the supercapaci-
tors’ real state of charge does not achieve balance due to
the differences of internal parameters, especially equivalent
series resistance. A method to solve this problem is to esti-
mate the states and internal parameters of supercapacitors
and predict the state of charge. The most common method
for SoC determination is Coulomb counting (K. S. Ng, C.
S. Moo et al.,2009) for its advantage of simple calculation,
but it needs accurate measurement of current and enough
re-calibration points. C. Jiang et al. (2013) proposed an
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Fig. 2. Voltage-equalization circuit.

Extended Kalman Filter based SoC estimator which could
estimate the state of supercapacitors online and reduce the
effect of noise on estimation.

In this paper, an improved equalization topology that
can offer high equalizing current by using a controllable
multiple-output DC-DC converter is proposed. This circuit
gets energy from the supercapacitor stack and transfers it
to the selected cell by controlling the state of the switches.
Since the stack will supply higher voltage than the cell,
this scheme will produce a higher equalization current
compared with other equalization schemes. Then, a linear-
recursive model is introduced as the model of supercapaci-
tors. Making use of this model, the supercapacitors’ behav-
ior can be predicted. It will help the controller predict the
weakest cell. By using the recursive least squares method,
the model parameter could be estimated and updated live.

2. EQUALIZATION CIRCUIT

The framework of the voltage-equalizing circuit is shown
in Fig. 2. The equalizing circuit can be seen as a controlled
multiple-output DC-DC converter. The secondary side
voltage of the transformer can be regulated a little higher
than the average voltage of the cells by selecting the
parameters of the circuit. When the voltage-equalizing
circuit is active, a large current will be generated to
charge the stack by opening a corresponding MOSFET.
Moreover, the reverse parallel diodes in the other branch
make the voltage on the secondary side not large enough
to open, so the equalizing current is only generated in
the branch where the MOSFET is on. By controlling the
work status of MOSFET in different branches to change
the charging current, the voltage of supercapacitors can
eventually achieve consensus.

3624



19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

s

g

>

- ———
~ — — — 4
%)
S = ——
~ —
N
wt ===

4

Stage: | 1

Fig. 3. Equalization circuit mode.

For simplification, it is assumed that the switching tubes,
inductances and capacitors are all ideal devices. The
leakage inductance of the transformer is represented as L.
It is also assumed that there are NV supercapacitor cells in
a stack, where the cell capacitance is C,,(n = 1,2..., N),
the cell voltage is u,(n = 1,2...,N), the stack voltage is
Ugrray, the stack charging current is 7., the ratio of the
transformer is K = nj : ng, and the switching frequency
of the half-bridge converter is fs = 1/Ts. It is further
assumed Ugrrqy stays fixed during the switching period.

When the circuit is active, the conducting time of switch-
ing tubes S, and S, will influence the equalization current.
When S, and S, switch at a duty ratio of 50%, the
equalization current will reach its maximum. As shown in
Fig. 3, the equalization circuit mode is analyzed as follows:

Stage 1: When S, turns on and Si,, Si4 also turn on,
resulting in:

1
UAB = iuarray
ucp = K -uq (1)

Ur, =UAB —UcCD = §uarray —K-u

At stage 1, both current of leakage inductance iy, and the
secondary current %.q1 increase and the supercapacitor C;
is charging. At time ts, the current of leakage inductance
reaches its maximum:

, 1
LLsmax = <2uarray -K- U1> ' (t2 - tl) /LS (2)
Stage 2: At time t5, Sa turns off and Sy,, Sqq turn off,
the leakage current flows through the antiparallel diode
Sp, which results in the following:

1
UAB = _§ua7‘ray
ucp = K- (75} (3)
Ur, =UAB — UcpD = —FUarray — K -uy

2

At stage 2, iy, decreases rapidly, but still charge the least
capacitor until the current decreases to zero. Then S1,,514
turns off, resulting in:

. 1
ULsmaz = (QUarray + K- U1> : (t3 - t2) /LS (4>

Stage 3: when both s, and s1; s1. turn on, the current
of leakage inductance will increase at the same rate as in
Stage 1 and reach its maximum at time t4, thus

1
UAB = _§uarray
ucp = —-K- uy (5)
Ur, = UAB — UCD = —ZUarray + K -uy

2

Stage 4: When s, turns off and sy5, si. turns on, the
leakage current flows trough the antiparallel diode of s,
resulting in the following:

1
UAB = §uarray
ucp = —K -y (6)
Ur, = UAB — UCD = FZUarray + K -uy

2

When the leakage current returns to zero, sqp, $1. turn off.
Then s, will do its work in the next period.

The scheme proposed in this paper is similar to the circuit
proposed by A. Xu, S. Xie & X. Liu (2009), but the
primary difference is that a MOSFET is used in a rectified
circuit connected with the secondary side of transformer
instead of a diode. Due to the lower initial resistance, a
higher equalizing current could be provided in the same
voltage to reduce the charging time. If the circuit still uses
diodes, the equalizing result will be constrained by the
component consensus of all equalizing circuit branches.
The equalized voltages also have differences among cells
due to the differences among components. On the contrary,
with MOSFET, each branch can be controlled solely to
reduce the dependence on component features and obtain
a better robustness and equalizing result.

In the equalization circuit, the equalization current gy
plays an important role in the equalization rate. In this
circuit:

1

Z'eqn = iiLS max * K Uarray = N - Uegq (7)

where u., is the average voltage of a supercapacitor stack.
Summarizing the above equations, the branch current is

feqn = @+ b Uern, + C- ugm (8)
where
KT(N?—4K?) —  K°T
= a1 Ueq)0 = 777,
BEN LN ©)

c=— = Ueq — Un-

m7 Uern

where U, is the difference between the average voltage
and the cell voltage. From the above equation, it can be
seen that the closer the cell voltage reaches the average
voltage, the lower the current will be. In order to ensure
a high enough equalization current, the turn ratio of the
transformer should be chosen as K < 0.5N. At the same
time, the leakage inductance L, of the transformer and
the switching frequency of MOSFET will have a great
influence on the equalization current. The lower leakage
inductance L, and switching frequency ,the higher the
equalization current.

3625



19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

Fig. 4. Supercapacitor equivalent circuit model.

3. STATE PREDICTION AND CONTROL SCHEME

The previous equalization circuit can be treated as a
multiple-output DC-DC converter. In order to control its
output state and equalize the voltage of supercapacitors,
it is required to measure the state of supercapacitors and
construct a closed loop. Existing supercapacitor equaliza-
tion systems typically rely on the measured voltage. The
key process is to transfer the energy to a low voltage cell
or from a high voltage cell. By repeating the process, the
increased rates of all supercapacitors remain the same and
the voltage is equalized. However, in practical applications,
due to the internal parameters’ difference, especially the
internal resistance, the measured voltage cannot repre-
sent the real charging state; this may causes the energy
transformation among cells repeatedly and thus leads to
unmeaning energy consumption. In order to predict the
accurate charging state, a first-order circuit is used as the
equivalent model of supercapacitors, as shown in Fig. 4.

In the circuit, U is the capacitor voltage, I is the charging
current, Rj.qr is the leakage resistance, R, and Cy are
the resistances and capacitances of the branch respectively.
The voltage of C can treated as the real charging voltage
of supercapacitors. The transform function of the model is
represented as

Rleak + Rs

U.=
( Rleak

WU — IR, (10)

In order to calculate U. with the above equation, it is
necessary to identify parameters of the equivalent model.
In this paper, the least squares method is adopted to
identify parameters of the model. The procedure is:

1. Design the transform function of the equivalent circuit
model:
U(S) _ RleakRsCss + Rleak

G(S) - I(S> B (Rleak =+ RS)CSS +1

2. Derive the discrete time transform function and recur-
rence formula. Let

(11)

21—z
5= m (12)

then the discrete time transform function and recurrence
formula is as follows:
1

1y UG az+azz”
Gl = I(z7Y)  1-—az! (13)
Uk)=a1U(k—=1)4aol(k)+asl(k—1) (14)

3. Construct the linear discrete time model:

In (14), parameters a,a2,a3 are unknown variables. Equa-
tion (14) is rewritten as follows

U(k) = h' (k)8 + e(k) (15)

in which e(k) represents the sampling error at time k and

hT(k) = [U(k ; 1)7I(k)7l(k - 1)]

9 = [al,ag,ag} (16)

4. Estimate unknown variables using the least squares
method:

éLS is denoted as the estimate of 0, therefore the recur-
rence least squares algorithm is denoted as follows:

éLS(k) =0ps(k—1) + K(k)o(k)

0(k) = U(k) — h* (k)0s(k — 1)
P(k — 1)h(k)

Kk = T3 e ety ) . {an
B P(k—1)h(k)h* (k)P(k—1)
P(k) =Pk -1 - =7 hT (k)P (k)h(k)
5. Solve the equivalent model parameter. Let
1 (1- %5)
N "

then the discrete time transform function is denoted as
T(az—as) +a:
2(12—(1135 s+ 0«12_:1'3

T(1+a1)
2(1—a11) s+ 1

G(s) =

(19)

Compared with transform function (11)
T(a2 — a3)

2(1 — al)
a9 as

Rleak Rs Cs =

Rleak = (20)

1—a

T(1+a)
(Ricak + Rs)Cs = m

Then the final system parameters are solved to be
a2 —+ as

- 2(0,1&2 + 113>
. T(a1a2 + CL3)

(az + a3)2

When the supercapacitor is in use, it will be charging and
discharging repeatedly. Due to the difference in capaci-
tance of each cell, the charging/discharging rate will be
different. The smaller capacitance is, the greater voltage
changes during the charging/discharging process. If the
capacitor cells are charged according to real time status,
the energy may be transferred among cells repeatedly and
thus lower both the equalization efficiency and the energy
utilization.

In order to improve the equalization efficiency, it is neces-
sary to estimate the cell voltage when the Charging process
is finished. It is straightforward to estimate the superca-
pacitors’ state by the voltage and current with (14). Then
the supercapacitor cells’ charging state when the charging
is finished can be predicted. Finally, the controller will

3626



19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

control the equalization circuit output according to the
prediction result, and achieve the equalization at last. The
procedure is:

1. Predict the supercapacitor state using the recurrence
formula. Predict the voltage of each supercapacitor when
the charging process is finished or the total voltage reaches
a certain threshold.

2. Based on the prediction result of step 1, predict the
supercapacitor cell with least voltage when the charging
process is finished. Then the controller will control the
rectifying circuit to give additional charge to the branch.

3. Repeat step 1, when the voltage of the supercapacitor
chosen at step 2 reaches the set value, stop charging.

4. Repeat step 1-3, until all cells’ voltage predictions reach
consensus.

At each step, the least square method is calculated to
update and revise the parameters of the recurrence model.

4. SIMULATION AND EXPERIMENTS

The simulation is carried out to verify the feasibility of
the whole system in the Saber and Matlab/Simulink co-
simulation environment. A stack of 4 supercapacitors in
series is under consideration. The equalization circuit is
simulated by simulation software Saber. Control strategies
are implemented by using Matlab/Simulink environment.
The two parts are connected by the interface program
provided by Saber software.

The parameters of supercapacitor make reference to
Maxwell Technologies’ K2 series of ultracapacitor cells.
The rated capacitance of the supercapacitor is 3000 F. To
simulate the parameter’s deviation by aging, the capaci-
tance errors are varied from —10% to 20% in turn. The
capacitance values of Cy, C3, C3 and Cy are 3600, 3300,
3000 and 2700 F. The charging current is 150 A.

Fig. 5(a) shows the voltages of each capacitor cell and the
average current to each capacitor is shown in Fig. 5(b). It
is easy to see that the capacitors have the same voltage
at last. At the start time of the equalization period, the
weakest cell is not charged. The capacitor C is charged at
first, even though its voltage has a maximum value of the
four capacitors. When the capacitor Cy’s voltage reaches
the proper value, the other capacitors are charged in turn.
It’s worth noting that, the voltage equalizer does not keep
working during the whole charging process. Therefore,
this scheme can reduce switching losses of MOSFETSs and
increase energy efficiency.

A voltage equalization system for connected supercapaci-
tors is set up as shown in Fig. 6. The system is composed
of a supercapacitors stack, rectifier circuit, DC-AC circuit
and the controller. The supercapacitors stack consists of 8
modules in series, and the rated voltage and capacitance
of each module are 2.7 V, 3500 F respectively. The rectifier
circuit is made based on double-sided Al substrate to im-
prove the heat dissipation performance, each part of which
corresponds to a supercapacitor module separately. The
multiple-output transformer on DC-AC circuit is made
based on a ferrite core w434-03 with 3 turns in primary
winding and 1 turn in each secondary winding. The overall

Fig. 5. Simulation results. (a) Voltages of each supercapac-
itor u,. (b) Average current to each supercapacitor

in.

Super-
capacitors

Rectifier
Circuit
e

Fig. 6. Voltage equalizer test bench.

control algorithms, the sampling of current, voltage and
temperature are implemented on a C166 microcontroller.
The switching frequency is set at 10 KHz. The experi-
mental results of the duty ratio and the equalizing current
are illustrated in Fig. 7, which shows that the current can
reach 80 A.

The most important factor affecting the current output
is the inductance of the transformer. In order to conduct
large currents, a lot of work had been done during the
experiments. To reduce the leakage inductance L, of the
transformer, high-frequency magnetic materials were used
and the convert switching frequency reduced from 50 KHz
to 10 KHz. The transformer turns ratio was also reduced
from 4 to 3 to increase the current driving capability.

5. CONCLUSION

In this paper, an improved equalization circuit is pro-
posed to address the problem of voltage imbalance of
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Fig. 7. Equalization current to a supercapacitor.

the connected supercapacitor cells, in which the circuit
derives energy from the series supercapacitor stack and
transfers it to the specified cell. By utilizing synchronous
rectification, this circuit offers high current to achieve fast
voltage equalization. A mechanism based on the proposed
topology is further introduced to predict the charge s-
tate of the supercapacitor to help control the charging
current of the cell. This method takes advantage of the
characteristic of the supercapacitor cell rather than only
considering the output voltage of the cell, and can regulate
the charging current of the cell more efficiently and reduce
unnecessary power losses on the equalizer. Simulation and
experiment results show that the proposed equalization
circuit can offer high current satisfactory for high-power
situation, and the prediction based control law can achieve
the voltage balance precisely and efficiently.
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