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Abstract: In this paper, an improved particle filter (Improved Particle Swarm Optimized Particle
Filter, IPSO-PF) algorithm is proposed to estimate the state of charge (SOC) of lithium-ion batteries.
It solves the problem of inaccurate posterior estimation due to particle degradation. The algorithm
divides the particle population into three parts and designs different updating methods to realize
self-variation and mutual learning of particles, which effectively promotes global development and
avoids falling into local optimum. Firstly, a second-order RC equivalent circuit model is established.
Secondly, the model parameters are identified by the particle swarm optimization algorithm. Finally,
the proposed algorithm is verified under four different driving conditions. The results show that the
root mean square error (RMSE) of the proposed algorithm is within 0.4% under different driving
conditions, and the maximum error (ME) is less than 1%, showing good generalization. Compared
with the EKF, P, and PSO-PF algorithms, the IPSO-PF algorithm significantly improves the estimation
accuracy of SOC, which verifies the superiority of the proposed algorithm.

Keywords: lithium-ion battery; state of charge; particle filter; particle swarm optimization

1. Introduction

Replacing traditional fuel vehicles with new energy vehicles is an effective way to deal
with the energy crisis and environmental pollution [1]. Lithium-ion batteries have become
the main source of power for electric vehicles owing to their low cost and low pollution.
The state of charge (SOC) estimation is one of the core functions of battery management
systems of electric vehicles, which can avoid overcharge and over-discharge of batteries,
achieve balanced management of battery packs, and effectively guide users to charge the
batteries. Accurate estimation of the SOC can improve battery working efficiency, prolong
battery life, and play an important role in ensuring the stable and safe operation of battery
packs [2].

At present, the SOC estimation methods mainly include the ampere-hour integration
(Ah) method, open-circuit voltage (OCV) method, model-based method, and data-driven
method [3]. Despite the Ah integration method being widely used in practical applications
as its simple principle, its error will increase with the accumulation of errors as it is an
open-loop form of estimation method, which leads to the deterioration of estimation
accuracy [4,5]. The OCV method obtains the relationship between the open circuit voltage
and the SOC through the discharge experiments and then estimates the SOC based on the
relationship above. However, this method requires a long battery resting time, which is
time-consuming and difficult to apply to online estimation [6-8]. The data-driven method
achieves accurate state estimation by obtaining a black-box model through training a
large amount of data. But its internal algorithm is complex, which leads to excessive
computation, and its accuracy will be significantly reduced when the amount of data is
small [9-11]. It is widely used for model-based methods as it has low complexity, high
precision, and easy parameter identification complexity [12,13]. Model-based filtering
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algorithms include the Kalman filter (KF) and Particle filter (PF). For the reason of the
traditional KF algorithm can only deal with linear problems, many improved KF algorithms
are derived. Qiu et al. [14] used the least squares method to identify the parameters of the
battery model and then combined it with the extended Kalman filter (EKF) algorithm to
estimate the SOC. The results show that the method could accurately estimate the SOC.
Tan et al. [15] proposed an improved unscented Kalman filter (UKF) algorithm for the
problem that the voltage observation data is susceptible to environmental interference,
which could cause a decrease in the accuracy. The results show that the algorithm has
strong robustness and high precision. Liu et al. [16] proposed a Drift-Ah integration method
for the influence of drift current on SOC estimation and used the volumetric Kalman filter
(CKF) algorithm to estimate the SOC. The results show that the method can effectively
reduce the influence of drift current and improve estimation accuracy. Li et al. [17] proposed
an improved CKF algorithm for the noise in the CKF algorithm that cannot satisfy the
real-time dynamic characteristics during the iterative process. The experimental results
show that the proposed method has higher estimation accuracy and better stability than
the EKF algorithm. Tang et al. [18] proposed a method that fuses the EKF algorithm,
HIF algorithm, and AEKEF algorithm to estimate SOC estimation, which shows a lower
computational burden.

However, the improved KF algorithms are still limited to the Gaussian noise envi-
ronment and difficult to apply in practical scenarios, while the PF algorithm [19-21] has a
greater application prospect for it is not limited by Gaussian noise. Wu et al. [22] proposed
an adaptive PF algorithm based on a multi-model to solve the problem of accuracy degra-
dation of the multi-target tracking problem with unknown noise statistics when solved by
the traditional filter. The results show that the algorithm has strong anti-interference ability
and high accuracy. Li et al. [23] used the PF algorithm to process underwater acoustic
signals under non-Gaussian conditions. The simulation results show that the PF algorithm
has significantly improved tracking performance compared with the EKF algorithm. Shao
et al. [24] used the PF algorithm to estimate the SOC and validated the accuracy under
electric vehicle driving conditions in Beijing. The results show that the PF algorithm has
better estimation performance and has the same computational complexity compared with
the EKF algorithm and UKF algorithm. Aiming at the problem that the reduction of the
SOC estimation accuracy due to errors introduced by drift current when the current sensor
collected the current, Liu et al. [25] used the drift current as a parameter of the temperature
compensation model. Then a two-particle filter estimator was designed to estimate the
SOC and the drift current at the same time. The results showed that the algorithm has high
SOC estimation accuracy and good robustness. After several iterations of the conventional
particle filter algorithm, the particle diversity decreases, and the weight difference becomes
larger. Since the likelihood function used in particle update is a normal distribution, only a
small part of the particles will increase in weight after the update, while most particles will
degenerate. Eventually, only a small number of particles can represent the posterior proba-
bility distribution, resulting in a significant decrease in estimation accuracy. To improve
the particle diversity, Zhao et al. [26] used the EKF as the proposed distribution of the PF
algorithm. The simulation experiments showed that the algorithm significantly improves
the accuracy of SOC, but the method is computationally intensive. Wu et al. [27] proposed
an unscented particle filter (UPF) algorithm by improving the PF algorithm with the UKF
algorithm. The results showed that the algorithm is more stable and has better performance
than the PF algorithm, but the method lacks practicality. Bi et al. [28] optimized the update
process of the PF algorithm by using an artificial immune algorithm to increase the diversity
of particles. The results showed that the estimation accuracy was improved by about 40%
compared with that before optimization, but the method caused an excessive computation
as a large number of particles were adopted.

As the research listed above, some algorithms have complex update processes and
an excessive number of particles, which lead to poor practicality and degradation of SOC
estimation accuracy. This paper proposes an improved particle swarm-optimized particle
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filter (IPSO-PF). It uses a particle swarm algorithm to effectively overcome the problem of
decreasing particle diversity in the PF algorithm. The overall framework of the article is
rough as follows. Section 2 will establish a second-order RC equivalent circuit model. The
proposed IPSO-PF algorithm will be introduced in Section 3. Section 4 will use the particle
swarm algorithm to identify the parameters offline and compare the SOC estimation results
with the EKF, PE, PSO-PE, and IPSO-PF algorithms. Then the estimation accuracy of the
proposed algorithm is verified by experiments. Specifically, the contributions are presented
as follows.

(1) The PSO algorithm is used to identify the parameters of the second-order RC model
to obtain a battery model with high accuracy.

(2) This paper designs self-mutation and mutual learning of particles to drive particles
to high-likelihood regions, which effectively suppresses the degradation of particle
weights without increasing the number of particles and increasing particle diversity.

(38) Compared with the PF algorithm, the IPSO-PF algorithm has better particle diversity and
much higher estimation accuracy in any SOC stage under different driving conditions.

2. Battery Modeling and Parameter Identification
2.1. Battery Modeling

The battery SOC reflects the remaining charge inside the battery and is usually calculated
by the ampere-hour integration method [29]. The discretized expression is shown below:

AT - I
Cn

SOC, = SOCy_1 +1 1)
where SOCy, represents the SOC value at time k, SOCy_; represents the SOC value at
time k—1, i represents the charge/discharge efficiency which is taken as 1 in this paper,
Cn represents the rated capacity of the battery, I; represents the current value at time k
(positive for charging and negative for discharging).

Accurate SOC estimation requires an accurate battery model, and the equivalent circuit
model requires fewer parameters to be identified and is the most widely used in practical
applications compared to electrochemical models. The second-order RC equivalent circuit
model uses two RC networks to simulate the concentration polarization characteristics and
electrochemical polarization characteristics inside the battery, respectively. It has higher
accuracy compared with the first-order model and lower complexity compared with models
that have more orders. Therefore, the second-order RC equivalent circuit model is selected
in this paper for SOC estimation, as shown in Figure 1.

Cr C‘l

| | | 1

I 11 11
Rll +

R, Ry
ocv u,

Figure 1. Second-Order RC Equivalent Circuit Model.
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Where U; is the terminal voltage of the battery, Rg is the internal resistance of the
battery, R, and Ry are the polarization resistance, C,, and Cgq are the polarization capaci-
tance, OCV is the open circuit voltage of the battery. There has a relatively stable nonlinear
relationship between OCV and SOC, which can be expressed as OCV = f(SOC). The open
circuit voltage can be approximated by the terminal voltage after a certain period of battery
resting. In this paper, the terminal voltage obtained after each 10% SOC change is selected
as the open-circuit voltage through the small current condition. Then the data points were
curve-fitted to obtain the following sixth-order polynomial relationship:

OCV =9.0450C? — 21.29S0C® + 13.02S0C* + 3.9250C? — 5.87SOC2 + 2.02S0C + 3.34 @)

The following functional relationship can be obtained using the above model according
to Kirchhoff’s law:

U du,
I=g+Cog"
U du,
I'=%+Cagt ®)

OCV:Ut+Up+Ud+IR0

where U}, and Uy represent the concentration polarization voltage and the electrochemical
polarization voltage, respectively. The following state space model can be obtained by
discretizing Equation (3) and then combining Equation (1).

Uiren
S0Cy R VA TC L W S
Ui | =10 e &% 0 Upr1 | +|°F ¢ Li+we @)
__AT AT
Uk 0 0 e RaCa Ud k-1 Ry4(1—e RaCa
ut,k =0CV, + Llp,k + Ud,k + I Rg + v 5)

where wy is the process noise and vy is the measurement noise.

2.2. Parameter Identification

The accuracy of battery model parameters greatly affects the SOC estimation accuracy,
so it is necessary to accurately identify the parameters, Ry, Rp, Cp, Ry, and Cq in the battery
model. Since the calculational effort of online identification is greater compared to that of
offline identification, this paper uses the particle swarm optimization algorithm for offline
identification of the model under incremental current conditions. The current and voltage
of the incremental current condition are shown in Figures 2 and 3, respectively.

1.5

‘I .
~
=
o O r 1 J J
=
5-0.5 |
_1 -
_]-5 L L
0 5 10 15
time/s x10*

Figure 2. Current of Incremental Current Condition.
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Figure 3. Voltage of Incremental Current Condition.

The particle swarm optimization algorithm obtains the optimal solution by evaluating
the results of the fitness function and has a higher identification accuracy than the least
squares algorithm [30]. The algorithm treats every feasible solution in the D-dimensional
target search space as a particle, and each particle has its velocity and position. In parameter
identification, that is, the set of five parameters is treated as a basic particle. During the
iterative search process, the particle measures the quality of the current position based
on its fitness and then updates it according to the global optimal position Gpest and the
individual optimal position P,eg;. Finally obtains the optimal solution. The specific steps of
the PSO algorithm are shown as follows.

Step 1. Initialize the population.

{xu)}i:l = {RomrRp(i)'Rderp(i)fCd(i)}izl (6)

{%’) }izl = {voa)r Up(i)s V(i) Up(i) V(i) }izl @)

{Pbest(i) }i:l = {RObest(i)r prest(i)l Rdbest(i)/ Cpbest(i)/ Cdbest(i) }izl 8
Gbest = {RObestl prest/ Rdbests Cpbest/ Cdbest}l,: 1 9

Step 2. Set the fitness function.

T

Fitness(i) = | Y [Ue(k) — Up(K)]? (10)

k=1

where Uy (k) is the actual voltage at the current moment, Uy (k) is the predicted voltage
at the current moment, iter,,, represents the current number of iterations, and ifer
represents the maximum number of iterations.

Step 3. Update the speed and position.

While iter; o < itermax:

viD = wle +cqrq (PbDest(i) - xlD) + Cor2 (GbDest - xP) (11)

X(i) = X(i) + U(i) (12)

where w is the inertial weight that can balance the global search and local development, ¢;
and c; are the learning factors that indicate the individual cognition and social cognition of
the particles, respectively rq and r, are the random numbers generated on (0,1).

Step 4. Output the optimal value GJ. ..
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3. SOC Estimation Based on IPSO-PF Algorithm

The core idea of the IPSO-PF algorithm is to iteratively optimize the prior state sets
of particle filtering by using an improved particle swarm optimization algorithm and
then update and resample it with the latest observations to obtain more accurate posterior
state sets, thus realizing an improvement of the particle filtering algorithm. This section
introduces the basic principles of the PF algorithm and the IPSO algorithms, respectively,
and applies the IPSO-PF algorithm to the SOC estimation.

3.1. PF Algorithm

Particle filtering is a recursive Bayesian filter based on Monte Carlo sampling, and
the core idea is to achieve integrated operations with weighted sums by using discrete
random samples. Assume that the state space model of the nonlinear system is represented
as follows:

{ g = f(xp—1, k) + wy 13
Yie = h(xpe, ug) + vk

where uy, is the input, yy is the output. The PF algorithm uses the system model prediction to
obtain the prior probability density, then get the posterior probability density by correcting
the prior probability density through the latest observations, and finally achieve the state
estimation. The specific steps of the PF algorithm are shown as follows:

YN N
Step 1. k = 0, initialize the particle sets: {x(()l) } v {w((;) } = 1/N.
i= i=
Step2.k=1,2,...,T, execute the following steps:

{fz(f)}il = f({x}£i>1}j\il/”k) (14)
Y (i) )

1. Prediction:

2. Update:
(i) 1oy )
b 2R
wy —( 27rRk>e k (16)
(i)
~ (i w
TP = k(i) (17)
L

3 R . obtai : NN LN .
. esample: obtain the posterior state sets {xk } , {wk } L= 1/ N after resampling
1=

j Ay N
the particle sets {flg’), Z5}({1) } '
i=1

4.  Estimation:

N . .
=Y w!)x? (18)

3.2. IPSO Algorithm

The likelihood function used by the PF algorithm is a normal distribution type, which
is prone to excessive differences between particles, then causes degradation of particles,
and finally leads to the reduction of the estimation accuracy. For the defects of the PF, this
paper uses an improved particle swarm algorithm [31] to optimize the sampling process
before the particle filtering update period. Traditional particle swarm algorithm is prone
to fall into local optimal solutions in the iterative search process, so this paper makes the
following improvements: the particle population is divided into three parts, and different
update strategies are used to realize the self-mutation and mutual learning of particles so
that the algorithm can jump out of the local optimum, accelerate convergence and improve
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the estimation accuracy. The size of the fitness value reflects the distance of the particle
from the real state. The fitness values of the particle population are sorted from small to
large and then divided into three parts according to the mean value f and the standard
deviation ¢, as shown in Figure 4.

Population S Population M Population L

A A A
Y Y
w

Figure 4. Population Division.

4 N

fitness

The mean value f and the standard deviation ¢ are defined as follows:

gfitness(i)
< _i=1
f=—7—x (19)

N —
Y. fitness(i) — f
i=1
= 2
v N 0)
Particles with a smaller portion of the fitness values (population S) are far from the
true state and need to accelerate closer to the global optimal state. The updated rule is
as follows:

x®) = x) 4 ¢, (Gbest - x(s)) +c3 (Y - x(s)) (21)

where c3 is the learning factor, ¥ is the particle at the average fitness position. The right side
of Equation (21) consists of three parts: the first item indicates the ability of the particle to
maintain its position, the second item indicates that the particle learns from particles close
to the true state, the third item indicates that the particle is pulled by the particles located
in the intermediate states and can avoid particle degradation.

Particles with a middle portion of the fitness values (population M) are in the intermediate
state that plays a role in balancing global search and local development, therefore adopting the
standard update rule, namely the Equation (11). The nonlinear differential decreasing strategy
is used to update the inertia weights. In the early stage of the iteration, the inertia weight is
large, and the particle can perform a large range of global searches. In the late stage of the
iteration, the inertia weight is small, and the particle has a strong local development ability.

Particles with a large portion of the fitness values (population L) are close to the true
state, therefore using self-variation updates to avoid falling into local optimum:

) =¥ (14+a-C(0,1)) (22)

iter — iter
Q= méx now (23)
1ternow

where « indicates the adaptive factor, C(0, 1) indicates the Cauchy random number. Equa-
tion (22) is the adaptive Cauchy formula which controls the particles to carry out the global
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search in the early stage of the iteration and accelerates the convergence in the late stage of
the iteration.

3.3. SOC Estimation

The IPSO-PF algorithm can be obtained by introducing the IPSO algorithm into the
sampling process of the PF algorithm. The IPSO algorithm takes the set of prior particles
computed by the PF algorithm as the elementary particles, yielding sets closer to the truly
distributed states through the self-variation of the particles themselves and the mutual
learning between the populations. Then the PF algorithm updates this set to obtain the
posterior set. The specific steps of the IPSO-PF algorithm are shown as follows.

Step 1. k = 0, initialize the particle sets: {x(()l) }N , {w(()l) }ZN L= 1/N.

i=1

Step2.k=1,2,...,T, execute the following steps:

{fil)}il = f<{x1§i31}il,uk> (24)
'}, = h({ﬁi)}iy”k) 25)

1. Prediction.

2. IPSO optimization.

a.  Initialize the population.
N NN
) — {70
{x(’)}izl {yk }i:1 (26)
N
{U(i)}izl = rand (27)
N . a1 N
{Poesiy },_, = {fitness(i)}Y, 8)
Goest = max ({ fitness(i)} ) (29)
b.  Set the fitness function.
L (x—x
fitness(i) =e (e=p()2 (30)

c. Update the speed and position.

(i) = Wo() + € (Pbest(i) - x(i)) +car2 (Gbest - x(i)) 31)
X(i) = X(i) T V() (32)

d.  Output the optimal value.

N _ N
{yk }i:1 - {x(i>}i:1 (33)
3. Update:
. Ty
(i _ 1 — R
o' = (m)s ™ o9
(i)
(i w
wl(() =< k 0 (35)
L wy
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i R . . N N .
. esample: obtain the posterior state sets {xk } , {wk } 1T 1/ N after resampling
1=

i=1
the particle sets {37,?), @,(;) }izl-
5.  Estimation:

X = w,((i) x,(f) (36)

o

I
—

Then, the SOC estimation is performed using the proposed IPSO-PF algorithm. The
flowchart of SOC estimation is shown in Figure 5. Firstly, the battery model parameters
are obtained by the particle swarm algorithm offline. Secondly, the prior state sets of the
current moment are generated by sampling the estimation state of the previous moment
through the system model. Thirdly, the prior state sets are divided into three subsets
according to fitness, and different strategies are used to realize the update of the sets. Then,
the weights of the optimized particle state sets are normalized, and the posterior state sets
of the current moment are obtained after resampling. Finally, the state can be estimated.

NG

Particle
Initialization

EEES =

Fitness

v

g s
Second-Order 5] Calculation
RC Maodel :g
E
oE ]
-E Population S Population M Population L
= et Update Update
2 |4
E P
o0y 1 -
E 3
E Weight Update
£
(o]

Resampling
’ k+1
State Output Posterior State
at time k Estimation

Figure 5. Flow Chart of the SOC Estimation.

4. Experimental Results and Analysis

In this paper, a LINiMnCo/Graphite lithium-ion battery is selected as the research
object, and its basic information is shown in Table 1. The experimental temperature is set to
25 °C, and the sampling period is set to 1s. The number of particles of the PF algorithm
and PSO algorithm are both set to 100, the number of iterations of the PSO and IPSO-PF
algorithm is set to 200, the maximum and minimum inertia weights are set to 0.9 and 0.4,
respectively, and the learning factors cy, ¢ and c3 are set as 2.

Table 1. Basic Information about the Battery.

Type Normal Voltage Normal Capacity Cutoff Voltage
INR 18650-20R 36V 2.0 Ah 25V/42V

In order to validate the accuracy of the model and the SOC estimation. The Dynamic
Street Test (DST), the Federal Urban Driving Schedule (FUDS), the Intense Driving Schedule
(US06 Supplemental FTP Driving Schedule, US06), and the Beijing Dynamic Stress Test
(BJDST) from the University of Maryland battery data [32] are selected for the experiment.
All tests were performed for 80% battery level and 50% battery level at 0 °C, 25 °C and
45 °C. We chose the data that the battery tests were performed for 80% initial SOC at 25 °C
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as they are the most commonly used data. Firstly, the battery is discharged to 80% SOC,
then the battery is discharged according to the four working conditions, and the current
and voltage are recorded. The current curves are obtained as shown in Figures 6-9. It
can be seen that the current fluctuation frequency of the four conditions is high, and the
charge/discharge ratio is large, which is relatively close to the actual usage.

current/A

0 200 400 600 800 1,000 1,200 1,400
time/s

Figure 6. Current of DST Driving Condition.

4 .

N

current/A

0 2,000 4,000 6,000 8,000 10,000
time/s

Figure 7. Current of FUDS Driving Condition.

2

o

current/A
NS

|
S

0 2,000 4,000 6,000 8,000 10,000
time/s

Figure 8. Current of US06 Driving Condition.

1 T

current/A
|
o o
(4] o [%)]

|
—_

|
—_
o

|
N

(=}

2,000 4,000 6,000 8,000 10,000 12,000
time/s

Figure 9. Current of BJDST Driving Condition.
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4.1. Model Verification

The root mean square error of terminal voltage is used as an index to evaluate the
accuracy of the model, and the parameters of the charging process and the discharging
process are identified respectively, then the average values are taken as the model param-
eters. The fitness curve and parameter identification results are shown in Figure 10 and
Table 2, respectively. It can be seen from Figure 10 that the fitness converges to 0.83% after
only 50 iterations, which shows the fast convergence speed of the particle swarm algorithm.
Meanwhile, we also compare the computation costs and accuracy of the first-order, second-
order, and third-order RC models. The results are shown in Table 3. It can be seen from
the RMSE of Table 3 that the third order has little improvement in accuracy compared to
the second order, while the first order has poor accuracy compared to the second order.
Since the parameters are identified offline and the time difference is not significant, the
computation time can be neglected. Therefore, it can be considered that the second-order
RC model is the optimal choice. In addition, the model parameter identification results are
consistent with our theoretical expectations, and we need to verify further whether it is in
line with the practical application under different driving conditions.

0.012 T T T T

0.011f b

0.01F i

fitness

0.009 b

0.008 L L L L
0 10 20 30 40 50

iteration
Figure 10. Fitness Curve.

Table 2. Model Parameters.

Ry/Q Rp/Q R4/0 Cp/F CalF
0.0687 0.0131 0.0035 1359.7 432.6

Table 3. Model Comparison.

Model Computation Cost RMSE (%)
first-order 3.55 0.8351
second-order 8.24 0.8337
third-order 15.88 0.8338

In order to verify the accuracy of the second-order RC model, the four driving condi-
tion data are selected for verification. Since electric vehicles that drive under extreme loads
during actual driving are relatively rare, the battery data from 80% to 10% SOC are selected
for experiments in this paper. The battery is discharged according to the current shown in
Figures 6 and 7, and the terminal voltage and SOC of the battery are recorded. The above
currents are used to simulate the model, and the terminal voltage of the battery model
is obtained. The error curves of the model terminal voltage are shown in Figures 11-14.
As can be seen, the errors of the voltage of the battery model are controlled within 20 mV
overall, and the fluctuation range is small. The maximum errors are only 34.4 mV, 29.9 mV,
35.7 mV, and 21.6 mV, respectively, which shows that the second-order RC equivalent cir-
cuit model built in this paper has high accuracy and can well reflect the dynamic working
characteristics of the battery.
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Figure 11. Errors of Terminal Voltage under DST Driving Condition.
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Figure 12. Errors of Terminal Voltage under FUDS Driving Condition.
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Figure 13. Errors of Terminal Voltage under US06 Driving Condition.
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Figure 14. Errors of Terminal Voltage under BJDST Driving Condition.
4.2. SOC Estimation Verification

In order to verify the superiority of the algorithm proposed in this paper, the algorithm
is verified using the DST driving condition, and the experimental results are shown in
Figures 15-17. As can be seen from Figures 15 and 16, the difference in particle weights
of the PF algorithm is big, and the number of particles with large weights is gradually
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reduced while the particles with small weights are gradually degraded. Therefore, the sets
of particles will gradually deviate from the true state and eventually leads to a decrease in
the estimation accuracy. In contrast, the particle weights of the IPSO-PF algorithm have
smaller differences and are more uniformly distributed, which can effectively guarantee
the diversity of particles and prevent particle degradation, thus improving the estimation
accuracy. It can be further illustrated by Figure 17 that the SOC estimation results of
the IPSO-PF algorithm are closer to the true value. The EKF algorithm has the worst
performance, and it gradually diverges at the end of the estimation phase, resulting in a
maximum error approaching 2%. The estimation error of the PF algorithm dissipates with
the increase of time, and the maximum error of the PSO-PF algorithm is too large due to
the population falling into the local optimal solution, while the IPSO-PF algorithm controls
the error within a certain range.
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Figure 15. Weight Distribution at SOC = 0.5.
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Figure 17. SOC Estimation Results and Errors of DST Driving Condition.
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To intuitively compare the estimation performance of the different algorithms under
DST driving conditions, three evaluation indexes of Root Mean Squared Error (RMSE),
Mean Absolute Error (MAE), and Max Error (ME) are given in this paper, and the results
are shown in Table 4. It can be further seen from the error results that the errors of EKF are
larger than that of PF because it is not suitable for non-Gaussian noise environments. The
RMSE of IPSO-PF decreases by 0.7% compared with EKF and decreases by 0.41% compared
with PF, and the error is controlled within 1%, while the other three algorithms are more
than 1%, which proves that the proposed algorithm has good estimation accuracy.

Table 4. Errors of DST Driving Condition.

Method RMSE/% MAE/% ME/%
EKF 1.09 1.74 1.99
PF 0.80 0.76 1.37
PSO-PF 0.56 0.47 1.47
IPSO-PF 0.39 0.33 0.99

Theoretically, the computational complexity of the IPSO-PF algorithm increases com-
pared to the PF algorithm due to the inclusion of the PSO algorithm, but it is not much
different from that of the PSO-PF algorithm. We ran all the algorithms on the MATLAB
2016b platform of an AMD I7-6500U processor with 3.20 GHz and 16 GB memory and
calculated the computational complexity. The EKF, PF, PSO-PF, and IPSO-PF algorithms
take 0.89 s, 6.32 s, 8.16 5, and 8.73 s, respectively. Although the EKF algorithm has the lowest
complexity, it has poor estimation accuracy in non-Gaussian scenarios. The complexity of
the proposed algorithm is almost the same as that of the PSO-PF algorithm and slightly
inferior to the PF algorithm, but with a significant improvement in accuracy. Therefore, it
further demonstrates the superiority of the IPSO-PF algorithm.

In order to verify the generalizability of the proposed algorithm under different
driving conditions, the FUDS, US06, and BJDST data are used for SOC estimation, and
then compare the estimation results with the PF and PSO-PF algorithm. The experimental
results and errors are shown in Figure 18. As is shown in Figure 18a,c,e, the PF algorithm,
the PSO-PF algorithm, and the IPSO-PF algorithm can effectively estimate the SOC, and
the estimation results of the IPSO-PF algorithm are closer to the true value. It can be seen
from Figure 18b,d,f that the estimation errors of the IPSO-PF algorithm are significantly
lower and fluctuate less under different driving conditions compared with the EKF, PF,
and PSO-PF algorithms. The three error evaluation indexes are shown in Tables 5-7.
According to the results, the ME of the IPSO-PF algorithm is limited to 0.9%, and the MAE
is limited to 0.28%, which is less than the ME and MAE of the PF algorithm and the PSO-PF
algorithm. The experimental results show that the proposed algorithm effectively solves the
problem of estimation error increase due to particle degradation and has good estimation
performance. The RMSEs of the IPSO-PF algorithm in FUDS, US06, and BJDST conditions
are 0.25%, 0.34%, and 0.33%, respectively, which are at least 55% lower than those of the
EKF algorithm, 45% lower than those of the PF algorithm and 22% lower than those of the
PSO-PF algorithm, effectively improving the estimation accuracy of the SOC, indicating
that the IPSO-PF algorithm has good generalizability and superiority.

Table 5. Errors of FUDS Driving Condition.

Method RMSE/% MAE/% ME/%
EKF 1.13 0.94 2.65
PF 0.71 0.67 1.23
PSO-PF 0.64 0.52 1.54

IPSO-PF 0.25 0.21 0.68
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Figure 18. SOC Estimation Results and Errors of Different Driving Conditions.

Table 6. Errors of US06 Driving Condition.

Method RMSE/% MAE/% ME/%
EKF 0.89 0.73 1.88
PF 0.62 0.57 1.11
PSO-PF 0.44 0.36 0.95
IPSO-PF 0.34 0.26 0.90

Table 7. Errors of BJDST Driving Condition.

Method RMSE/% MAE/% ME/%
EKF 0.92 0.75 2.04
PF 0.74 0.70 1.39
PSO-PF 0.49 0.41 1.07
IPSO-PF 0.33 0.28 0.86
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The experimental results show that the PF algorithm has an inaccurate posterior
estimation accuracy due to particle weight degradation. In contrast, the IPSO-PF algorithm
improves the estimation accuracy and shows good generalization by driving all particles
closer to the true state.

5. Conclusions

Considering the problem that the PF algorithm adopts the normal distribution type
likelihood function in the updating stage, which leads to particle degradation caused by the
large difference of weights between particles, this paper proposes an IPSO-PF algorithm.
The algorithm introduces the particle swarm optimization algorithm into the sampling
process before the update of the PF algorithm, and through the self-variation and mutual
learning of the particles, the particles with smaller weights tend to the true state by learning,
which suppresses the weight degradation. The particles with larger weights avoid falling
into the local optimum by self-variation, which promotes global development. Finally,
it makes all particles closer to the true state distribution and improves the estimation
performance of the PF algorithm.

The experimental results show that the algorithm proposed in this paper has good
estimation accuracy under four actual driving conditions, with the root mean square error
within 0.4% and the maximum error within 0.9%, and all of them are smaller than the PF
algorithm, and PSO-PF algorithm, which fully verifies the superiority and generalization
of the algorithm proposed in this paper.

This paper does not consider the convergence speed of a wrong initial SOC, and
the experiments are performed at 25 °C. Therefore, we will make improvements to the
convergence of the algorithm and increase the experiments under different temperature
conditions to increase the reliability of the algorithm in the future.
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Abbreviations

SOC state of charge

PF particle filter

PSO particle swarm optimization

IPSO improved particle swarm optimization
KF Kalman filter

EKF extended Kalman filter
UKF unscented Kalman filter
RMSE  root mean squared error
MAE  mean absolute error

ME max error
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OCV open circuit voltage

DST dynamic street test

FUDS federal urban driving schedule
US06  intense Driving Schedule
BJDST  Beijing dynamic stress test
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