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ABSTRACT

An adaptive sliding mode control (SMC) based on PWM and an observer scheme for
predicting the state of charge (SOC) of lithium-ion batteries is proposed. The control scheme
is developed for a dc-dc buck converter used in regulated charge control of lithium-ion
batteries. Unlike many estimation schemes where the converter’s output voltage is
predetermined and the nonlinearities ignored, the proposed scheme estimates the buck
converter’s output voltage, SOC, and nonlinearities in terms of errors in parameters. The
stability of the proposed scheme is guaranteed by the Lyapunov method. The simulation was
carried out in the Simulink in the MATLAB environment to transition from constant current
charging mode to constant voltage charging mode. The results obtained from both modes in
the Simulink in the MATLAB environment have shown that the dynamic control system of
the SMCis asymptotically stable with excellent robust recovery features to sudden variations
in input and un-modelled load.

Keywords: Adaptive sliding mode control, dc-dc converter, Lithium-ion battery, Lyapunov
stability, State of charge.

1- INTRODUCTION

The proliferation of Lithium batteries in power applications in portable household and office
devices, electric vehicles, space exploration, electric grid support etc., is due to the
encouraging advantages lithium ion batteries have over other batteries (Kim, 2010); such
as, relatively lighter weight, longer lifetimes, lower self-discharge rate, wider temperature
operation range, smaller physical size, rapid charge capability, lower steady-state flow
current, higher power density when compared to lead acid. However, the reliability and cost
efficiency of the battery in different applications are directly influenced by the control
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schemes deployed to achieve energy and battery management strategies. In order for such
schemes to make optimal decisions an accurate prediction of the battery state of charge
(SOQC) is required; and this is defined as the stored charge that is available for work relative
to that which is available after the battery has been fully charged. In classical SOC estimation
methods such as Amp-hour (Ah) balancing technique (Hansen and Wang, 2005; Hicham
et al.,, 2016; Caumont et al., 1998) and Improved Ampere counting (Dai et al., 2006;
Shahriari and Farrokhi, 2013; Gholizadeh and Salmasi, 2014), the open circuit voltage
(VOC) is considered due to the fact that battery voltage is directly correlated with the
electrolytic concentration which varies with the battery charge status (Chaoui et al., 2015).
However, this approach suffers from accumulation of start-up and current sensor errors
which results in a drift and bad accuracy (Chaoui et al., 2015); while the latter can only be
performed after a long rest of the battery when the battery is at equilibrium state (Dai et al.,
2006), hence it is an undesirable strategy in practice.

Numerous studies have been performed on adaptive controllers for estimation of SOC
(Wang et al., 2015; Rahimi-Eichi et al., 2014; Shahriari and Farrokhi, 2014; Chaoui et
al.,, 2015; Gholizadeh and Salmasi, 2014), the controllers were robust, but the input
battery voltage was known beforehand. In Chaoui et al. (2017), an adaptive estimation of
battery parameters with post-temperature compensation was proposed over the Kalman
filter; which is a recursive approach. Extended Kalman filter (EKF) was introduced in (Chen
etal,, 2013; Watrin et al,, 2012) while considering the nonlinear behaviour of the VOC and
the SOC. Direct use of sliding mode control (SMC) strategies for dc-dc converters have been
extensively studied, such as given in (Cardim et al., 2009; Vidal-Idiarte et al., 2009; Wai
and Shih, 2011). Such a direct approach leads to an asymmetrical (variable) switching
frequency of operation that is usually determined by the load (Cardoso et al., 1992;
Mattavelli et al., 1997). Therefore, in order to overcome the problems associated with
asymmetrical switching, the sliding mode (SM) control techniques are transformed to
equivalent modulating control input as applicable in a typical pulse width modulation
(PWM) scheme with constant (symmetrical) switching frequency (Tan et al., 2006; He and
Luo, 2006; Mahdavi etal., 1997; Tan et al., 2007; Navarro-Lopez et al., 2009; Tan et al.,
2008). In (Sira-Ramirez et al., 1998; Fadil et al., 2006), The adaptive SMC was designed
to deal with unknown load resistance. However, the input voltage must be pre-selected or
pre-determined before the implementation of such control schemes.

In this paper, therefore, an adaptive SMC that is based on PWM with an observer scheme is
used for the estimation of SOC and battery parameter nonlinearities to develop a robust
charge control strategy on lithium ion batteries. In (Oucheriah and Guo, 2013), the output
of adc-dc boost converter whose resistive load and external input are unknown is estimated
only, with no consideration given to battery. Moreover, usually observers are not developed
for both battery and connected dc-dc converter, as can be seen in (Obeid et al., 2022;
Barcellona et al.,, 2017; Wei et al,, 2020); where the parameter identifications were based
on the battery alone. In the proposed controller the output voltage of the buck converter that
charges the battery is unknown. Hence, a controller that estimates the converter output
voltage and determines the control input is developed. The adaptive observer system
developed is less sensitive to system parameter variation.

2. MATERIAL AND METHODS

The advantages of lithium-ion batteries over other batteries cannot be over emphasized,
which include high power density and capacity for 80% dept of discharge. However, lithium-
2
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ion batteries require complex electronic circuitries for controlling charge and discharge
processes. In this Section, therefore, a model of lithium-ion battery is combined with a DC-
DC buck converter; which is the power electronic circuit required for regulating the charging
and discharging processes on the battery. Consequently, adaptive observers are introduced
to estimate some of the battery’s and the buck converter’s parameters and variables for more
robustness in the dynamic control. These parameters and variables are used to determine
the SOC and SOH of the lithium-ion battery.

2.1 Model of Lithium-Ion Battery With Buck Converter
The lithium battery model in (Hicham et al.,, 2016; Chen and Rincon-Mora; 2006) is

adopted in this study, which is connected to a DC-DC buck converter in Fig. 1. Consequently,
an equivalent model of Fig. 1 is given in Fig. 2.

VOC - SOC characteristic Voltage — current characteristic DC — DC buck converter
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Figure 1. An electrical model connecting a lithium-ion battery to a dc-dc buck converter.

The model comprises of an internal battery’s resistance R;, and the RC network that
represents fast and slow responses of the terminal voltage, which is modelled using
resistances and capacitances R;, Cs, Ry, and Cr. A voltage-controlled voltage source
connects the internal resistance and RC network to the VOC-SOC characteristic of the battery,
which is modelled by a current controlled current source, the battery storage capacity C,,
and the self-discharge resistance R.
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Figure 2. An equivalent block model of lithium-ion battery connected to a dc-dc buck
converter
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2.1.1 Dynamic Model for Observers

Let i;, vy, Vpae, 6 represent the average inductor current, average whole capacitor voltage,

. : : : 1
average input battery voltage and inverse of battery equivalent resistance (0 == )
beq

respectively. Therefore, by applying Kirchhoff voltage and current laws to Fig. 2, Egs. (1) and
(2) are obtained as the averaged model of the battery-converter system.

. 'U.V,:n _ M

pu= —— . Le (1)
144 Vp

PVpar = = (2)

In Egs. (1) and (2),p = %, and the components L and C, are the converter’s inductor and
output capacitor.

2.2 Estimation of Variables using Predetermined Battery Parameters for Adaptive Law

The estimator (observer) equations given in Eq. (3) and Eq. (4) are developed while
considering the estimate for i;, Vg, 6 as i), Vpqe O respectively.

piy = £ B4 g (i - 1) 3)
~ i v A
PVpar = Cl_o - Cl;at + K, (Ubat - Ubat) (4)

where the observer gains K; > 0 and K, > 0.

Letd, = i, — 1}, Dpar = Vpagr — Dpqr and 8 = 8 — 6; therefore, Eq. (1) to Eq. (4) are used to
obtain the following Egs. (5) and (6).

~ uvin Vpat ~
pu = —(/ — — ~ KT (5)
~ _q gvbat ~
PVpar = C_ - C - szbat (6)
o o

Eq. (7) is developed as the Lyapunov function to obtain the adaptive laws, where y; > 0 and
¥, > 0 are design parameters. The stability criteria are that the derivative of Eq. (7) must be
negative definite.

1..2 1 . 2 1 = 1~ 2
T=ELLI +ECovbat +E92+ %Vin (7)

Then, the derivative of Eq. (7) with appropriate substitution from Egs. (5) and (6) yields Eqg.
(8). Therefore Eq. (8) must be negative definite for stability to be guaranteed.

. - ~ ~ - 1 A ~ - 1 A
T= _KlLll2 - KZCovbatZ + Vin (ull - ZVin) -0 (Ubatvbat + Ze) (8)

The adaption law is determined by ensuring that the terms in brackets in Eq. (8) cancel out;
therefore, such a condition will exist when Eq. (9) and Eq. (10) are fulfilled.

4
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é = —Y1VbatUbat 9
Vin = uy2l; (10)

Therefore with Eq. (9) and Eq. (10) substituted in Eq. (8), Eq. (11) is obtained.

t = —K;Li)* — KoCoDpar” (11)
2.3 Adaptive Sliding Mode Control using Predetermined Battery Parameters

In order to select a suitable sliding surface, the method given in (Tan etal., 2006) is adopted.

However, in this case, Eq. (2) is set to zero to obtain the sliding surface of Eq. (12), whereby
Eq. (2) is used to make appropriate substitution with Viat = Vrer.

0= 10— Vs (12)

By differentiating Eq. (12) with respect to time and equating it to zero and making
appropriate substitution with Egs. (5), (6) and (9), the equivalent control input is obtained
in Eq. (13).

Dpat — LK1y + V1LVyefVUpatUbat
ueq — a refVba a (13)

Vin

2.4 Battery Parameter Estimation

The RC network of Fig. 3 is an equivalent circuit network representation in Fig. 2; which is
used for modelling the battery characteristics, where Rf+ Rs = R.

Rb R iy +
NWT——0
C
B |
S — v
§ o bat

Fig. 3. The RC equivalent network.

The following assumptions as given in (Hicham et al., 2016) are used in deriving the
dynamic equations:

Assumption 1: The battery’s variables (voltage and current) along with their derivatives are
continuous and bound.

Assumption 2: The observer’s sampling frequency is set high enough such that V,, ~ R =
C=0.

The state equation for Vj4teq (Which is the terminal battery voltage V4, using Fig. 3) is given

in Eq. (14), while § = —.
eq
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Pi; = BVbateq + Rpiy — B(R + Rp)i; — Ve (14)
2.5 Estimation of Buck Converter Variables and Battery Parameters for Adaptive Laws
An estimator equation for Eq. (14) is developed in Eq. (15) with the variables

i, Vp, and Vpq representing estimates. The state error derived from Egs. (14) and (15) is
given in Eq. (16)

pvbateq = .Bvbateq + Rbpll - B(ﬁ + ﬁb)il - BAIZ)C + KB(vbat - ﬁbat) (15)
pﬁbateq = Evbateq + ﬁbpil - B(ﬁ + ﬁb)il - EVOC — K3Upg; (16)

Therefore, Lyapunov function candidate of Eq. (17) is derived.

1 ~5 2 1

n2
z—ysVin + 2—},9[3 (17)

L.2 1 ~ 1 ~
=21, +_vbat + oo —Dpateq” + 5 Voc + z_Rb +—R2 EQZJF

where ¥3,v4, Vs, Y6, V7, Vs, Yo > Oare design parameters.
The derivative of Eq. (17) while making appropriate substitution and simplification with Eq.
(16) yields Eq. (18).

. ~ [uVin 1Y . - i v . 1~ A 1 ~ A
b= L0 [ = P — K|+ CoBpa [ — TR~ KaDpae| ~ - Vocloe = - RoRp +

1 - = [uV;, 1 - 1 ~A
y_vbateq [:Bvbateq + Ry [ == Tb - Klll] ﬁ(R + Rb)ll ﬁVOC K3ll] — _RR —

1 A 15 A 1 ~A
1oL . 1
7,00 7 3V v, PP (18)

Eqg. (18) is ensured to be negative definite to fulfill Lyapunov stability criteria. Hence, the
adaptive laws given in Egs. (19) to (24) are obtained.

6= —Y7VbatUbat (19)

A ~ Vin Dha . 5+

Ry = )):_jvbateq [uT - va L — KiT ] = ¥sB (20)

5 ~ Dpateq 5 1

Vin = vsu [ll = Ry Z] (21)

R= _$,gilﬁbateq (22)
3

I’/\;)c - _V4ﬁbateqlg (23)

2 5 1 -\ _

p = Y9Vbateq [g Ubat — (R + Rb)ll - Voc] (24)

Therefore, with Egs. (19) through (24) substituted back into Eq. (18), Eq. (25) is obtained.

T = =K, LT, — K, C,Upgs? (25)
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2.6 Adaptive Sliding Mode Control Scheme using Estimated Battery Parameters

Similarly, the sliding surface in Eq. (26) is obtained by equating Eq. (14) to zero; Eq. (27) is
obtained as the equivalent control input. Eq. (27) is normalized to 0 < u., < 1. Therefore,
pulse width modulation (PWM) is realized by utilizing the u,, to modulate a single sided
triangular carrier signal to generate the switching pulses for the DC-DC buck converter. The
advantage of the PWM based sliding mode control is that the switching of the DC-DC
converter becomes symmetrical with a defined switching frequency by the carrier signal.
Conventional sliding mode control utilizing hysteresis controller gives asymmetrical
switching frequency, which may yield harmonics at the output of the DC-DC converter that
will not be healthy for charging the lithium-ion battery.

_ s Vref_Voc
g =1 —(R+§b) (26)

__ Dpar — LK11) —LVyefE1—LE; Dpat — LK1l + V1LVryefVpatPpat

Ueq = o = T (27)
L= (28)
- %C(mfgi_ﬁio)cz(ﬁmb) (29)

Assumption 3: Since Eq. (10) is equal to Eq. (21), Eq. (30) is obtained.

Ry = (y2—vs) ij (30)

Ubat

Also, equating Eqgs. (13) to (27) which suggest equal control input yields Egs. (31) and (32),
while substituting Eq. (23) in Eq. (32) yields Eq. (33).

Vref = ‘7oc (31)
VlVref(R + ﬁb)vbatﬁbat = _‘700 (32)
B' — V1Vref(R+Rb)Vbat (33)

Ya
Equating Eq. (6) and Eq. (16) gives Eq. (34).

~ 1 ~
R=z-—R (34)

2.7 Selection of Gains

The PWM adaptive sliding controller with estimated battery parameters will be
asymptotically stable when 7; = 0, ¥,,; — 0. Therefore, substituting Egs. (3), (4), (12), and
(27) into Eq. (15) yields Eq. (35), which is rearranged as Eq. (36).
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ﬁbat
L

pﬁbateq = ﬁﬁbateq — Ry + Ry K Ty — BUoc + K3Upgr +

~ Vo (Ppat — LK11] ~LVyefE1—LE, Arn N~ (Dpar — LK1 —LVyefE1—LE,
Ry = (22 ref — B(R + R,) OV, (2= ref
in

L V,:n

Al
~ 5 A ~ D ~ D Ara ~ N AL A
pvbateq = .Bvbateq + Rb bat _ Rb bat _ .B(R + Rb)evbat - :BVOC + @

L L

Since 7, — e, therefore Eq. (37) evolves from Eq. (36).
pﬁbat = ,B[(]- - (E + ﬁb)e)ﬁbat - ‘706 ] +

Solving Eq. (37) to validate assumption 3 yields
ﬁ = _ﬁb
POpar = ,B[ﬁbat — Vo ] +o
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(35)
(36)

(37)

(38)
(39)

where f is a gain multiplier for the selection of K5. K; and K, can be selected as given in

(Oucheriah and Guo, 2013).

@ = PBOpac + Ry(Kily — KiTy — VyepEy — LE; ) + B(R 4 Ry )LO( KyTy + VyefEy + Ez ) + KaDpqr (40)

Since ¢ - 0as i, = 0,7, — 0, the solution to Eq. (35) is asymptotically stable and
converges towards Dp,, = Vy.of when R = —R, with an approximate exponential rate j. Fig.

4 illustrates the overall strategy for the controller.

U Upat

| |

Buck converter

Adaptive sliding and.ba:tery
mode controller. Ueq termma' state
1,_) SOC and SOH PWM | equation
ref determination

4 A AN A A

h
o k.15 IR IR
Voc [PinfPbat »]f

Observer
Adaptive
laws

Battery
parameter

errors

Figure 4. Block diagram for the implementation of the proposed controller.

3. SIMULATION RESULTS AND DISCUSSION

1're f
7}

ﬁbat

The adaptive observers and dynamic control schemes presented were simulated in
MATLAB/SIMULINK environment. Results obtained from the simulation are presented in

this Section.
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The initial conditions of the observer are chosen asi;(0) = 0.8,7,(0) = 2.6,9,(0) =
2.6,V,.(0) = 2.2, and the adaptive laws R, (0), R(0), B(0), 8(0) can be selected to initiate
the occurrence of sliding mode, which must be chosen such that the sliding mode starts
att =0, ie.

(0) = 1,(0) — V,ef(0) = 0, 6(0) = 0.1905

3(0) = 1,0 ((Vrer = 2c(0))/(R(0) + Ry (0))) =0,  R+R, =25.

The open circuit voltage is linearly related to the SOC, as given in (Rahimi-Eichi et al.,
2013), by Eq. (41).

V,, = by + b;SOC = (;;—"C + bl)SOC = b'SOC (41)

If SOC is normalization from 0 to 1, we can use the following general normalization stated in
Eq. (42) to predict SOC.

Vpe(t) = b’ —22— = p(t)Vpar (42)

Vbatmax

When Eq. (42) is substituted in Eq. (16) and compared with Eq. (3), Egs. (43) and (44) are
obtained

?) _ Co(1-b())

(R©) +Ry(0) = £ (44)
With the appropriate substitution with Egs. (43) and (44), Eq. (40) is obtained.
b(t) = 1— (R(t) + Ry () () (45)

Note that b(t) is a normalization that relates ¥y, to V,.(t), so the rescaling of b(t) is SOC;
therefore h(0) = 0.6191, 3(0) = 4.799 x 1075,

The overall control strategy is simulated in the Simulink in the MATLAB environment. The
outcomes obtained from the simulation are represented graphically in Figs. 5 to 12. The
presented results are given to span from simulation start-up time 0 s till 1000s to reveal both
the constant current charging mode and the constant voltage charging mode. Usually, there
are three modes in charging lithium ion batteries, namely constant current, cell equalization,
and constant voltage modes. Since a single cell is used in this study the cell equalization mode
is not required.

In Fig. 5, the robustness of the observer model for the converter’s input voltage is
demonstrated. Since the converter is a buck converter, its input is greater than its output
that is used to charge the lithium-ion battery. Consequently, it is shown in Fig. 5 that the
observed (estimated) converter’s input voltage tracked the set reference voltage with an
insignificant error margin.
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100

200 300 400 500 600 700 800 900 1000
Time (sec)

Figure 5. Reference and estimated input converter voltage

Fig. 6 gives the self-discharging resistance; which is considered as the Load. In the figure, it
is evident that the sliding mode controller has robust recovery features to sudden variations
in input and un-modelled load. Therefore, when the algorithm converges correctly it can be
used to know the exact value of the self-discharging resistance. Fig. 7 shows the current
which tracks the reference current even with initial guess and sudden input variations.

8 (U)

Current (A)

0.2

0.16

0.1

0.05

I 1 I I I 1 I I

| 1 1 | | 1 L |

0

100

200 300 400 500 600 700 800 900 1000
Time (sec)

Figure 6. Estimated inverse of total battery equivalent resistance.

1

0.5

\_ constant current charging =
constant voltage charging
I 1 | | | 1 1 | | | ]
0 100 200 300 400 500 600 700 800 900 1000

Time (sec)
Figure 7. Reference and estimated Currents
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Voltage (V)

1_ -

0 100 200 300 400 500 600 700 800 900 1000
Time (sec)
Figure 8. Terminal voltage and open circuit voltage V,.

Fig. 8 shows the estimated converter’s output terminal voltage and estimated open circuit
voltage (VOC), which follow the reference voltage closely. In order for the battery to be fully
charged the value of the battery terminal voltage must be equal or approximately equal to
the open circuit voltage after charge i.e. the battery is at equilibrium. Therefore, in Fig. 8 it
is seen that the estimated battery voltage charges to the reference converter’s output voltage
to reach 100% SOC. Fig. 9 gives the 3 Plot, which gives the exact value for the gain and this
value can be utilized to determine the equivalent capacitance of the RC network which is
used for modelling of the battery.

800 i

0_ -

1 | | | | | | | 1

0 100 200 300 400 500 600 700 800 900 1000
Time (sec)
Figure 9. 3 Plot with ti.

In (Hicham et al., 2016), it was reported that increase in the battery’s equivalent series
resistance Rpat is an indication of SOH decline (where Rvat = Rb + Rf+ Rs = Ry +R). Consequently,
Fig. 10 validates Eq. (34) such that when the summation of Ry and R is small then a good SOH
is established, and the battery can recover its 100% SOC.

11
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Figure 10. Series and equivalent battery resistance

Fig. 11 gives the SOC, and shows the variation of the SOC to the open circuit voltage VOC. As
the SOC of the battery increases, the VOC also increases until 100% SOC is reached. The figure
also shows that for the battery to be fully charged to maximum then the VOC would have
reached 4.19999V.

VG (V)

4.2 F

4 |
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=]
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o
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Figure 11. State of charge

Finally, for the proposed schemes, with or without battery parameters to be effective, the
sliding surfaces must be zero or tend to zero as implied by Eqgs. (12) and (24), which is shown

in Fig. 12.

sliding surface

(=]
by
|

(=]
T

=3
55
1

_03 | | | | ! L | | L
0 100 200 300 400 500 600 700 800 900 1000

Time (sec)
Figure 12. Sliding surface
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4. CONCLUSION

A PWM-observer based adaptive sliding mode control scheme has been designed for a dc-dc
buck converter to estimate the input battery voltage and the battery parameters for the
purpose of achieving robust charge control on lithium ion batteries. Simulation was done to
transition from constant current charging mode to constant voltage charging mode. The
results obtained from both modes have shown that the dynamic control system of the SMC
is asymptotically stable with excellent robust recovery features to sudden variations in input
and un-modelled load. Therefore, the methods proposed in this paper achieved its set
objectives.

5. NOMENCLATURE

Symbol | Description Symbol | Description
Cp |Battery storage capacity i Average inductor current
Cr Fast response resistance in battery vy Average whole capacitor voltage
model
C; Slow response capacitance in battery Vin Voltage input to the DC-DC buck converter
model
R, Battery’s internal resistance Vpet | Average input battery voltage
R; |Self-discharge resistance Soc State of charge
Ry  |Fast response resistance in battery | SOH State of health
model
R;  |Slow response resistance in battery | VOC Open circuit voltage
model 6 Inverse of battery equivalent resistance
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