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Abstract: This paper analyzes and simulates th&ohi battery charging procefs a solar
poweed battery management system. The battery is charged asingnrinverting
synchronous bueckoost DC/DC power converter. The system operates in buck,
buck-boost, or boost modeccording to the supply voltage conditoffom the solar
panels. Rapid changen atmospheric conditions or sunlight incident angle cause supply
voltage variatios. This study develops an electrochemicated equivalent circuit model

for a Li-ion battery. A dynamic model for the battery charging process is then constructed
based o the Ltion battery electrochemical model and the bbokst power converter
dynamic model. The battery charging process forms a system with multiple interconnections
Characteristicsincluding battery charging system stability margins for each individua
operating modeare analyzed and discussed. Because of supply voltage variation, the
system can switch between buck, bidost, and boost modes. The system is modeled as
a Markov jump system to evaluate the mean square stability of the system. The BATLA
based Simulink piecewise linear electric circuit simulation tool is used to verify the battery
charging model.
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1. Introduction

The ability to charge batteries in the air isesstial for a solar powered aircraft to remain aloft
overnight. To achieve this, advanced battery management must be incorporated into aircraft power
management systems. This battery management system monitors and controls the storage and delive
of solar power drawn from solar cells. Battery modules are fundamental elements of a battery
management system. Compared to alternative battery technologies, hatteries offer high energy
density, flexible and lightveight design, no memory effects, and aglolifespan[1,2]. These
advantages make 4ion batteries highly suitable for the next generation of electric vehicle and
aerospace applicatiofid,3].

For solar powered systems, the terminal voltage from the solar cell panel is usually designed to be
highe than the voltage required at the load terminal. Power converters for maximal power point
tracking and voltage or current regulation are inserted between the solar cell panel and the load tc
control power flow. Although voltage at the power converter inpumostly higher than the voltage
required for battery charging, in many circumstadcesch as shaded solar cell panels or a high
incident anglé voltage may be lower than the required minimal voltage, terminating the charging
process. This wastes solaovger. To maximize utilization of available solar power drawn from the
solar panel, this study incorporates a bbokst converter into the solar powered battery management
system for battery charging. Many studies have investigated the analysis andafidsigkboost
power converterfdi 7]. In [5,6] the authorslevdoped buckboost converters for portable applications.

In [7] a buckboost cascaded converter for high power applications, such as fuel cell electric yehicles
was proposed

Primary battery m@agement functions include measurement of observable quantities (such as
voltage, current, and temperature), parameter and state estimation for battery performance
computations (such as state of charge and state of health calculations), and optimadtcateiygland
power utilization determinatiofB]. Battery state of charge estimation requires a reliable model to
describe battery cell behavior. Dynamic models representing the operation of battery cells have beer
widely studied. These include equivalectrcuit models [91 13], intelligent neural network
models[14,15], and physicabased electrochemical mod§l$i 19]. In [9], an electrical battery model
capable of predicting runtime anelVI performance was proposed. The model was a blend of the
Theveninbased electrical mod¢20i 22], impedancéased electrical mod§23], and runtimebased
electrical mode[24]. In this model, a capacitor and a curreantrolled current sourcgereemployed
to model the SOC and runtime of the battery, a RC networkusad to simulate the transient
response, and a voltagentrolled voltage source was utilized to bridge SOC to -@enit voltage of
the battery. In22], all electrochemical and electrothermal processes were approximated as uniform
through the entire lery and all spatial variations of concentrations, phase distributions, and
potentials ignored Wi t h t hese assumptions, t he batter
extracted from the experimental data. The model is suitable for vptotdtyping of potable
batterypowered system.

In equivalent circuit models, several battery parameters are required to fit a circuit model (usually
RC circuit networks). The physical intuition behind the meaning of battery parameters in an equivalent
circuit model is Ist. However, equivalent models are useful for circuit analysis and simulation.
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Therefore, they are commonly used in various types of battery management systems. Based or
physical first principles, electrochemical models provide a description of battergahtransport and
electrochemical and thermodynamic phenomena. The resulting electrochemical models are more
complex, but can be more accurate than equivalent circuit models or neural network models. Severa
reducedorder models have been proposed ttotaglectrochemical models to reahe and control
applications, including the single particle modgbi 27], electrode average modg8,29] and
frequency domain methdg0].

This paper analyzes and simulates théohi battery charging proce$sr a séar powered battery
management system. This study use®ninvertingsynchronous bueckoost DC/DC power converter
to charge a battery. The supply voltage originates from the output of the maximal power point tracking
stage which automatically adjusts thatput voltage to achieve maximal power transfer from the solar
cell panel. The battery charging system can operate in buck;dmask, or boost mode according to
supply voltage condition. Supply voltage variation arises from rapid changes in atmosphéitions
or the sunlight incident angl®ased on the electrode averaged electrochemical mod28,29] an
electrochemicabased equivalent circuit model for a-ibn battery is established. This is the first
contribution of this paper. The circuitadel contains a dependent voltage source and a dependent
current source. The dependent voltage source represents the sum of overpotential and open circu
potential of the battery. The current source is controlled by the external charging circuit. Aadynami
model for the battery charging process is then constructed based on the established equivalent circui
model and the bueckoost power converter dynamic model. This is the second contribution of the
paper. The battery charging process forms a system mithiple interconnections. This paper
analyzes and discusses characteristics including battery charging system stability margins for eact
individual operating mode. Because of supply voltage variations the system can switch between buck,
buck-boost, and bost modes. The system is also modeled as a Markov jump system to evaluate the
mean square stability of the system. This is the third contribution of the paper. The jump system can be
used as a practical example for other research purposes such as catgsiye for jump system or
simultaneous stabilization. The MATLABased Simulink piecewise linear electric circuit simulation
(PLECS) tool is used to verify the battery charging model.

2. Lithium Battery Model

A typical Li-ion battery cell contains threeain partsa negative electrode, separator, and positive
electrode, as shown in kige 1. All three components are immersed in an electrolyte solution
composed of a lithium salt in an organic solvent such asglLiBBF,, or LiCIO,. The negative
electroe is connected to the negative terminal of the cell and usually contains graphite. The positive
electrode is connected to the positive terminal of the cell and is a metal oxide or a blend of several
metal oxides such asMn,O, and LiCoQO,. The separatois a solid or liquid solution with a high
concentration of lithium ions. It is an electrical insulator that prevents electrons from flowing between
negative and positive electrodes, but the electrolyte allows ions to pass through it. In the discharging
process, the lithium ions at the surface of the solid active material of the porous negative electrode
undergo an electrochemical reaction, transferring the ions to the solution and the electrons to the
negative terminal. The positive ions travel through ¢hectrolyte solution to the positive electrode
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where they react with, diffuse toward, and are inserted into the metal oxide solid particles. lons and
electrons reverse traveling direction in the charging process.

Electrochemicabased models are reasongiledictors of Liion battery performance and physical
limitations for a wide range of operating conditiofi8]. However, the model contains coupled
nonlinear partial differential equations that make it difficult for onboard applications. Thus, model
redwction is necessary for redime and control applications. Based on porous electrode thi&6fy
Li-ions can exist in a solid phase (intercalated in the electrode material) or an electrolyte phase in a
dissolved state. The porous structure can be intexpees consisting of small spherical solid particles,
as shown irFigurel.

Figure 1. Structure ofaLi-ion battery cell
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For simplicity and computational tractability, edanensional spatial mode[47i 19] are widely
used in battery performance anayand state of charge estimation. State variables requilatetto
describe electrochemical behavior while charging or discharging a lithium battery include electric
potential @, in the solid electrode, electric potenti®) in the electrolyte, current in the solid
electrode, current, in the electrolyte, concentratian of lithium in the solid phase, concentratiop
of the electrolyte salt, and molar flux, of lithium at the surface of the spherical particle. Assuming

that battery discharging current lisand plate area ié\, the goerning equations that describe the
electrochemical behavior of the battery and the relationship between state variables and input/outpu
signals of the model are summarized below.
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Potential variation in the solid electrode along tkeis is describedy:
0P g ig—I /A

S

ox o o 1)

wheresis the effective electronic conductivity of the electrode. The relationship between potential and
current in the electrolyte is calculated using

0P ie 2RT o dinc
ey SR g0 T ze
X k F Toox 2)

where R is the universal gas constaifiitjs tempeature K), Fi s Far aday &sheionicnst a
conductivity of the electrolyte, antﬁ is the transference number of the positive ions with respect to

solvent velocity. Lithium concentration variation in the electrolyte is calculated:using
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where D, is the effective diffusion coefficient; is the volume fraction of the electrolyte, afl is
the lithium ion flux. Variablej" is defined as
Ol : L
—=aFj,=j"
» =] (4)
wherea is the superficial area per electrode volume unit. Lithium ion transport in the electrode is
described by
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where r is the radial dimension of electrode particles dddis the diffusion coefficient. The
corresponding boundary conditions:are

G
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Govening Equations (1), (2), (3), and (5) describing the behavior of the state variahlds,, C,
and ¢ are coupled through the But&iolmer electrochemical kietic equation:

F _ex ozCF7
n RT)

O‘a
=2, exp -

i 7)

where o, and «, are the anodic and cathodic transport coefficients, respectiye$ythe exchange
current density, and) is the surface overpotential. Surface overpotentia the driving force of (5)

and is defined as the difference between solid state and electrolyte phase potentials minus
thermodynami@quilibrium potentialJ of the solid phase. Mathematically,is expressed as

n=&,—-P.,—U Cg (8
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where equilibrium potentidl (c,) is evalated as a function of the solid phase concentration at the
particle surface and is the lithium ion concentration at the solid particle surface. Exchange current
densityi, is related to the solid surfacadaelectrolyte concentration and is calculated using

io:Frk CsmaxCss Coss “Ce” 9

wherer, is the rate constant ar ., is the maximal possible concentration of lithium ie tolid
particles of the electrode based on material properties.

In the electrode solid concentration model, the spatial solid concentration distribution along the
coordinate is ignored.¢., diffusion between adjacent particles is ignored). Diffusignadhics along

the r coordinate are only considered inside a representative particle. To simplify the analysis, the
spherical particle with radiu®; is divided into M, slices, Ar=R;/M, in size. Let the solid

T
concentration at radial coordinater-q, q=1,2--,M, ,, becy, and selectsz[csq] as the state

vector. Concentratiorty, (concentration tathe particle center) is excluded from the state vector
because it is constrained by the first initial condition in (6). The other boundary conditipr-fey

(surface concentration,y, = G) is also excluded fromhe state vector. Concentraticg, can be

obtained from the second boundary condition in (6) and can be estimated using

. MrAr GCS - Ar L
Cos = CSMl_Fj;Mr_l)ArEdr_ Cop— 1 DaF J (10)

PDE (5) can be approximated using the finitéedénces and (11)

¢, — D/ 2 S@n~ %y, Csaiy 2Cst Cs
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= |21 = —2c 4+ ——¢C
(Ar)z q Cs(q+1) sq q s(e 1}
Using (10), stat&quation (11) forqg= M, —1 is rewritten as
. D, | M, Ar M, —2
N=—s——|Cm-y——— 1 |—2Cm .+ ——— Cst -
S0 = (Ap)2 Mr—l[ SM )" D gF ! s )T g OS2
12
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StateEquations(11) and (12yepresent the approximate solid concentration distribution dynamics
of a particular solid particle inside the electrode. To facilitate analysis and control and estimation
applications, this study uses the electrode averaged rf&8j2B] for solid concemation distribution
dynamics for battery chargingnalysis and desigrin addition it neglecs thesolid concentration
distribution along the electrodeso the electrode averaged model only considers material diffusion
inside a representative solid ma#kgarticle (one for each electrode) and averages the state and input
variables in the model. The model assumes that electrolyte concentration is constant (which is
reasonable for a highly concentrated electrolyte). The electrode averaged model wasidnstd.
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The results were then used to construct an electrocheb@sall equivalent circuit model for battery
charging analysis and simulation.

In the electrode averaged model, average solid concentration dynamics are driven by constant flux
(the averagealue of j*') T5. The average value of' along the negative electrode is

=Li 1 Liyo O (X) I
— dx = e
In L J; I s fo ox . AL (13

The average value oj‘Li along the positive electrode?,!,Li , Is calculated using

—Lj 1 L .Lid_ 8|e(X)dy( —I

o Sl Tt 9

' =

Using Tn"i , Tp“ , the conservation of charge from (4), and appaterboundary conditions, current

densityi, becomes piecewise linear proportionaktpas shown irfrigure2.

Figure 2. Distribution of current density in electrolyte
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UsingFigure2 and (2) and assuminlgét C, is constant, the potential in the electrolyte for negative

electrode0 ¢ x ¢L is:

_ 1 E(X) _ xig(X) |
F.x) = KO ——=dx 3 dx 0 —— ¥
M = EO) = (@ Oﬁfrn @ 15
PotentialF . for separatol.” ¢ x ¢ is:
I
F.(xX) = KO L X L
e( ) e( ) 2AK, A /é/ep( sp) (16)
Similarly, potentialF , for positive electrode.® ¢ x dL is:
e 2
I | (x- Lsp)
F.(X) = KO) L LeP X Lgp) —— 1
¢ ST 2Mk, T Ak, A r%( ) 2L (17

Thus, using external applied currehtas the input and average solid concentration as the state
variable, the average solid concentration distribution dynamics inside the negative and positive solid
particles are expressed using (18) and (19), respectively
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Battery voltage is calculated using
Vearr = P5(L) —24(0)— R (22

where R is the film resistance on the electrode surface. Battery voltage, using overpotential from (8),
is characteried using the following equation:
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Vaart = 1o (L) =11 (0)+ P (L) = @ ((0)+ U ,(c L))~ U {c 0)— R{ (29

From (17), using the averaged expression and assuming the ionic conductivity of the electrolyte in
negative, positive, and separation regions are the damek} = & = & =), potential differences
d,(L)—P(0) can be calculated using

L +215¢P4 "

Pe(L)=Pe(0) = —| =] (29
Averaged overpotentialg, and 7, areobtained by using (7) to produce (25) and)(26
_ RT 2 I
=—1In &, + +1, =
T oF gn gn én 2aﬂi0,nAL* (25)
_ RT 2 —1
=—1In &+ +1, =
= &pt4/Sh Ep 2aj, AL (26)
The battery voltage using the electrode averaged model is characterizetbllothiag form:
_ _ N B el I
Vearr =Up(Gsp) ~UnCss d+7 571 o + Ry |
27 27
=Vocp(Csd +Vovk Css N —V £1)
where:
VOCP(CSQ =U ;(E ss))_ U (16 ss),n
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Vovp(Cso 1) =77 =17 n= = IN € o\ JE5 41 ———In & €55+ 1
aF aF (29)
L 42154 Lt
V | — + . I = . I
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Voltage Vocp, also called open circuit potential, depends onlyttom solid concetration Cg.
Voltage Voyp is the output from overpotential differenfg- 73. It depends on concentrati@g, and
the external applied current. Voltayg,p is zero if applied current is removed. Voltage accounts
for overall film resistance on the electrode surface and ionic resistance for the electrolyte. If applied
current is removed, voltagé is zero.

Surface concentrations for the positive and negative electrodes are first determined using the
electrode averaged model. Surface concentration information and applied current are used to obtair
open circuit potentiaVocp, ovepotential differencé/pp, and resistance dependent voltdge.

Battery voltage is then calculated using (27). For practical applications, these solid concentrations must
be adjusted using a state estimatitgpathm (such as Kalman filtering) before they can be used to
predict the state of charge (SOC) available for discharge. However, battery model output depends or
open circuit potentialp(Css ) —U Css ), not open circuit potentid!,(Css ) or Un(Css ) . That is, a

system which includes positive and negative electrode states is weakly observable from the battery
voltage output. Only considering the solid concentration dynamics of the positive electrode can
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improvethis. The surface concentration of the negative electrode is estimated by determining the SOC
by introducing utilization ratig}, from the positive electrode. Utilization rat@ is defined as

qp — Csbp
Csp,max

v Goow ¢ 9 S (29

where €, is the average bulk positive solid concentration gpg, and g;o00, are the average
concentrations for a fully discharged ancaxged battery, respectively. Utilization ratigg,, and
Gh1009 @r€ related to battery capaciy and are characterized using

_ Q
AL Fe. ¢ (30)

'Sp~sp,max

‘qp100%_ Qoo
where e, is the volume fraction of active material in the positive electrode. The SOC determined
from the positive electrode is assumed to vary linearly gjitland is expressed §l]:

Q- fHow

Go100%~  Bo%

SOC= (31)

The SOC estimation must account for both positive and negative electrodes. Thus, it can be
assumed that the SOC associated with utilization gatifor the negative electrode is the saasethe

SOC obtained from the positive electrode at any point. That is, utilizationgiat®ocalculated using

Gh= Mo SOC( oo ~nd® + noll % Ghoo (32
Utilization ratio g, is used ® calculate average bulk concentration for the negative elecfigge
6sbn =dn Qn,ma‘ (33)
Surface solid concentratidty, for the negative electrode can then benested using
= Dr,,
Cssn = Csbn W I (39

Figure 3 shows the battery model which only includes solid concentration states for the
positive electrode.

Figure 3. Electrochemical basedion battery model
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The battery vitage characteristics in (27) are used to establish an equivalent circuit model, as
shown inFigure4. The circuit model contains a dependent voltage soMezer <., and a dependent
current sourcelgarr . Dependenvoltage sourc&satT e, represents the sum of overpotenifg|,,
and open circuit potentid,.,. The current sourcésarr is controlled by the external charging circuit
This study uses this circuit for battery charging analysis.

Figure 4. Equivalent circuit model fotheLi-ion battery

Li-ion Battery

| o |
O— MWAV— *
| + I rr- 4 Electrochemical Model ) |
AT’
- OXON D ||
| VBATT oY T
BATT |
= N J
| ° |

3. Synchronous BuckBoost Converter

The noninverting buckboost converter can convert the source supply voltage higher and lower
voltages to the load terminal while leaving voltage polarity unchangeaire5 shows a diagram of
the synchronous budboost circuit. Four high speed power MOSFETE £ Q,) are used to control

energy flow from the supply to load terminals.

Figure 5. Synchronous nemverting buckboost power converter
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Because of supply voltage variat®rhe power converter operates in buck, bbokst, or boost
modes through proper control of the power MOSFETs. When supply voltage is higher thanrédae des
load voltage, the converter is set to buck operation. In buck mode operation, trd@sistaiways on
and Q, is always off. Buck mode operation is achieved by controlling power swit@hasd Q,.
When transistof), is closed and, is open, the power source charges the inductor. In the inductor
charging cycle, inductor current increases almost linearlytldapacitor supplies output current to
the load. For inductor discharging, transis@ris closed and transistdp, is open. In this mode,
energy stored in the inductor is delivered to the capacitor (clogttoge capacitor) and the load. Current
from the inductor decreases almost linearly during the inductor discharge period. If the duty cycle for
charging the inductor id , average load voltagé , equalsdV; for buck operation. Duty cycle < 1,
thus, controlling duty cycle regulates output voltagé , at a voltage less than supplied voltage
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When the supply vtdge is less than the desired load voltage, the converter is set to boost operation.
In boost mode operation, transis@is on andQ, is off. To charge the inductotransistorQ, is
closed andQ, is open. The operation &), and Q, are reversed during the inductor discharge cycle.
In boost mode, average load voltagg equalsl/(11 d)Vs Thus, the output voltage can be higher
than the input supply voltagé/hen supply voltage is close to the desired load voltage, the converter is
set to buckboost operation. In this mode, transist@sand Q, work as a group an€), and Q, work
as another group. To charge the inductor, swit€@eand Q, are closed an€), and Q, are open.
TransistorsQ, and Q, are closed an€), and Q, are opened to engage the inductor discharge cycle. In
this mode, average load voltayg, equalsd/(11 d)Vs This implies that output voltage can be changed
to more or less than the supplied voltage. Table 1 shows a summary of power copesaton.

Table 1.Summaries of the operation of the bumbost converter

Buck mode Buck-Boost mode Boost mode

Inductor charge ON ON ON
Q Inductor discharge ~ OFF OFF ON
Inductor charge OFF OFF OFF
Q Inductor discharge ON ON OFF
Inductor charge OFF ON ON
Q Inductor discharge ~ OFF OFF OFF
Inductor charge ON OFF OFF
Q Inductor discharge ON ON ON
Average load voltage Vou = dVg Vou = %Vs Vou = ﬁvs

From the above discussions, outpattage can be set to a desired value with the supplied voltage
source more or less than the desired output voltage. This is achieved by controlling the duty cycle of the
MOSFET switches. The budboost converter is used to control the charging procesd. feion battery.

4. Battery Charging with a Buck-Boost Power Converter

Figure 6 shows the circuit model for lion battery charging with a budkoost power converter
which uses the electrochemical based equivalent circuit model from Sectieiguze(d) and the
buck-boost converter from Section 3.

Figure 6. Equivalent circuit model for battery charging with btlmkost power converter
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ResistanceR.s is a current sense resistor, which is used by the battery charging eontooll

measure and control current to the battergure7 shows the equivalent circuit for battery charging in
the buck model, which is similar to the bdo&ost converter in Section 3.

Figure 7. Battery charging for buck mode operatior{a) Inductor chage,
(b) inductor discharge.
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The output regulation capacitor is modeled as an ideal capacitor with capa€itameeries with
its equivalent series resistari¢e The inductor is modeled as an idealuotbr with inductance. in
series with its equivalent series resistaRce ResistorRqg; represents the corresponding switch on
resistance of the MOSFET. For simplicity, resistanBes+ Rg are replaced by a single resistor with
resistanc&s. In this model, switch); is off andQ,is on. Buck operation is achieved by controlling
switchesQ, and Q, to charge and discharge the inductor and then transfer energy to the battery.
Figure 7(a) shows the equivalent circuit for the inductor charging cycle and Figure 7(b) shows the
inductor discharging equivalent circuit. If the dutyclkey for inductor charging ig andd’=1—d
during inductor discharge, the averaged dynamic system for battery charging in buck mode

operation is:
adi, g¢ PRy *RIR *R) R R RR, ¢ & R o
Car Ug L(Re + R) (R +R) g sl LR+R) § Vs
gdve 0 ¢ Ry R S - 1 BATT
Ed B3 C(Re+ R) AR +*R 4 & C(R+R) |
(35
¢RR R o ¢ R
¢Vou BRe+R R +R g sg R+R § Vs o
gl BATT He R 1 C Hgo _ 1 BATT Gss ﬂ
ERe+R R*Rs 4 & R+*R 4
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In this dynamic system, inductor current and capa citor voltage are system states. Inputs are externz
independent voltage sourt@ and dependent sourdgarr ¢ from the battery. System outputs are
output termiml of the buckboost converte¥,, and battery charging currehgrr -

For simplicity, (35) assumes that switoh resistance&y = Ry, =Ry, ®, R because same

part number are used for the power switcli&se of the system inputs in (35) is dependent voltage
sourceVgary ¢ from the battery. Voltag&/garr o is developed from the electrochemical model

which is driven by an output from the battery charging motigl{).The battery charging controller
uses output¥,; and Iz, to determine the duty cycle for power switch operation. Therefore, battery

charging forms a system with multiple interconnections, nwaldystem analysis and design more
challenging and interesting. Figure 8 shows the structure of the interconnected system.

Figure 8. System structure of the interconnected battery charging with -looét
power converter.
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When external supplied voltadk is less than the desired regulated output voltage, the converter is
set to boost operation. In this mode, power swighis on andQ, is off. Figure 9 shows the
simplified equivaént circuits of battery charging during boost operatiorfigure 9(a), transistofQ,
is closed and)), is open, allowing the supply voltage to charge the inductdfigare9(b), transistor
Q, is closed and transistdy, is open to engage inductor discharge mode. Similar to buck operation,

the dynamic model for boost operation is expressed using the following equation:
edip g€ CRy+R)R +R) 4RR diRs o el diR- @

T L(R: + R) (R +R) §i oSl LRe+R) § Vs
édve gg diRs ) 1 %’c Héo 1 BATT G
gdt S C(R:+ R) QR +R 4 & C(R+R) q

(36)
¢dRR R 8 & R o

N é ) é

SVou 0SR R R R pS RR E Ve o
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Figure 9. Battery charging for boost mode operatiofa) Inductor charge,
(b) inductor discharge

boost operation
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When supply voltage is close to the desired load voltage, the converter is set Hbobsick
operatio. Figure 10 shows the simplified equivalent circuits for battery charging during-bookt
operation. Transistor®, and Q, work as a group an@, and Q, work as another group

Figure 10. Battery charging for buckoost mode operation(a) Inductor charge,
(b) inductor discharge

buck-boost operation
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In Figure 10(a), switche® and Q, are closed andQ, and Q, are open, allowing the supply
voltage to charge the inductor. In Figure 10(b), transisfgrand Q, are closed and transisto@ and
Q, are open to engage inductor discharge mode. During-lboegt operation, the inductor charge
cycle is the same as the boost operation inductor charge cycle and the inductor discharge cycle is th
same as the buck operation inductor discharge cytie.averaged dynamic model for btlodost
operation is:

edi g¢ CRo*R)R +R) 4RR dR o &  dR @
a Je L(Re+Ry) (R R fi ool LR*R) G Ve
gy 6 diRs 1 @euy 1 Peamre
€dt B§ C(R. + R) QR *R 4 & CR*R) i
(37
edﬂ%% R o e R @
Vou RetR R R og RIR P Vs o
gl BATT u gé diRe 1 c Hgﬂ 1 Bearr g 3
R+R R *Ru & R*R{

To investigate power converter performance for battery charging, this study conducts a stability
analysis of duty cycle variation. Sthaignal models were obtained by applying a small disturbance to
the system and ignoring second order terms. If the duty cycle with a small disturbarweel istd
anddi=d id, the corresponding state and system out@utations ard, =i, +_, Vo =V ¢,

Vout =Vour Noyp @ndlgarr =lgarr +earr - Variablesj” and; represent the mean (or steady state)
and variation of ginal/ . The small signal dynamic model driven by the small disturbance of duty

cycle(‘] for buck mode operation:is

sdi, 88 CRo+*R)R *R) R R B8
ar Vg LR+ R) R+ Bl
ech l}g Rs e ug a
Edr Hg C(R: *+ R) cz%+%) i
(39
¢ RoR R o
¢ Vou *eRc+Ps R +Rg o
élgarT ue R 1 c u
R*+R R *+R g

Equation (38) assumes thatltage source¥s andVeart ¢ remain constant when the system is

disturbed byﬁ for a short period. Although dependent soWgerr < is driven by current garr , its
dynamics are much slower than the blcost converter circuit dynamics. This is easily verified by
checking the Liion concentration diffusion dynamic bandwidth of the electrochemical model and the

buckboost power converter circuit dgmics. InputVs is an external voltage source. Therefore, these
assumptions are reasonable.

Similarly, the small signal dynamic model driven (ﬁ)y‘or boost mode operation:is
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edi. gg (2R, *R)R +R) €WR R diRs 4
2dt ge; L(R: + Rs) (R +R) %'
édve ug diRs ] 1 %Vc
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Similarly, the small signal dynamic model for btlo&ost mode operation:is
edi gg_ (2R, +R)(R +R) #R R diRs &
edt ge L(Re + R) KR +R) €
ech ug diRs ] 1 %70
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Equations (38) to (40) show thd},, = RsIzarr. Therefore, only chacteristics of dynamics from
d to V,,, are investigated.

System characteristics depend on inductabhcand capacitanc& . Factors which must be
considered to etermine inductance include input voltage range, output voltage, inductor current, and
switching frequency for duty cycle control. The capacitor maintains-neglilated voltage and
capacitance depends on the inductor current ripple, switching frequeddjeadesired output voltage
ripple. In this design, input voltage varies from 8 to 30 V. Output is designed to chargeidine Li
battery. The battery consists of threeiam battery cells connected in series. Battery voltage is
approximately 12.6 V whefully charged. This study uses inductarnce 4.7 mHand capacitance
C = 396 mF.System characteristics also depend on operating conditions (such as battery voltage
VearT s inductor current, , and capacitor \tageV;), equivalent series resistandgs and R-, and
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MOSFET on resistancB, . For good voltage regulation with low output voltage ripples and minimal
power Iss from inherent inductor resistance, components withRewR, , and R, values for the
capacitor, inductor, and power MOSFETS, respectively, are used in the power converter design.

Assuming 306kHz switching frequency,-& charge current, 2V battery,R. = 50 mW,Rc =5 mW
andRo = 7 mW, Figure 11 shows the stability margins of the system from duty cycle varihtion
output voltage variatioh70utwith respect to supply voltage variation. The figure indicates that the
phase margins are inadequate.

Figure 11.Stability margin of the buckoost power converter
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DC/DC power converter design commonly incorporates a type Ill compens@tdhénsystem to
improve the phase margin. The type Ill compensator, as showguine 12, uses six passive circuit
components, three poles (one at the origin), and two zeros. The compensator transfer function is

R,Cst1| R+ B Gl
R G+C sRG sl RGs1’

where C,, is the parallel combination df;, andC,, that is,C, = C,C,/(C+ C). Figure 13 shows

the power converter stability margins with incorporatechpensator wheR; = 10 kW, R, = 668 W,

R; = 630 W C; = 1.05 nF,C, = 161 nF andC; = 10.1 nF.Table 2 shows a summary of stability
margins. The results show that the phase margins improve significantly. The residés dod 0.1A
charge current arelsm investigated. The stability margin will be improved when the load current
decreasedrigures 1416 are the examples of the bode plots for boost, #homst, and buck modes
respectively. The bode plots examples clearly show the improvement of the mpaage for the
compensated system.

K(s)=—

(41)
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Figure 12. Thetypelll compensatar
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Figure 13.Stability of the power converter with type Il controller incorporated

60
% 50 buck-boost
€ |4
s —
g 40 "
boost
5 30
(O]
20
10 15 20 25 30
Source wltage (V)
140 '
= /\
g 120} = 4
c boost N
§ 100 P 4 |
o buck-boost 4
& 80 /
K
o buck
60 1 | L L —
10 15 20 25 30

Source wltage (V)

Figure 14.Bode plot for boost mode



