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Abstract—For portable applications, long battery lifetime is on the current drawn from the battery itself. In other words, the

the ultimate design goal. Therefore, the availability of battery and  higher the discharge current, the higher the energy waste of the
voltage converter models providing accurate estimates of battery battery [5], [3].

lifetime is key for system-level low-power design frameworks. In Desi d timizati f digital circuits i tabl
this paper, we introduce a discrete-time model for the complete esign and opumization or digital circuits In portable

power supply subsystem that closely approximates the behavior Systems ask for a careful understanding of battery behavior.
of its circuit-level continuous-time counterpart. The model is Accurate simulation models for battery and dc—dc conversion
abstract and efficient enough to enable event-driven simulation of circuitry are required to properly tune system power demands.
digital systems described at a very high level of abstraction and g, thermore, the explosive growth of the portable electronics
that includes, among their components, also the power supply. .
The model gives the designer the possibility of estimating battery market has spurred numerous research efforts targ_etmg the de-
lifetime during system-level design exploration, as shown by the Velopment of new and improved battery technologies, capable
results we have collected on meaningful case studies. In addition, of providing more energy without increasing weight [6]. As a
it is flexible and it can thus be employed for different battery result, when designing a portable product, designers are faced
chemistries. with the nontrivial challenge of selecting a battery that delivers
Index Terms—Batteries, digital systems, energy management, sufficient energy at low cost, with small weight and volume.
power demand. Postponing battery selection and power distribution design to
late phases of the development flow (or even to prototyping)
I. INTRODUCTION may lead tq serious violat_ions of Iifetir_ne/vyeight specificgtio_ns,
o which may impose redesign. Overestimation of battery lifetime
D URING the development of a low-power digital systemy;ith a given battery chemistry imposes the selection of a more

the attention of designers is focused on the minimizaticgg(pensi\,e chemistry, which seriously impacts cost and can
of the power dissipated by the circuits and interfaces that p@fyyse market failure [7]. It is therefore important to study the
form computations, storage and data transfer/communicatigiteraction of active devices with as many battery alternatives
Accurate and efficient power models for digital circuits at varsg possible in the early steps of the design process, when a
ious levels of abstraction have been developed to support gystem prototype is not yet available [8].
sign space exploration [1]. Unfortunately, much less attention Battery simulation models [5], [9]-[11] have been developed
has been dedicated to power supply models. In many casesg ihielp designers estimating the discharge characteristics of
is implicitly assumed that the power supply provides a constaf¥mmon batteries, much before such characteristics can be
voltage and delivers a fixed amount of energy. This assumptig{basured by connecting the actual battery to a system proto-
is not valid in the case of battery-operated devices. type. Battery models have traditionally been formulated at the

Even though power dissipation is a primary concern in the dgircyit level, because of the analog, continuous-time nature of
sign of portable electronic devices, top-level specifications aggtery discharge phenomena. Unfortunately, a continuous-time
not given in terms of maximum average power (or energy), beffcuit-level battery model requires a load model at the same
rather in terms ofminimum battery lifetimeFurthermore, the |eve| of abstraction. Obviously, modeling the entire system
portability requirement imposes tight constraints on maximumading the battery at the circuit level is a challenging task.
battery weight. For these reasons, successful portable appliegrthermore, circuit-level simulation of a system over the
tions combine low-power design techniques with careful batte{)ypica| lifetime of a battery would require an enormous amount
selection and power-supply design [2]. of time.

As observed in [3], [4], a battery is not an ideal finite-charge on the other hand, battery-conscious power metrics such as
power supply. The energy stored in a fully charged battefyose introduced in [3], [4] suffer two limitations. First, they
cannot be supplied to the digital circuitry to its full extent angl|ate battery lifetime to the average current absorbed by ac-
the usable energy cannot be supplied at a constant rate. Thigs circuits. However, lifetime of actual batteries does not de-
because the amount of energy a battery can provide depepgsd only on average current, but also on the profile of the

time-domain current waveform. Second, they neglect the pres-
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In this paper, we propose discrete-time battery and dc—dc Ve e 'Bat
converter models that help in bridging the efficiency gap be- Ve o Vhost(Vpae) Vesie 0
tween electrical-level and high-level simulation, without incur- Ve ’_«ii
ring in the accuracy losses which are normally imposed by sim- T*CaPACTY VBat

Vsense) v
plified battery-conscious power metrics. The model takes into ” c @ C’T
‘7 VSens

account first-order effects like dependence of battery voltage v
on its state of charge, discharge rate, and discharge frequency .
Second-order effects like battery output resistance and depen- ) . )
. . . . 1. First-order continuous-time battery model.
dencies on the temperature are also considered. Accounting 16
the latter is needed for accurately modeling modern high-ca- _ )
pacity batteries that can provide high currents and are thereféf@tures of continuous-time battery models that need to be re-
subject tolR drops and self-heating. pro_ducgd in a discrete-time setting to achieve accurate lifetime
The complete discrete-time model can be implemented a§¥!mation. . o .
VHDL entity (or as a Verilog module) that well approximates Ve Will also describe the principle of operation and a mod-
the continuous-time behavior but, at the same time, is fast afihd technique for dc—dc converters, which are the main com-
efficient enough to enable high-level, event-driven simulation PNents of the power distribution circuitry in portable systems.
a complete system description. Therefore, it can be used for the
purpose of battery lifetime estimation of systems described dta
very high level of abstraction. Charge storage in a battery can be modeled as a capacitor with
Model development and validation is first carried out focapacitance” = 3600- CAPACITY whereCAPACITYis the
Lithium—lon batteries (i.e., batteries that find very wide usage®minal capacity indhr, which is usually provided in the bat-
in portable electronic systems); then, it is extended to othiery’s data sheet. By setting the initial voltage across the capac-
battery chemistries, both for primary (i.e., nonrechargeablédr Vo = 1, we initialize the battery to its fully charged state.
and secondary (i.e., rechargeable) cells. This is a first stdpfortunately, the simple linear capacitor model is not accurate
toward the construction of a “battery library” that can benough to model complex phenomena observed during battery
employed by designers to compare several chemistries and didtharge. We will briefly describe these phenomena and a cir-
types during the early stages of design exploration. cuit-level model that takes them into account. Refer to [9], [11]
Usage of the model in the context of system-level designfier a complete treatment.
illustrated through case studies. In the first one, we consider aril) First-Order Effects: There are three first-order effects
abstract description of a small personal digital assistant (PDAj)at a model of a battery must take into account.
and we show how the availability of an high-level battery model « Battery voltage depends nonlinearly on its state of charge
is important in evaluating the effectiveness of dynamic power (SOC) VoltageVz,; decreases monotonically as the bat-
management techniques, when applied to battery-operated ap- tery is discharged, but the rate of decrease is not constant.
plications. In addition, we exploit this example to illustrate how « The actual usable capacity of a battery cell depends on
battery modeling can be of help to system engineers in the task  the discharge rateAt higher rates, the cell is less efficient
of battery selection. The second benchmark we analyze is an at converting its chemically stored energy into available
MPEG 2-Layer 3 (MP3) digital audio player. Here, we demon-  electrical energy.
strate how system-level battery modeling capabilities are key « The “frequency” of the discharge current affects the
for the development and testing of dynamic power management amount of charge the battery can delivethe battery
policies which are dependent on the state of charge of the bat- does not react instantaneously to load changes, but it
tery. shows considerable inertia, caused by the large time
The rest of the manuscript is organized as follows. Sec-  constants that characterize electrochemical phenomena.
tion Il summarizes the key characteristics of continuous-time These three first-order effects can be modeled at the circuit
battery models, available in the literature, that we have uskgel, as shown in Fig. 1.
as reference for the development of our discrete-time modelDependency on the SOG4 ...(Vc)) is realized by storing
The latter is described in details in Section lll. Section I\éeveral points of the curve into a lookup table (LUT) addressed
provides experimental results concerning the validation of tig the value of the state of chargé-). The model is accurate
discrete-time model. Section V discusses model extensionsf®to a minimurnrcutoff voltage after which the battery is con-
other chemistries, e.g., nickel-cadmium, alkaline, lead—acigidered fully discharged.
while Section Vl illustrates, through realistic case studies, how Dependency on discharge rate is modeled with a voltage
high-level battery models can be fruitfully exploited in th&ource V1., in series with the charge storage capacitor.
context of system-level design exploration. Finally, Section VijpltageV;...; reduces the apparent charge of the battery [which
concludes the paper. controls battery voltageVg..,)]. The value of Vi, is a
nonlinear function of the discharge rate (which can be modeled
by another LUT). Dependency on the discharge frequency, and
the time-domain transient behavior of the battery are modeled
Several circuit-level battery models have been proposedhby averaging the instantaneous discharge rate used to control
the past [5], [9]-[11]. In this section, we will identify the keyVis: through a low-pass filterK;, Cs). The low-pass filter

Battery

Il. CONTINUOUS-TIME POWER SUPPLY MODEL
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Videal(Vc) fBat 'In L fout
+ V|n ——— 1 ——
Veell_Temp = Vg CZE
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e == Je
v, C vTemp: VCell,Temp VBatt
Crh=1 Rint | |
vase“ (vSense)) Q - -
Vsense . .
Vv Fig. 3. Simple dc—dc buck converter structure.

Fig. 2. Second-order continuous-time battery model.

A single-pole, double-throw switch is alternatively connected

models the relative insensitivity of batteries to high-frequencﬁc/) tr;e(;j;: mplij(t:\ﬂ/tvage anf(ijl ttorgl;iﬁnd'v;ri?isw't?t? cr)1uitpu;1|sncor(1j-
changes in discharge current. ectedtoa OwW-pass TItter. € Swilch position IS change

Notice thatVseqse iS @ zero-valued voltage source added iRenodlcaIIy, at a frequency > 1/2rv/LC and with duty-

series with the output voltage functions as the discharge-curr Iei) EVL'tthheugu':r?gtb\(;cc):lliac?oen\%rttr: Cglr}\(;?rr;irvlsl tr;m 02'23\'}%
(Isatt) SensorCAPACITYis the total capacity of the battery. ' vt — = "n : P 9

; . ! : onversion.
According to [9], [11], this model fits measured data fairly welf .
(within 15%). This accuracy is acceptable, since the actual ca-\.Ne Qbserve that the buck.convtlerter IS qnly one of the many
pacity of any group of cells may vary as much as 20% betweSW'tChmg 'c'onverters described in the Ilteratur'e. We focus
identical units, when we take into account manufacturing vaf 2 _specmc topology for the sake of expla_natlon, however,
ances [9]. our high-level model can be used for generic converters. All

2) Second-Order EffectsAmong the various secondary.real'".fe dc—_dc converter.s have s[ngle I.osses, usually collapsed
phenomena that affect battery voltage [9], two are nonne'é]-a single figure of merit calleafficiency
ligible: External temperature and battery internal resistance.
Properly taking them into account is key to ensure model
accuracy for large-capacity batteries, where the high currents

delivered can causEI.drops and self-hqatw_mg. Typical efficiencies are within the rang®.8, 0.9]. For a
Temperature may impact cell behavior in many ways. T%

:POut
PIn.

- . . ven fixed output voltage valugy,;, we can represent as a
most sizable effect is due to the offset in the output volta P g Out P i

. . nonlinear functiomy(My, low ). Efficiency curves are usually
caused *?y the hea.t rele.ased by the cell. This effect is par flotted in the data sheets of commercial dc—dc converters,
ularly evident for high discharge currents. The effect of te

b deled | | il h and are used by system designers to choose among different
?/eratqrerarl € mr? ele I:;s azviltag'?h 00p simi "?‘rglo t a; nverters and to set the operating point.
Rate IN Fig. 1, s shown in Fig. 2 [11]. The state variable in the We can envision three classes of circuit-level dc—dc converter

tEermﬁl loop on tlhe lg/ﬂ(ce”—”m?) cgus_es(;m OT]SMTWP Ifnh models: 1) transistor-level models; 2) behavioral white-box
the cell output voltagec-cir_remy 1S ODtaINEd as the sum ot the ., o s 4ng 3) behavioral black-box models.

equivalent voltage ¥(.) of the environmental temperature anén Transistor-level models contain the complete switch-level

the "°'t"?‘ge sourc%ise). . structure of the converter. These models are too complex to
. Viise 1S prop02rt|onal to the tempe_rature rise due to th_e r€SI8e simulated in reasonable time for long simulation periods.
tive drop Ry, - I (%eyse)-e,_wheree is the temperature rise of g, vioral white-box models employ simplified behavioral

the cell per Watt dissipated in free air [3iz,, lumps the effects component models. An example of such models is the circuit

of both thermal resistance and thermal capacitance. in Fig. 3. Even the simulation of simple white-box behavioral

The effect of the internal resistance amounts to Sumrac“ﬂ%dels requires excessive time, because the switching period

its resistive voltage drop from the effective output cell voltag%f typical dc—dc converters (a few microseconds) is several

The resistancéyy in the model of Fig. 2is used to account fororders of magnitude smaller than the time required to estimate
such voltage drop. Other second-order phenomena influenc

lint | resist h as the d q fth . tlﬁttery lifetimes (several hours).
cell internairesistance such as the dependence oTthe resIStanGg, 5 iora| plack-box models do not contain any informa-

on the cell temperature or the state of charge, can be neglec[% on the internal structure of the converters, but they just

mimic their I/O characteristics. A behavioral black-box model

is a two-port circuit; the output port is connected to the load, and
The output voltage of a battery depends on its chemistityappears as a voltage source with fiXégl,; and small output

and its state of charge. During operation, battery voltage ilmpedance. The input port is connected to the battery and it ap-

not well controlled. Thus, the battery cell cannot be connectedars as a current sink (i.e., a current source that absorbs cur-

directly to active circuits, but it requires the presence of a dc—eent); notice that in this cas&, andIr, correspond td/z,.¢

converterfor shifting and stabilizing the voltage supply. Theand g, of Fig. 2, respectively.

most common dc—dc converter circuits for battery-operatedThe input current is expressed as the following:

devices areswitching converters[12]. A basic switching

down-converter known abuck converter[12] is shown in Voutdout

. I att —
Fig. 3. Part N(VBast; Lout ) VBast

B. dc—dc Converter

1)



entity battery is
port(Ipaes ¢ in amps; update : in std_logic; VBats : out real);
end battery;

architecture behavior of battery is
begin .
VBatt <= PWL(Ve) + Vot Temp — Rint * IBats;
== Voell_Temyp is 0.0 if no second order effects are considered
Compute Ve : process (Ipats, update, Viost)
begin
cap_act := (cap_act — Ipareora * (NOW - chgt));
(*) Vo <= (cap_act/capi— Viost);
Igattoia = IBatt;
chgt = NOW;
end process;
Compute_Vy,,¢ : process (Igae, update, Compute)
begin
Vs := Igattora/ CAPACITY;
(**) VRate := (VRateotd — Vi) * exp(—(NOW — chgt)/(Rs + Cy)) + Vi
Viost:= PWL(VRate);
if (Igati’event) then
VRateotd := VRate;
Compute <="'1' after (7 / 5.0),
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The output voltage of the battebg...; is a function ofV. Itis
implemented in VHDL with a continuous assignmeWit,; =
F(Vc), whereF is realized by a LUT with linear interpolation
(PWL).

The main challenge in the implementation of the voltage up-
date processes is caused by the fact that they model voltages,
which are changing in a continuous fashion over time, thus,
some form of discretization is required to simulate them in an
event-driven setting. To address this challenge, we implemented
an autonomous source of events (sigmadlatein Fig. 4) that
generates events at a fixed frequency.

The state of charg&- and the value oly.:. are updated
when the autonomous source generates an event. The change in
SOC is obtained by integrating the differential equations of the
continuous-time model over the update period. Notice that, in

'0’ after (7 / 5.0 * 2.0),
'1’ after (7 / 5.0 * 3.0),
’0’ after (7 / 5.0 * 4.0),
’1’ after (v / 5.0 * 5.0),
'0’ after (7 / 5.0 * 6.0);

our case, the differential equations governing the evolution of
Ve and Vgt Over time can be integrated exactly.

The differential equation for, with fixed V105t (Virate) @and
Igatt is

end if;
end process;

end behavior;

dV+VOS Vae
oWe Egtt( Rate)) L, @)

which has the solutiol=(t) = Vo (0) — Viest(Veate) — {Batt -
which is obtained directly from the definition of efficiency. Thist/C- The equation above appears in the code in Lijevhere
black-box model has two key advantages. First, it can be sinf§p- @andcap_act correspond t& and ('c:(0) - € — Iga - 1),
lated very efficiently, because all information on internal hightespectively. Notice that we have assunted0) = 1 andC =
frequency switching are abstracted away. Second, it can be$00-CAPACITY as in [9].
ferred directly from data-sheet information and does not require T he differential equation foVra. with fixed V. is
disclosure of the internal structure of the converter. For these WViare
reasons, we adopted the black-box model. o7

which can be integrated in closed form, givifg.i.(t) =

. . . . . Viate(0) — V;)e™t/RrCr 1V, This equation is used in Line
This section describes a discrete-time power supply mo e,ll;of Fig. 4, whereVia:.(0) corresponds t&xaceord.
that can be easily implemented within any system-level designyne |1ast complication arises if we observe that the two

environment. For the sake of concreteness, we will assume gt ations are not mutually independent, and that both depend
system-level simulation is performed in VHDL. Hence, VHDLy 1, i.e., the current absorbed by the load). To solve this
is the language of choice for the implementation of ourabstr%mem, whenevelr... changes, new integration constants

model. are computed for the two differential equations. The value of
VRkate(0) is known because the voltage across a capacitor must
A. Battery be a continuous function. Consequently, the valu&gfo) is
The battery is defined as a VHDL entity detailed in Fig. 4known as well. In other words, the battery model reacts to an
Its interface has two inputdi,,;, representing the current ab-event on/g,;; by recomputing the boundary conditions in the
sorbed by the dc—dc converter, amgdate a periodical signal solutions of the differential equations. After the change, the
used to update the values in the model. The output dbite  voltage update rule is re-established for béth and Vgyate.
tery entity is Vg, Which represents the voltage supplied biNote that the functional dependencel@f from Vg, imposes
the cell to the dc—dc converter (see Fig. 1). Signals have anatbg re-evaluation of= even whertr,;. changes. The coupling
values. A specialized resolved type has been defined for cofthe two differential equations is explicit in the VHDL model
rent signals, with the purpose of allowing multiple current loadsf Fig. 4. The sensitivity list of process Compuie: contains
connected to the same current signal. The resolution functi®h.s;, which is computed in process Computg,.;, as a
simply sums over all currents. function of Vy,... Additionally, both processes are re-executed
The internal structure is based on the circuit-level model oh Iz, events, which impose new boundary conditions.
Fig. 1 and consists of two concurrent, communicating processesThe changes ifVgr,i. (@nd Vi) in response to a variation
The first one Compute _V-) computes the value of nodé: in  in Iy, are not instantaneous, but follow a transient with the
Fig. 1, the instantaneous state of charge of the battery (takiige constant of the battery’s low-pass filter= R;C} (for
into account losses due to high discharge rate). real-life batteries this interval is in the order of one second).
The second proces€ompute _V},.s:) computes the value of Hence, aAt = 7/5 is sufficient to model the transient be-
V6ost, I-€., it implements the low-pass filter shown in Fig. 1havior of nodeVg,,. in response to changes &f,;;. Observe

Fig. 4. High-level VHDL code of the battery model.

VRate + Cr Ry

=V 3)

Ill. DISCRETETIME POWER SUPPLY MODEL
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Compute Vel Temp : Process(Isatt, Compute_Temp)
begin
Vio 1= (Ve + Iéa.uou * Rrne % 6);

Veemyp 1= (Vrota — Vr0) * exp(—(NOW — chgt)/(Rrn » Cri)) + Vros

if (Igett’event) then
Vroia = Vremsp;
Compute_Temp <=1’ after (T7x / 5.0),

entity DCDC is
port(Iow: : in amps; Ipase : out amps; Vpaee & in real);
end DCDC;

architecture behavior of DCDC is
begin
Efficiency <= PWL(Iowt);

0’ after (77, / 5.0 * 2.0), Igatt <= (Vout * Iowt/ Efficiency)/VBati;
'1’ after (17, / 5.0 * 3.0), end behavior;

0’ after (Tpx / 5.0 * 4.0),
1’ after (trn / 5.0 * 5.0),

10" after (174 / 5.0 * 6.0); Fig. 6. High-level VHDL code of the dc-dc converter.

end if;
end process;

case). Therefore, they are well suited to work with system-level

Fig. 5. High-level VHDL code of the secondary effects. descriptions without sizable simulation overhead.

that we do not need to generate events for modeling the tran-
sient behavior oV k.. if there are no new events da,; and
the time after the lasts,.; eventist > 4. In this caseVrate In this section, we present data concerning the validation
is very close to its asymptotic value, and it does not need to §ethe discrete-time model of Section Ill against the contin-
updated. This behavior is obtained in VHDL by scheduling gous-time model of Section II. For the experiments we consider
finite number of events of sign@lompute in the future, when- [ jthium—Ion batteries, since they have a dominant position as
everlpy: changes, and by includingomputen the sensitivity - the chemistry of choice for notebook and laptop computers. The
list of processCompute V.. The spacing of these events inmain reason for this fact is that Li—lon batteries have the best
time is proportional tor. If Vraie has settled and there is noyolumetric energy density (as well as the best gravitometric
Ipats, state of charge updates are controlled exclusivelyiy energy density) among all competing cells. In simple terms,
dateevents. Li—lon batteries provide more energy than other cells for a
Concerning the second-order effects of Section II-A2, tengiven battery volume (or weight). On the other hand, Li—lon
perature is taken into account through a process, shown in Figpatteries have higher cost than traditional secondary batteries,
that computes the value bt .cii_rem, in response to a variation jike Nickel-Cadmium, because their fabrication technology is
Of Igagt. AS fOr VRate IN (3), Veu ey IS Obtained by solving still quite expensive and not fully optimized. High performance
the differential equation expressing its value and it is then addgfld cost have limited the market expansion of Li—lon batteries
(with its relative sign) to the battery output voltaygas: . to high-end products, where energy drain is high and high
Fina"y, the discrete-time model of the internal reSiStanQ%pacity is required to obtain acceptab|e lifetime with low
effect is quite straight-forward and consists of an additiongleight. Safety of Li—lon batteries is an additional issue. If
VHDL statement that SubtraCR'IBatt from the battery Output Li—lon cells are Overcharged, they may be damaged' |eak'

IV. M ODEL VALIDATION

voltageVgag: . or even explode. Hence, smart battery chargers are required,
thereby further increasing ownership costs. Li—lon battery
B. dc—dc Converter producers are steadily improving their technologies, both

The dc—dc converter is modeled as a VHDL entity, as shoiy Cell chemistry optimization and by embedding low-cost
in Fig. 6, with two input ports/o.: (coming from the load) and electronic controllers within the battery package in order_ to
Vet (cOming from the battery) and one output phst.: (con- reduce the ex'FernaI suppc_)rt needed for s_afe ba_ttery operatlorj.
nected to the battery). There is fig.. port because the output Currgntly, Li—lon batteries are expanding their market domi-
voltage is kept constant by the dc—dc converter. The value 'BiNCe in the portable computer arena, and thanks to lower pro-
Tpaie is computed with (1). Efficiency is a function of both duction costs, they are also extending their competitiveness to
Viat: andIow. Its value is obtained by lookup table and lineatoW-end products.
interpolation PWI). The computation ofo., is stateless and The ultimate target of our experiments is to show how closely
it is implemented in VHDL as a continuous signal assignmeme discrete-time model is able to track the continuous-time one.
with zero delay. The interaction between dc—dc converter ah@ this purpose, we have simulated both models under various
the battery is based on pairs ofy:, Isaic) €vents. When- conditions, corresponding to a set of different output loads, char-
ever the battery generates a nei,., event, the dc—dc con- acterized by different maximum currents and time-domain be-
verter responds with af..; event with zero delay. The gener-haviors. More specifically, we have considered a total of ten
ation of zero-delay event loops is avoided becdsg; cannot types of current load stimuli:
change in zero time in response tdm,;; variation (remember 1) TypeCC: Three constant current loads of magnitude 0.1,
thatVg.yt is a function of voltages across capacitors that cannot 0.2, and 1.0 A.
change in zero time). A neWii,;; eventis also generated inre- 2) Type SW Three square waves with 50% duty-cycle,
sponse to at,,; event; by doing this, changes on the load are  with average value of 1.0 A and different current levels:
propagated to the battery. {(1.1A,0.9A),(1.3A,0.7A),(1.8A,0.2A)}.

In summary, the models for battery and dc—dc converter have3) Type STER Periodic waveform with six different levels
limited complexity; in addition, they generate a limited number of current loads (average value 1.083 A).
of events over a battery life (a few events per second, in the worst4) TypeSP. Three pulses with durations 1, 5, and 20 s.
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TABLE |

MODEL VALIDATION RESULTS(LI-ION BATTERY) i ‘
Current IT ALT | RMSRE “ .
Load HSpice | VADL | [%] (%] e | ”
CC1 51700 | 51800 | 0.193 | 0.048 g
cC2 26000 | 26000 | 0.000 | 0.080 i
CC4 5050 | 5100 | 0.690 | 0.365 e Co
SWi1 5010 4990 | 0,389 | 0.271 [
SWz 4930 4920 | 0.203 | 0.347 o ‘
SW4 4790 4710 | 1.670 | 1.108 e
STEP 4560 4550 | 0.219 | 0.804 .
$P1 - - — | 0.949 :
SP2 - - — T 131 o | ‘ ‘
SP4 - - - 1.667 o ! Lo
Average [ 0525 [ 0.695 i

Table | reports the results of the simulations. For each type c.
Ioad., we give the battery I_ifetimeLI), in seconds, obtained Fig. 7. Voltage and current plots f@P4
by simulating both the HSpice model (colurhi$pic§ and the

VHDL model (columnVHDL), and the corresponding relative
errors (columnALT). Column RMSREreports the root mean \ ‘
square relative error of the HSpice versus the VHDL battery; , "
output voltage waveforms. o w0

Lifetime estimates are very accurate (error, on average, i
0.525%). The void entries for tePloads are due to the fact | *: .‘
that the maximum pulse duration is 60 s, for which only a negli-|s - ! Lo
gible lifetime degradation was observed. The purpose oEthe ‘ .
loads is to evaluate the short-time behavior of the model. Bai :
tery output voltage results are also very satisfactory, since th{ | :
RMSREranges from 0.048% to 1.667% (0.695% on average)| =| o
depending on the type of load. '

The errors are mainly due to the intrinsic difference of the Lo ‘ . o
implementation of the two models. In the VHDL model, the P m R R AmEALSm e e
nonlinear relationship between the two quantities is obtaine S
by piece-wise linear approximation of values tabulated in ar
array. Conversely., in the.HSplce.mode_I the mterpo_latlpn of tfheg_ 8. Voltage and current plots f@CA4
tabulated values is obtained by imposing the continuity of the

first derivative. Fig. 7 refers to thesP4 stimulus. We can notice how the
The results are in agreement with the expected behavior of fi@put voltage follows the current transitions; in particular, at
battery/dc—dc converter system. For example, the comparigfB peginning and for the whole duration of the pulse, the output
of the CC4type (1.0 A constant current load) to tB&Vloads yoltage decreases quite steeply; after the pulse is finished, the
(1.0 A average, but different levels) clearly shows that battepy|tage exhibits a smoother decrease. Obviously, the output cur-
lifetime is strongly affected by the current variations, and n@gnt of the dc—dc converter is insensitive to voltage variations.
only by average current values. Periodically changing the loadrig. g refers to theCC4 stimulus. In this case, we can see
from 0.2 Ato 1.8 A (SW4) results in a 5% decrease in lifetimgnat under the effect of a 1.0 A constant load current, the output
with respect to a constant 1.0A loa#00 s versus050 s). voltage decreases very quickly; this affects the current provided
To better understand the transient behavior of the two modeldy, the battery, that tends to increase accordingly.
in Figs. 7 and 8 we present two HSpice diagrams containingFigs. 9 and 10 show the impact of second-order effects (i.e.,
three curves each: The battery voltad®@..:, represented by temperature and internal battery resistance, respectively) on the
the solid line with crosses, the battery discharge curdent,, battery output voltage. In particular, the plot of Fig. 9 reports the
represented by the dashed line with triangles, and the outputput voltage at different environment temperatures (curves,
current of the dc—dc convertdiy.;, represented by the dashedrom bottom to top, correspond to temperature values2® °,
line with circles. The diagrams for the discrete-time model af¥’, 20°, and 40°C). As it can be clearly observed, the lower the
almost coincident with the ones shown in the figures and ammperature, the lower the output voltage, hence, the shorter the
thus not reported. The scale on the left is relative to voltadjéetime. This is due to the fact that the dc—dc converter draws
waveforms, and the one on the right is relative to the curretiigher currents in response to lower input voltages.
Notice that the curve fafo,; is shown as a negative currentin  The plot of Fig. 10 shows how the internal resistance affects
order to increase readability. the output voltage. In particular, the top curve refers to the case
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Fig. 10. Internal resistance effects.

in which the internal resistance is neglected, while the bott
curve considers the resistive effect. As expected, taking into

count internal resistance yields a lower output voltage.

V. MODEL EXTENSION TO OTHER BATTERY TYPES

Oé?(_ey are hard to fabricate and mass production of thin metal film

more energy-efficient chemistries (such as Li—lon) for high-end
applications.

B. Alkaline Battery

Alkaline batteries are an example of primary batteries. Their
cost is much lower than that of rechargeable batteries, but they
cannot be re-charged. In the portable electronic market they are
aviable alternative to Ni—Cd batteries for low-cost applications.
Several studies have been performed on how to choose between
primary and secondary batteries for a given application [13]. A
primary battery will be the best choice if the power requirement
is low or in applications where the battery will be used infre-
guently over a long period of time. For applications, where the
battery will be used frequently, the choice depends on user pref-
erence. In some cases, the user will opt for the convenience of
a primary battery and the freedom from the charger. In other
cases, the user may choose for the possibly lower operating cost
of rechargeable batteries. In general, for high-end applications
(such as laptop computers), primary batteries are not a viable
alternative.

From the electrical point of view, alkaline batteries show a
remarkable increase in cell resistance when the battery is close
to full discharge. Furthermore, the energy efficiency of alkaline
batteries decreases sharply at high discharge currents, indepen-
dently from the capacity of the battery. In other words, these
battery do not scale well with size for what concerns the peak
output current.

C. Lead-Acid Battery

Lead—acid batteries are mainly used for vehicles and are very
cost-effective for large cells. Their use in portable equipment
has been limited to niche markets. They become a viable alter-
native to Ni—Cd when relatively large batteries are needed, as in
the case of power tools. Furthermore, they tend to perform better
than Ni—Cd batteries at high temperatures. Recently, a new fab-
rication technology, callebad—acid thin metal filnhas shown
good promise. These new lead—acid batteries seem capable to
%Iiver a large amount of energy in a relatively short time, but

atteries is still not viable.

D. Simulation Data
We have run the same experiments as in Section IV using typ-

The results of Section IV refer to a Lithium—lon battery. I, parameters, taken from [9], for the three battery types just

this section, we prove that the proposed discrete-time model “Wcribed. This with the objective of validating the robustness of

be easily and conveniently adapted to other types of batterifﬁse discrete-time model, for both accuracy and efficiency, when

We start by briefly outlining the specific features of the b":ltteréfifferent batteries and different load conditions are chosen.

types we consider; then, we report comparative simulation data’I’able Il summarizes the results of the simulations for the
Nickel-Cadmium, Alkaline, and Lead—Acid batteries, respec-
tively. The meaning of the columns is the same as in Table I: LT
Nickel-Cadmium batteries have been on the market for a longlicates the battery lifetime\LT is the relative error in battery

time. They are rechargeable and they have a well-establishiéetime between the two models, and RMSRE is the root mean
technology with very low cost. Also, they are robust and dsquare relative error of the battery output voltage waveforms as
not need maintenance. Their performance at low temperatgenerated through HSpice and VHDL simulations.

is good and they perform fairly well under high-rate discharge. The data prove clearly that the model scales well with respect
Ni—Cd batteries dominate the market for low-cost portable elew- different battery types: As for Li—lon batteries (see Table 1),
tronic appliances, but they are losing ground with respect lietime estimation errors are still very small (the average over

A. Nickel-Cadmium Battery
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TABLE I
MODEL VALIDATION RESULTS (OTHER TYPES OFBATTERIES)

Current Nickel-Cadmium Alkaline Lead-Acid
Load LT ALT | RMSRE LT ALT | RMSRE LT ALT | RMSRE
HSpice I VHDL (%] (%) HSpice I VHDL [%] (%] HSpice L VHDL (%] [%)

cCt 20050 20050 0.000 0.265 59800 58650 1.923 0.313 59950 59900 | 0.083 0.006
cC2 10150 10100 | 0.493 0.428 25750 26250 1.942 0.503 33900 33950 | 0.147 0.284
CC4 1900 1900 0.000 0.787 1600 1700 6.250 0.746 4600 4650 1.087 0.362
SWi 1910 1910 | 0.000 0.070 5570 5690 2.154 0.471 4450 4490 | 0.899 1.226
SW2 1870 1880 | 0.535 0.099 5440 5510 1.287 2.305 4310 4340 0.696 1.321
SW4 1810 1820 | 0.552 0.190 4820 4850 0.622 2.859 3700 3680 | 0.540 2.144
STEFP 1750 1750 | 0.000 0.149 5600 5540 1.071 2.296 3430 3420 0.291 0.604
SP1 - - - 0.050 - - - 0.296 - - - 2.967
SP2 - — - 0.039 - - - 0.313 - - - 2.938
SP4 - - — 0.029 - - - 0.240 - - - 2.118
Average [ 0226 | o0.211 | [ 2434 ] 1.034 | 0.535 | 1.397

all battery types is 1.065%). Voltage estimation results are alsc ) ]
in line with the results of Section IV since the average RMSRE | PRVER REQ XILINX LeD

ranges from 0.211%to 1.397%, depending on the type of batter);- ————— I ’— I_

(the total average is 0.880%).

In this section, we demonstrate the importance of a system-I BATTERY cry —’_>‘ MEM STATIC
level battery model in the context of design space explora’tion.I ] o
The investigation is carried out on two realistic digital applica- ~— =~~~ PDA
tions. The first one is a personal digital assistant (PDA) with
power management capabilities. Our objective here is, on thg 11. Block diagram of the PDA.
one hand, to illustrate that the adoption of an accurate and ef-

ficient high-level battery model is key for properly quantifyinghiock REQ that dispatches the incoming requests from block
the impact of dynamic power management (DPM) on battefyR|vER, that emulates the user. Components are abstractly
lifetime. On the other hand, we are interested in proving tha@éscribed using a state-based model similar to that described in
high-level battery models can be very helpful to system engit5). States correspond to modes of operation, and transitions
neers who are in charge of selecting the best-suited battery §@g taken in response to external events. The system model is
a given system. built as an interconnection of behavioral state machines that
The second application we consider is an MPEG 2-Layerc3mmunicate using abstract events.
(MP3) digital audio player. Our objective, in this case, is to con- The power model of the system components associates a cur-
firm the results obtained for the PDA regarding the usage of thént |oad with each mode of operation. During simulation, com-
battery model to assess the benefits of DPM on battery lifetifg@nents change state of operation, thereby changing the current
extension. In addition, we a.im at i"ustrating hOW the Capabi”tyOad experienced by the power Supp'y Every block of the PDA
offered by the high-level model, of monitoring the SOC of thfas two signalstioad, that denotes the current drawn from the
battery during system simulation can be exploited to deveI%\Ner supply, andhut driven by the CPU, that is used to in-
DPM policies that are not simply work-load dependent, but alggcate when the module is to be shut down. The model of the
battery-dependent. system written in VHDL can be simulated together with the
. , power supply model for estimating battery lifetime.
A. Case Study I: Personal Digital Assistant (PDA) 1) Impact of DPM on Battery Lifetimeln a first experi-

We consider the system-level description of a real-life pement, we have applied a sequence of input requests to mimic
sonal digital assistant (PDA) with power management capaliifie typical usage of the PDA for an approximate duration of one
ities, whose conceptual block diagram, depicted in Fig. 11, dgy. We measured the battery output voltage under the applica-
inspired to commercial products such as the Palm IlIx organiz@wn of such sequence, both with and without power manage-
[16]. In the bottom-left corner of the diagram the model of thment. Needless to say, system simulation that accounts for the
battery system can be clearly identified. presence of battery and dc—dc converter was possible thanks to

The PDA consists of a CPU, with an embedded powdéne availability of our model. In fact, HSpice simulation of the
management unit that can be selectively disabled; a memdow-level synthesized description of the whole system would
block MEM (RAM and flash); some glue logic implementechave been just infeasible (the netlist would be too complex and
as FPGA's Kilinx); an LCD display. Two other blocks arethe duration of the simulation too long).
contained in the system: STATIC, that emulates the static powemResults are shown in Fig. 12, and refer to the case of a Li—lon
dissipation (i.e., not power-manageable) of the PDA, andbattery with nominal capacity di.>Ahr; as expected, power

|
]
VI. M ODEL EXPLOITATION DURING DESIGN EXPLORATION :
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- ! ! ! j " eanoe — TABLE Il
. \ BATTERY EXPLORATION SUMMARY
: e Baitery Type LT ALT
) . S ' No DPM | DPM | (%]
» N Lithium-Ion 28400 35900 | 26.4
Wickel-Cadmium | 24960 | 33100 | 32.6
o saf Alkaline 26000 | 32075 | 23.3
H ’ Lead-Acid 26000 32800 | 26.1
> sz Y 7
3 -
28 Joad éﬁg_ LCD
ARM —
26 - i Rea +
‘ | DRIVER CACHE
24 i i L I D;M lioad
"o 5000 10000 15000 20000 25000 30000 35000 40000 lload! UNIT Y [ ]
Time (s) SRAM
roTTTTTTTS
Fig. 12. Impact of DPM on Lithium—lon battery lifetime. : ek Music
I DC-DC ——
T
) ) |
managing the PDA extends battery life of about 26.4% (fron| | copEC MEM
. |
2840010 35900s). In case the battery is replaced by a conste} | BATTERY Vﬁim = Ly CTR FLASH
power supply, on the other hand, average power savings wou| !
___________ MP3 Player

be around 34.3%, indicating that average power reduction ar -
battery lifetime extension are not numerically the same. _

The importance of a detailed battery model for accurate”
lifetime estimation is further confirmed by the following ex-
periment. Drawing from the battery a constant current exac
equal to the average valug,. of the current drawn in the
power-managed case yields an increase in estimated battetWe consider the system-level description of an MPEG
life of 17.1% (from 35900 s to 42039 s). This result shows 2-Layer 3 (MP3) Digital Audio Player, whose block diagram,
that the model is extremely useful to evaluate the actual impattown in Fig. 13, meets the specification of a commer-
of power management; the time-dependent load determineddiglly-available product by Diamond [17]. System components
DPM cannot be accurately estimated by simply applying tlean be power-managed through signals issued by a DPM unit
relative average load to the battewff line. In fact, assuming in accordance with the selected DPM policy.
an equivalent constant load may lead to sensible overestimate$he MP3 player consists of a core procesgd {17207 with
of battery life. 8 KB of cache and a DPM unit, 32 KB of static RANBRAN),

2) Battery Exploration: We have analyzed the performancen LCD controller LCD CTRL, an MP3 codecQODEQ and
of the various battery types described in Section V. To comm-memory controllerNIEM CTRLU); all these devices, together
pare the behavior of the four batteries we have individually comith some additional functionalities (e.g., interrupt controller),
nected each of them to the PDA, we have applied at the inpai® contained in the EP7209 Ultra-Low-Power Audio Decoder
of the system a given service request trace, and measuredSkstem-on-Chip by Cirrus Logic [18]. External to the system
output voltage under the application of such sequence, both witiere are a 32 MB flash memory{I(ASH), the battery sub-
and without power management. Obviously, all batteries had tiygstem, a block@RIVER ) that emulates the inputs provided by
same nominal capacity, that &5 Ahr. the user, an LCD display and an headset.

Results for the Lithium—lon battery have been shown 1) Workload-Driven and Battery-Driven DPMThe first
in Fig. 12; results for the Nickel-Cadmium, Alkaline andPM policy we have experimented with isorkload-driven
Lead—Acid batteries are summarized in Table IlI. (WDDPM), that is, the criterion used by the DPM unit to

From the experimental data we can observe that tdecide whether a component of the system needs to enter its
Lithium—lon battery provides the longest lifetime. Howevetpw-power mode is based on a time-out mechanism. This policy
the longest lifetime extension due to power management occigsimilar to the one we adopted for the PDA of Section VI-Al
when the Nickel-Cadmium battery is chosen. Regarding thad does not consider the state of charge of the battery.
Alkaline battery, we have noted that it presents a large variationA more appealing policy, which fully exploits the capability
(about 0.5 Volts) of the output voltage in response to curreat the battery model in providing on-line, battery SOC moni-
variations. This phenomenon is due to the high internal restsring, is based on the ability of the MP3 codec in trading off the
tance and may impair the functionality of the dc—dc converteguality of the decompressed audio signal for areduced power re-

For completeness, also the Lead—Acid battery has beguired by the decompression. More specifically, the DPM unit
considered for comparison, although it has very different siazmonitors the state of charge of the battery and selects the oper-
weight, and application domain with respect to Li—lon, Ni—Cdtion mode of the codec accordingly. When the SOC is above
and Alkaline batteries. 50% (which corresponds to a battery voltage around 3.7 V), full

13. Block diagram of the MP3 player.

Case Study Il: MPEG 2-Layer 3 (MP3) Digital Audio
layer
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Fig. 14. Battery lifetime with different DPM policies.

TABLE IV

BATTERY LIFE-TIME WITH DIFFERENTDPM POLICIES
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system may cause mistakes in the estimation of the advantages
that power optimization solutions may guarantee.

VII. CONCLUSION

We have presented a discrete-time model for batteries and
power conversion circuits to be used in system-level design en-
vironments. The model is efficient enough to enable simulation-
based battery lifetime estimation. Experimental results show
that the accuracy of the estimates obtained by the discrete-time
model is very close to that of Spice-level simulations.

We have first validated the model by assuming Lithium—lon
battery technology. Then, we have extended it to the case
of other battery types, including both nonrechargeable and
rechargeable cells. This is a first step toward the construction
of a “battery library” that can be employed by designers to
compare several chemistries and cell types when the task is the
selection of the most appropriate battery.

Examples of design space exploration carried out on realistic
systems have been provided to demonstrate the usefulness of the
proposed discrete-time battery model in the context of system-

[ No WDDPM | WDDPM

66683 89570
74340 100457

No BDDPM
BDDPM

decompression is performed (44 KHz samples/s, 128 kb/s, 81
mW). When it is between 50% and 20% (thaliig,;; ~ 3.3V),
alooser decompression rate is chosen (2Ri8%samples/s, 64  [2]
kb/s, 50 mW), thus implying a lower quality of the audio signal
but also a reduced power consumption (approximately 55% of®
power required by full decompression). Finally, when the SOC
is smaller than 20%, the codec enters its sleep state (dissipd4]
tion of 1 mW due stand-by currents). We call this type of DPM
policy battery driven(BDDPM). [5]

In order to study the impact on battery lifetime of the two
DPM policies described above, we have supplied a few audiog
files as input to the MP3 player, interleaved with idle periods
in order to emulate a typical usage of the appliance. We note
that WDDPM and BDDPM are not mutual exclusive and can 7l
thus be used simultaneously. The results we have obtained arng]
depicted in Fig. 14 and, in condensed form, in Table IV (battery
lifetimes are expressed in seconds); they refer to the case of 5’]
Li—lon battery with nominal capacity af.5Ahr (the same we [10]
used for the PDA experiments).

As expected, all DPM policies extend the battery lifetime, but[n]
the advantage obtained using a combination of the two policies
is as high as 50.6%, while it is only 34.3% for WDDPM alone
and 11.5% for BDDPM alone. Obviously, considering the usagélz]
of a battery-driven policy has been possible thanks to the avaif13]
ability of the high-level battery model.

We complete our experimentation with the MP3 player by
replacing the battery with a constant power supply. In this case,
the estimated power savings due to the usage of the WDDP45]
policy is around 44.2%. This value is sensibly higher than the
percentage of lifetime extension we observe by applying theie]
same policy when the system is battery-operated (34.3%); thid]
result confirms the conclusion we have drawn for the case of thg g
PDA application: Neglecting the presence of the battery in the

[14]

level design.
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