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Analysis and Simulation of Automotive
Interleaved Buck Converter
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[6]. The philosophy behind dual battery system ieckure is

Abstract—This paper will focus on modeling, analysis andthat the starting function should be isolated frisra storage

simulation of a 42V/14V dc/dc converter based detlture. This
architecture is considered to be technically a leiatolution for
automotive dual-voltage power system for passengeiin the near
further. An interleaved dc/dc converter system leosen for the
automotive converter topology due to its advantagesrding filter
reduction, dynamic response, and power manageninesented
herein, is a model based on one kilowatt interldasig-phase buck
converter designed to operate in a DiscontinuousdGction Mode
(DCM). The control strategy of the converter isdshen a voltage-
mode-controlled Pulse Width Modulation
Proportional-Integral-Derivative (PID). The effedhess of the
interleaved step-down converter is verified throsghulation results
using control-oriented simulator, MatLab/Simulink.
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. INTRODUCTION

Aswitching converter is an electronic power systehictv
transforms an input voltage level into anotherdagiven
load by switching action of semiconductor devicAshigh

power efficient dc-dc converter is strongly desir@dad has
found widespread applications. Examples includeospmace
[1], sea and undersea vehicles [2], electric vekid{EV),

Hybrid Electric Vehicle (HEV) [3], portable electriw devices
like pagers [4], and microprocessor voltage reguigis].

In dual-voltage vehicular electrical systems, tretatdc
converter is required to step-down the high-voltagerovide
back up compatibility for the existing low-powenitees such
as lamps, small electric motors, control units keyg-off load
(clock, security system). A schematic of the 42\W/dt-to-dc
converter architecture is shown in Fig.1, with plessibility of
either single or a dual battery (12V and 36V). Him of the
42V/14V architecture of Fig.1 is to reduce the casight and
packaging space created by the additional 12V gretarage
battery. Ideally, the power management system shdd
smart enough to manage the key-off loads from dieglehe
high voltage battery to the point that the car caroe started
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(PWM) with a

design,

function required for the key-off loads [7].
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For automotive application where volume, weight] aost
are particularly important, the preferred choicethie single
battery 42V/14V system architecture with centralizystem
structure. Furthermore, the removal of the 12V drgitidoes
not alter the dynamics of operation of the powenvester. But
the power from the converter must cover the power
requirement of all the 14V power loads (approxirydiew)
under the worst-case scenario.

In addition, the non-isolated dc/dc convertgualogy is
the most appropriate architecture because isoldimtveen
42V and 14V buses is not required in automotive gromnet
and has the advantage over the transformer-ispldgioes in
terms of the easy-to-design circuit configuratitmw volume,
weight and cost.

An important portion of the integrated circuitdustries
such as (Linear Technology Corporation and Texas
Instrument) are focusing their efforts in develapimore
efficient and reliable step-down (Buck) converters
academic, research studies into analysis, modetngl
simulation of 42V/14V dc/dc converters have madegpess
in various disciplines, including thermal, elecslicand
mechanical analysis.

A strategic methodology to the design powerlettonic
equipments is presented in [8]. Investigation ofmpater-
aided design (CAD) tool to calculate the numbeplodses to
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optimize cost, size, and weight is offered in [She power
losses in a 500W converter as a function of the bmrmof
phases are explained in [10]. The effect of nundfesells on Where:T =1/fs, fs is the converter switching frequency and
the passive component using software tool calledpREs D is switching duty cycle for the MOSFET switch, idet
carried out in [11]. A comparison between multi-pha byte,/T . Equation 3 can be rewritten in the form of,
converters with a conventional single-switch buok\erter is

carried out in [12]. State of the art engineeriogrhulti-phase | _[(Vi —vo)] 4)
dc/dc converter may range from three, four to fpeealleled maX T L

buck stages [9,12]or even as many as 16 and 32ephas

[13,14]. Upon inspection of figure 2(b),Im.iS twice the phase

Taking one step further in this direction, a midoased on  ayeraged current, therefore, the average valuendifictor
one kilowatt interleaved six-phase dc-to-dc buckwester . rrent is described by the following relationship:

designed to operate in a Discontinuous Conducticomdé/
(DCM) controlled by voltage-mode-controlled Pulseidid
Modulation (PWM) with a Proportional Integral Desitive
(PID) is presented. The effectiveness of the iataréd step-
down converter system is verified through simulatiesults
using control-oriented simulators, MatLab/Simulink.

ImaX:VTLXDXT 3)

_ M -vo)viD?
(SDan - 2L fs Vo

This equation states that, the output current é&sadterized by
the bus voltages, inductance and the switchingufraqy. At
the end of turn-on period, as soon as the switch is
turnedorr and the diode isNnto keeps inductor current
flowing. The rate of fall in the inductor currentirthg the
II. DC-TO-DCPOWERMODULE freewheeling period is:

A single step-down converter system typicallyoiwe
switching circuits composed of semiconductor svétclisuch Al _ Vo (6)
as, MOSFETs and diodes, along with passive elensewts as At L
inductors, capacitors, and resistors as shown dgn Z. The
main switching waveforms of the inductor voltagel aairrent The above procedure could be repeated easily dutieg
under steady-state conditions are sketched in digtly for OFF interval,(i-D) T to determine the same state variable
Critical Discontinuous Conduction Mode (CDCM) and i equation of the average value of inductor currggt
figure 2c for Discontinuous Conduction Mode (DCMj o
operation. The gating signal, q () [0, 1] is the control As can be seen from Fig 2(c), the value of theuétahce
variable that models the MOSFET switch. When theesaf needed to ensure that the converter remains inobiistious
the control variable g (t) =1, the MOSFETois, and zero Conduction Mode (DCM) of operation i.e. the induatarrent
when the MOSFET ieFF . is zero during part of the switching period and hbot

Assuming that the converter is operating under CDGM semiconductor devices aFF during some part of each cycle
operation as shown in Fig 2(b), the operation isf ¢ircuit can must be less than ;. , which can be determined as follow.
be explained as follows; the operation of this wircan be
explained as follows; ViD2 V-V,

Leitical = x4 Yo 7
critical 2fsl max Vo ()

*  During the turn-on period of the high-side switch,
the input voltage is connected to the inductor and
the diode i®FF. According to Lenz's law, the Where: L < Lyriica
voltage across a coil is equal to the instantaneous
rate of change in current multiplied by the self
inductance of the coil. Therefore, the mathemati
equations for this interval is given by:

However, the standard dc/dc converter with sisglecture
fs not feasible due to the low voltage (14V) higlrrent
(71A), and high operating temperature charactesstif the
converter specification. Therefore, most of the pogtage of
the converter would have to be built in parallel factical

(k) :LX% implementation. A common approach in technicalrditere
and industry practice is to use interleaved muigge
Rearranging equation (1) becomes; technique instead of a single larger converter 18, This

approach is an attractive solution and its benefiils be

Al :VTLxAt (z)dlscussed in the next section.

The maximum inductor current is given by;
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Fig. 2 (a) A single-buck converter topology, (ypical
CDCM excitation and (c) A DCM excitation current
waveforms

To realize power
configuration, a multi-cells buck converter topojodesigned

for DCM of operation is employed. Fig. 3 shows the

developed Simulink diagram of six- cells interleaviluck
converter with PID Controller.

The six-cell interleaved buck converter is conedcin
parallel to a common output capacitor and sharicgramon
load with associated control system. The low-vataide is
connected to the 14V automotive electrical loadslenthe
high-voltage side to the on-board power generatierhator)
with nominal input voltage of 42V, and range betwe9V
and 50V during normal operation.

In this interleaved six-cell dc/dc converterharecture, the
cells are switched with the same duty ratio, bubwi relative
phase shift or time interleaved of 60° introducetidgen each
cell in order to reduce the magnitude of the outjpgle at the
output port of the converter. The overall outputrent is
achieved by the summation of the output currenthefcells.
With the phase shift of 60°, the output of the caner is
found to be continuous.
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Fig. 3 Simulink implementation of the interleavéx ghase buck
converter circuit with PID controller

The ripple reduction helps to reduce the filati
requirements needed to contain any EMI the conwverte
produces and thereby decrease the constraints en th
electronics components connected to the low-volthgs.
Furthermore, due to the equal sharing of the loadeat
between cells, the stress on the semiconductorclssét is
reduced and thereby reliability is improved. Anaothe
advantage is the ability to operate the convertezrma failure
occurs in one cell as well as the possibility td agw cells to
the converter with minimum effort.

To design this converter, the following autometiv
specifications for dual-voltage automotive electrisystems
must be fulfilled and are tabulated in table 1[8,19]. The
specifications of the converter should meet the atedof the
14V electrical loads of 71A, operating temperattaege -
40°C to 90°C and the tight EMI requirements to prévthe
converter from interfering with other equipment time car.
Adding to this, the converter should provide higitffprmance
and high reliability at low cost.
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TABLE 1
DESIGN SPECIFICATIONS FOR A POWER CONVERTER IN A DUA/OLTAGE
AUTOMOTIVE ELECTRICAL SYSTEM

Description Parameter Value
Operation input voltage A 30V<42V<50V
Operation output voltage Vo 11v<14v<16V
Power rating Po 1kw
Operation temperature range T -40C<T<90C
Output ripple voltage AV, 300mVv
Output ripple current Al 1A

IV. COMPONENTSELECTION

For low voltage/high current power converteg tisage of
MOSFETs switching devices with low on-resistance
required for more efficient and practical power wension.
The inductors and capacitors play important ratethé design
of the power converter. Inductor is an energy steralement
while the capacitor is the main buffer for absogobihe ripple
current generated by the switching action of thevgrostage.
The switching frequency of the power electronicedusn
automotive industry ranges from 82 kHz to 200 kHthw 00
kHz as a typical value used for most operation ofdd
converters.

Based on the switching frequency, input/outputagdis and

TABLE Il
CAPACITOR VALUE VERSUS VOLTAGE/CURRENT RIPPLE

Capacitor value Output voltage ripple Output cutrrgople
100pF 6mv 30mA
150uF 4mv 20mA
200pF 3mv 16mA
250uF 2.5mv 12mA
300uF 2mv 10mA
350uF 1.5mVv 9IMA
400uF imv 7mA

Fig. 4 Ripple voltage versus capacitor values

Ripple voltage versus capacitor variation
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with a Proportional-Integral-Derivative (PID) whidhkes its

the duty ratio, the inductance valde guarantee that the control signal from the output voltage of the swiig

converter cells would run in the discontinuous agithn
mode DCM over the entire operating range can beutzked
using the following equation
V;D? ViVo
VO

(8)

Leritical = PYR|
s! max

Since this is a six-phase interleaving conveites, power
stage inductance of each phase is therefore equal4iH.
The output capacitor is another important eleme&htch may
reduce the system cost in multi-phase convertdesyand is
needed to keep the output voltage ripflg, within allowable

output voltage range. To meet these constrainthefesign
specifications, the capacitor value does not nacigseed to
be very large to smooth the output voltage. Tabdh@ws the
capacitor variation from 100uF to 400uF along wfite value
of voltage/current ripple while figure 4 shows théot of
output ripple voltage versus capacitor value froime t
simulation analysis obtained. To meet the constrafnthe
design requirements concerning the voltage ripplethe
converter system, a capacitor value of 300uF ifgcserft.

V. CONTROLDESIGNSTRATEGIES

Feedback is used in control systems to changdythamic
behavior of the system, whether mechanical, et=dtrior
biological, and to maintain their stability. Thent@l| strategy

converter instead of current-mode (or current-itgdf PWM,
which utilizes both the output voltage informatiamd the
current information from the inductor to determthe desired
duty cycle. A Simulink model for the internal sttue of the
PID used to control the converter is shown in Big.
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Fig. 5 A PID controller represented by a Simulinédhk diagram

The aim is to regulate the output voltage of theverter,

across the load resistanegto mach a precise stable reference
voltagev,¢ . This is achieved by subtracting the desired

reference voltages from the sensed output Voltageof the
converter. The voltage-error thus obtained is ph#ismugh a
PID controller to obtain the desired signal. Thecfion of the
PID controller is to take the input signal, compdits
derivative and integral, and then compute the dugmi a

of the proposed converter is based on a voltageemocPombinatiO” of input signal, derivative and intdgrahe

controlled Pulse Width Modulation (PWM)

individual effects of P, I, and D tuning on the s#d-loop
response are summarized in table 3[18].
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TABLE Il
EFFECT OF INDEPENDENT, |, AND D DURING THE TUNING PROCESS

Closed-Loop Rise Overshot  Settling  Steady  Stability

response time time state error

Increasing®  Decrease  Increase Small Decrease Degrade

increase

Increasing Small Increase Increase Large Degrade
decrease decrease

Increasind® Small Decrease  Decrease Minor Improve
decrease decrease

The desired output generated signal of the PIDrobet is
fed to the Pulse Width Modulation (PWM) unit, whetds
compared with a constant frequency saw tooth veltgg, .
The frequency of saw tooth voltage
frequencyts of the converter which is100 kHz. The output
signal from the PWM is the switching control signahich
represents a sequence of pulses that drives thieswtuctor
switch, as shown in fig 6.
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Fig. 6 Implementation of Pulse Width ModulationSimulink.

The proposed converter necessitates a phase-$h@0°
between the cells to generate the six-switchingrobsignal
which are used to drive the six active MOSFET duiitg
devices of the converter system. Figure 7 and 8vshihe
implementation of the six-phase interleaving circun
Simulink and the six phase control
respectively.
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Fig.7 Six phases of interleaving in Simulink
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Fig. 8 Six-phase control signals in Simulink

VI. MATLAB/SIMULINK SIMULATIONS AND
RESULTS

The ability to model and simulate engineeringigie of a
complete power electronic converter system is ¢isddrefore
proceeding to the engineering experimental phasencel
simulations are important for design validationsd acpst-
effectiveness as the power-conversion product deweént.
The complete model of the Simulink implementatidntiee
internal structure of the interleaved six-phasekbcanverter
system is shown in Fig.9. The converter systenivisled into
three main parts; the six-cell buck converter, tlutage-
mode-controlled PWM with a PID controller and theape

signal waveformshift interleaving circuit. The multi-phase conwsrhas been

simulated to obtain the necessary waveforms thatrie
converter system operation under steady-state eamsiént
conditions, using the design parameters tabulatéabie 4.
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Fig. 9 Simulink schematic diagram illustrating thrglementation of
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TABLE IV
THE CONVERTER MAIN CIRCUIT PARAMETERS

Parameter Name Symbol  Value  Units
Input voltage Vi 42 \%
Output voltage Vo 14 \%
Number of phases N 6 -
Inductor value L 2.4 uH
Capacitor value C 300 uF
Load resistance RL 0.196 Q
Switching frequency fs 100 kHz

A Ripple Cancellation

The first step in the analysis of the multi-pha
interleaved converter system is to investigateetfiectiveness
of ripple-cancellation related to the variation afrrent and
voltage as a function of the number of cells. Tdbleghows a
summary of results generated by Simulink during th
simulation of four interleaved converter with treree control
design strategies.

TABLE V
OQUTPUT VOLTAGE AND CURRENT RIPPLES VERSUS THE NUMBE®F CELLS

Number of phases 4 6 8 10
Output voltage ripple 8.7m 1.1m  0.5m
\% \% \%

Output current ripple 45mA 6mA  3.2m
A

From the results it can be observed that thevexter
achieves a very good current and voltage rippleeiation
for four-cells and above. Though, eight or tenseitoduce a
better ripple-cancellation, however, the cost oidivethe
gains in accuracy. The results also show that e fifter is
not needed to reduce the peak to peak voltageeripplthe
14V terminal. This may lead to the elimination edesign of
the protection circuitry connected to the 14V hitisalso can
be seen from Fig 10 that the ripple of the outmitage and
the total inductor current of the power convertgstem are
better than the desired specifigdits indicated in table 1.
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Fig. 10 Current and voltage output ripples

Fig.11 shows the steady-state waveformfighe individual
cell currents, the total output inductor current @he output
voltage. The simulated results show that the cuwfeshe
individual cell currents are balanced and the timerleaved
of the cells is apparent from the relative timeaglebf each
cell's inductor current. The inductor current ircleaell rises
to 30A during each switching period and goes thhoag
interval in the discontinuous conduction mode.
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Fig .11 Top trace is the individual cell currerten total output
current and bottom trace is the output voltagénefdonverter system

The sum of the individual cell currents result @ntotal
current of 71A with a ripple current of around 9m#ich is
less than the individual cell ripple current. Thiendated
results indicate that, the operation of the powenverter
system is stable and accurate. The converter étaliespond
and produce the desired stable output voltage alided the
required total output current to the load with véaw ripple.
As a result, no negative effect on the connectaddpsuch as
small motors, lights and accessories.

B. Trandent Smulation for Load Variation

Fig. 12 Transient response of the output voltagetép change in
load
It can be seen that the output voltage undetshanes

from 13.12V to 13.28V while the overshoot from 4\/7to
14.89V, when thdoad at the output of the converter system
was suddenly changed from 50% to 75% and to faittlo
(1kW). The results show that the performance ofstygtem is
stable and well behaved under load variations ydisinces)
and the output voltage remains within the desirpecsied
limits presented earlier in table 1.

C. Input Voltage Variation

In real conditions, the alternator output voltagages from

The interleaveddc/dc buck converters are used as poweBQV to 50V during normal operation, with nominaltege of

source to resistive and dynamic loads (motors)aaspnger
car and these loads could be categorized into;

« Small motors (2 to 8A @12V).

*  Very small motors ( less than 2A @12V )

» Lighting system: internal lights, external lights,
head lights.

* ECU and Key-off loads.

The electrical loads demand varies and depends thpon
weather and the driving conditions. A full load ddion is
rarely present for a prolonged period of time arabimof the
devices run at light loads (stand-by-mode) for mofsthe
time. To study the effect of the load variationtbe dynamic
behavior of the converter system, the load at titpud of the
converter system is suddenly changed from 50% % &bd to
100% and than back from 100% to 75% and 50% ofiuhe
load at time t=0.002, 0.004 and 0.006s respectivElye
simulated results are shown in Fig.12.
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42V. To study this line of variation, a step changt¢he input
voltage from 33V to 50V is applied to the modelg.EB
shows a transient response of the output voltagenbeur
waveform due to sudden changes in the input voltzgine
power converter system.

At the beginning of the cycle, at time t=0.00#¢® input
voltage suddenly rises from nominal system voltafyé2V to
50V. The maximum output voltage (bottom trace) srant is
15.09V, but after a short period of time this eiisleveled out
in approximately 200ms with a maximum overshot @f9V.
At instant time of t=0.01s, when the input voltageddenly
reduces from 50V to 33V, the output maximum tramisie
voltage is 11.704V. The settling time to return X4V is
approximately 0.4ms with maximum overshot of 2.296V
Finally, at time t=0.016s, when the input voltageldenly
increases from, 33V to the nominal system voltathe
maximum output transient voltage is 5.85V. Thelisgtttime
for this is approximately 0.4ms with a maximum et of
1.85V. The simulation results illustrate that thenwerter
system has a strong immunity against line voltagtitbances
even with the 12V energy storage battery beingrabse
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Fig. 13 Output voltage due to step line voltageéwlizance.
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D. Load and Supply Voltage Variations

The combinations of both the supply-voltage adoad
variations that occur in the converter system h&esn
simulated and the outputs are presented in Fig.14.

It can be observed that the designed systemahasv-
sensitivity to the load and supply-voltage variatio These
variations have only small influence on the outgitage and
load current and still respect the specificationk tohe
automotive standard. It can be concluded that fileenresults
obtained the proposed converter can maintain therede
output voltage independently of load and supplyags
variations. This may lead to the elimination or esign of
protection circuitry for electronics connectedhe L4 V bus.

Input voltage variation
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Fig, 14 Load current and output voltage due toeutide voltage
and load change disturbance

VII. CONCLUSION

In this paper, analysis, design and simulation 2¥/44V
interleaved six-phase dc-to-dc buck converter systith one
kilowatt output power was presented. This systethésheart
of the dual-voltage architecture shown in figurBased on the
simulation results, the performance of the dc-totulack
converter system provides a number of features dbahot
exist in today's electrical systems. Among thesdufes is a
well-regulated 14V bus even in the absence of a §@vage
battery. Therefore, no transient suppression iesery at the
14V output. This improved transient response mad f® the
elimination or redesign of protection circuitry fetectronics
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