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Abstract

In present 48 V mild hybrid electric vehicles (MHEVs) there is beside the main
48V lithium-ion battery an additional 12V battery, which is amongst other
things, used to supply the battery management system (Bms) of the lithium-ion
battery. To be independent of this second 12V battery for future systems, a
buck converter to step down the 48V for the Bwms is used. Instead of using a
dedicated buck converter controller integrated circuit (1c), the feasibility and
implementation effort of a discrete buck converter, which is digitally controlled
by an already existing microcontroller unit (Mmcu) of the BMmS, is shown. By
comparison of different control schemes, voltage mode control (vMc) seems to
be the most adequate control scheme for this system but still requires relative
high computational effort, which is difficult to additionally implement on the
existing Mcu. Simulations have shown, that for this system an unregulated buck
converter, where the duty cycle is calculated with the present input voltage, is
possible by increasing the capacitance and choosing an appropriate sampling
period to calculate the duty cycle.



Kurzfassung

In derzeitigen 48 V Mild-Hybrid Fahrzeugen (MHEV) befindet sich neben einem
48 V Lithium-Ionen-Akku noch ein zusitzlicher 12V Akku, welcher unter an-
derem zur Versorgung des Batteriemanagementsystems (Bms) fiir den Lithium-
Ionen-Akku verwendet wird. Um in zukiinftigen Systemen nicht mehr an diesen
zweiten 12V Akku gebunden zu sein, wird ein Abwiértswandler verwendet um
die 48 V in eine niedrigere Spannung fiir das BMs zu wandeln. Anstatt der Verwen-
dung eines fertigen Abwiértswandlers mit integrierter Regelung, wird die Mach-
barkeit und der Implementierungsaufwand eines diskreten Abwartswandlers,
welcher von einem bereits existierenden Mikrocontroller (Mcu) digital geregelt
werden soll, gezeigt. Durch Gegeniiberstellung verschiedener Regelungsmetho-
den hat sich herausgestellt, dass die Regelung tiber die Ausgangsspannung (vMcC)
am geeignetsten zu sein scheint. Durch den relativ hohen Rechenaufwand ist
es jedoch schwierig diese Regelungsmethode am existierenden Mmcu zusitzlich
zu implementieren. Simulationen haben ergeben, dass fiir dieses System ein
ungeregelter Abwartswandler, bei welchem das Tastverhéltnis nur tiber die ak-
tuelle Eingangsspannung berechnet und gestellt wird, ausreichend ist, indem die
Kapazitdt vergrofiert und eine geeignete Abtastrate gewdhlt wird.
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1 Introduction

Digital control in Dc-DC converters is increasing in popularity, due to its advan-
tages compared to analog control. Some of these advantages are: less influence
by ageing of components and component tolerances, flexibility in design and
less part count for advanced compensators. Digital control also comes with some
disadvantages like sampling and computational delay, limited resolution due
to finite word-length and quantization of the analog-to-digital converter (ADc)
and digital pulse-width modulation (Dpwm) unit [1]. Furthermore, digital control
of fast switching pc-pc converters require quite powerful microcontroller units
(Mmcus) or digital signal processors (Dsps) which are expensive. If there is an
appropriate McU already existing in the system which can additionally undertake
the digital control, the advantages of digital control without increased costs or
even cost savings can be realised.

1.1 System Overview

This thesis was realised in cooperation with Samsung SDI which is specialised
at electrical energy storage systems for automotive applications. In present 48 V
mild hybrid electric vehicle (MHEV) systems, there is beside the main 48 V battery
an additional 12V battery. Currently the battery management system (Bms) for
the 48V lithium-ion battery, at Samsung SDI, is powered by this 12V battery.
As this second 12V battery could be removed in the future, the Bms has to be
powered by its own higher voltage battery.

Figure 1.1 shows an overview of the system. The Mcu for the battery management
is powered by a system basis chip (sBc) which is delivering a stable supply
voltage. This sBc is tailored for the mcu and has a buck converter followed by
a linear regulator to minimize the losses of the linear regulator and provide a
stable output voltage. The 48 V of the lithium-ion battery exceeds the upper input
voltage limit of the sBc so that an additional buck converter is needed to step
down the voltage. This additional buck converter would typically be realized
with a dedicated buck controller integrated circuit (1c) with an analog integrated
compensator.
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Figure 1.1: System overview
Table 1.1: Specifications
minimum nominal maximum

Vi 25V 48V 75V

Vout 13V 14V 15V

Tout 50 mA 250 mA

To save costs and use the numerous advantages of digital control in power
converters, the already present Mcu could be used to regulate the buck converter
by itself. At start-up the mcu needs an additional supply voltage to be able to
start-up the buck converter. This supply voltage is provided by using the voltage
Veerr of the first three cells of the 48V battery in series. With this setup the mcu
uses this pre-bias voltage to be able to start-up the buck converter and increases
the output voltage to be above the pre-bias voltage. To prevent current flowing
into the three cells a diode D,,j; as shown in figure 1.1 is used.

1.1.1 Requirements

The specifications of the buck converter are listed in table 1.1. The input voltage
range is quite high with voltages ranging from 25V to 75V. The output voltage
of the buck converter has to be within 13V to 15V. The lower limit is set by the
pre bias voltage V., piss Of the three lithium-ion battery cells. If this lower voltage
limit is undershot the current will be supplied by the three cells. This leads to an
uneven discharging of the cells from the battery pack and balancing of the cells
is required. With passive balancing this means that the energy provided by the
three cells through this pre-bias connection has to be transferred into heat for all
other cells of the battery pack. Therefore, this pre-bias connection should only
be used to supply the Mmcu if it is in standby mode and at start-up of the buck
converter.



1 Introduction

The concept of the digitally controlled buck converter should be preferable
inexpensive and energy-efficient. Furthermore, the computational effort of the
McU should be relatively small.

1.2 Thesis Organisation

In Chapter 2 the fundamentals of a buck converter and its possible modes of
operation are described. Furthermore, different control schemes and their digital
implementation effort are compared against each other.

Chapter 3 describes the design of a voltage mode controlled buck converter
prototype. The component selection, digital controller design as well as printed
circuit board (pcB) layout considerations are addressed. Besides the measurement
of the designed digital controller, efficiency and the conducted electromagnetic
emission (EME) were measured.

The feasibility of a buck converter without feedback to fulfil the requirements is
examined in chapter 4.



2 Buck Converter Fundamentals

The buck converter, also called step-down converter, is a switched mode power
supply (smps) topology, where the output voltage V,;; is smaller than the input
voltage Vj,. Unlike linear regulators, which basically act like a variable resistor
to reach the desired output voltage, an ideal smps transfers the input energy
to the output without losses using energy storage elements like inductors and
capacitors. Figure 2.1 shows the basic circuit of an ideal buck converter consisting
of a switch S, a diode D; and the output filter consisting of an inductor L and a
capacitor C.

By turning oN and oFF the switch S with a switching frequency fs;,, the desired
output voltage can be adjusted by the duty cycle D. For a buck converter there
are two different operating modes depending if the inductor current reaches
zero: continuous conduction mode (ccMm) and discontinuous conduction mode
(DCMm).

Figure 2.1: Ideal buck converter
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2.1 Modes of Operation

2.1.1 Continuous Conduction Mode

In ccm , where the inductor current does not reach zero, the output-to-input
voltage ratio depends only on the duty cycle D shown in equation 2.4. The
operation of the buck converter in ccm can be divided into two phases: Ty: switch
S is oN and T»: switch S is OFF.

In the first phase Tj, current flows from the input voltage source through S and
the inductor L to the capacitor C and load resistance R. During the time, where
the switch S is ON, the current rises with the up-slope S, given by equation 2.1.

After turning OFF the switch S the inductor tries to maintain the current flow due
to its typical characteristics and the diode D1 becomes conductive. The current
flows through the diode to the inductor, the capacitor and the load resistance. In
this phase T, the inductor current declines with the down-slope S;,,,, given by
equation 2.2.

These two phases are repeated periodically with the switching frequency fg.
In Figure 2.2, which depicts some waveforms of the buck converter, it can be
seen that the inductor current waveform has a triangular shape and changes
by Air, up and down each switching cycle. By multiplying the up-slope from
equation 2.1 with the time the switch S is oN, the inductor current ripple Aij, can
be calculated with equation 2.3, which is independent from load current I,,;. The
average current through the inductor is equal to the Iy;;.

Vi, —V,
Sup _ Jin - out (2.1)
-V,
Sdown = Lout (2.2)
Vi, —V

2.1.2 Discontinuous Conduction Mode

As the load current decreases, the average inductor current also decreases and
at a certain point the inductor current reaches zero. This boundary between
ccM and beM occurs at Iy iy = 4ic/2. Further reduction of the load forces the
inductor current to stay at zero until the beginning of the next switching cycle,
as the diode only conducts current in one direction as shown in figure 2.2. In
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Figure 2.2: Waveforms buck converter in ccM (a) and pcm (b)

DCcM the output-to-input voltage conversion ratio is load dependent and can be
calculated with equation 2.4 for the steady state [2].

Vour _ D, , for ccm. ol

V' 4K/
in 1+,/1+

for pcm.

2.1.3 Forced-Continuous Conduction Mode

In a synchronous buck converter the diode D; of figure 2.1 is replaced with a
switching element that can conduct current in both directions like a metal-oxide-
semiconductor field-effect transistor (MOsFET). Figure 2.3 shows a synchronous
buck converter where the high-side and low-side switches are both realized with
MOSFETs, which are switched complementary. This allows the inductor current to
become negative and the buck converter is always operating in ccm. Therefore,
this operation mode is also called forced-ccm.

Due to the finite switching speeds of MOSFETs, a dead-time, where both gate drive
signals are low, has to be added to ensure that the other transistor is completely
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Figure 2.3: Synchronous buck converter

PWM high

PWM low

tdead J[dead tdead J[dead
«— «— «— «—

Figure 2.4: Dead-time to prevent shoot-through current

turned oFF before a transistor is turned oN. Figure 2.4 shows the timing diagram
of the high-side and low-side pulse-width modulation (pwMm) signal with a dead-
time t;,,4. This prevents high shoot-through current as the input voltage source
would be shortened if both transistors are oN at the same time. In the period
where both transistors are turned oFF the inductor current is provided through
the body diode of the MOSFET.

2.2 Transfer Functions

For compensator design there are two important transfer functions of a buck
converter: the control-to-output voltage transfer function G,;(s) and the control-
to-inductor current transfer function G4(s).

2.2.1 Continuous Conduction Mode

There are several methods to obtain the small-signal transfer functions of a buck
converter like the basic alternating current (ac) modelling approach or state space
averaging [2]. In this section another method is used, where the pwMm switch is
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,,,,,,,,,,,,,,,,,,,,,,

(a) (b)

Vin+
ﬁin (S)

Figure 2.6: Combined small-signal and large-signal model of a non-ideal buck converter in ccm

replaced by an simplified average small- and large-signal model presented in [3].
Figure 2.5a shows a PwM switch consisting of a switch S and a diode D; and
in figure 2.5b its small- and large-signal model with a controlled current and
controlled voltage source. The ports are labelled with a for active, ¢ for common and
p for passive. By replacing the switch and diode of the buck converter with this
rwmM model the complete small- and large-signal model of the buck converter can
be created as shown in figure 2.6. With this model all important transfer functions,
like the control-to-output, line-to-output, input-impedance or output-impedance
can be derived. In the following sections small Ac variations are denoted with a
hat, for example d.

To obtain the small-signal control-to-output voltage transfer function G,; ccu(5)
the input voltage perturbation 9;,(s) has to be set to zero as well as the direct
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Table 2.1: Component values for the control-to-output voltage function

Mode C RESR L RDCR Vz R

CCM 140 O)
DeM 4.7pF 0.01Q 220uH 1Q 48V 2800)

current (Dc) sources like V;,. The resulting equation, including the parasitic
elements Rpcr and Rgsg, for the control-to-output voltage transfer function is
given by equation 2.5. The complete derivation of G4 ccy(s) is shown in the
appendix section 5.

0 S
Gvd,CCM(S) - Z;f(ts()) ( )
0 (s)=0
—V R(1+SCRESR)
"Rpcr + R+ s (L+ CRpcr (Resg + R) + CRgsgR) + s2LC (Rgsg + R)

(2.5)

Figure 2.7 shows the bode plot of G ccy(s) with the component values used in
chapter 3 which are listed in table 2.1. The equivalent series resistor (Esr) of the
capacitor produces a zero at frequency frsr given by equation 2.6. The resonant
frequency of the LC filter can be calculated with equation 2.7.

1
fESR—m (2.6)
[— (27)
L onVIC 7

For control schemes which use the inductor current to control the buck converter,
the control-to-inductor current transfer function Gj;ccp(s) has to be known.
Similar to the derivation of G,;ccpm(s) the model shown in figure 2.6 can be
used to calculate Gj; ccp(s) which result is given in equation 2.8. The complete
derivation of Gj; ccpm(s) is given in the appendix section 5.
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Control to output transfer function in CCM and DCM
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Figure 2.7: Control-to-output voltage transfer function in ccMm and pcm
iL(s)
Gid,cem(s) = 7
(s) Din(5)=0
_y 1+ 5C (Resk + R)

"Rpcr + R+ s (L+ CRpcr (Resg + R) + CRgsgR) + s2LC (Rgsg + R)
(2.8)

2.2.2 Discontinuous Conduction Mode

The control-to-output voltage transfer function of the buck converter in pcm can
be calculated with equation 2.9 [2]. In DcM there are two poles. A low-frequency
pole wy; due to the capacitor C and a high frequency pole wy, close to the
switching frequency. The values for the pc gain G, and the two poles w,; and
wyp are listed in table 2.2.

Gao
= (2:9)
)

Bin(5)=0 (1 + w%ﬂ) (1 + wiﬂ

In figure 2.7 G,4 pcm(s) is plotted with the same component values as G, pcp(S)
listed in table 2.1 expect a different R, so that the buck converter operates in bcm.
Compared to Gz ccpm(s), the control-to-output voltage transfer function in bcm

10
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Table 2.2: Values for the control-to-output voltage function in bcm

Gao Wp1 Wpo

zvout(l*M) 2—M 2M fow
D(2—M) (I-M)RC D(1-M)

varies a lot. Therefore, big attention should be paid when the compensator is
designed to consider both ccm and pcwM for different operating points.

2.3 Control Schemes

As the output voltage of the buck converter is only a function of the input-
voltage V;,, and the duty cycle D in ccM for steady state, the converter could be
implemented without feedback just by adjusting D depending on V,.

This approach has bad transient behaviour to load- and duty cycle-changes and
can lead to under-damped output voltage oscillations with the LC resonant fre-
quency dependent on the component values. Furthermore, input voltage changes
get transferred to the output voltage scaled by the duty cycle D for frequencies
below the cut-off frequency of the LC output filter. For most applications the
output voltage limits are too tight so that a buck converter without feedback
would not be feasible. Due to the special case in this system, where an additional
buck converter is connected afterwards as shown in figure 1.1, the use of an
unregulated buck converter is possible. Therefore, in chapter 4 the performance
and design considerations using an unregulated buck converter are addressed.

To improve the performance of a buck converter, various control schemes have
been developed to regulate the output voltage. Basically, there are two main
tixed-frequency control schemes: voltage mode control (vmc) and current mode
control (cMmc). cMmc can be further divided into peak current mode control (pcmc),
valley current mode control (vcmc) and average current mode control (AcMc).
The basic principle of vemc and pcmc is the same, with the difference that in
veMmc the inductor current is compared and limited by a lower limit reference
value and in pcmc by an upper limit reverence value.

2.3.1 Voltage Mode Control

In vMc just the output voltage is used to control the buck converter by changing
the duty cycle as shown in figure 2.8. Therefore, the output voltage is sensed with

11
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q | Power Stage Yout,

reft/\ > GComp,v(S) " Gyq(5), Gig(s) h ”
vd » Mid
Ky

Figure 2.8: Functional diagram of vMc

the feedback gain Ky and subtracted from the reference voltage V,,r to form the
error signal e. From this error signal the compensator Gcopp,o(s) generates the
desired duty cycle to control the buck converter. The compensator design in vmc
can be difficult as the phase of the control-to-output voltage transfer function
Gua,ccm(s) in cem drops to —180° as shown in figure 2.7. Furthermore, with a
digital controller implementation, there is an additional phase decrease due to
the sampling action and computational time.

As the buck converter behaves as a second order low-pass due to the LC output-
filter, the dynamic response of load- or input voltage changes is slow as the
controller can just react to changes in the output voltage.

2.3.2 Peak Current Mode Control

PCMC is probably the easiest current mode control and was first invented in
1978 [4], [5]. Pcmc is a two loop system where the reference value V, for the inner
current loop is generated by an outer voltage loop as shown in figure 2.9. With a
comparator, the driving signal for the buck converter is created by comparing
the sensed inductor current with the reference current. The principle of the outer
voltage loop is the same as in vMc with the only difference that instead of the
duty cycle a peak current inductor reference value is generated.

Slope Compensation

For duty cycles above 0.5 sub-harmonic oscillations occur and slope compensa-
tion is required [6]. This geometric phenomena is illustrated in figure 2.10. Al
indicates a perturbation at the beginning of the switching cycle. In figure 2.10a
the duty cycle is below 0.5 and Aij, is compensated within a few switching cycles
without the need of slope compensation. In the case of duty cycles above 0.5 the
perturbation gets amplified as shown in figure 2.10b, which causes sub-harmonic

12
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Figure 2.9: Functional diagram of pcmc

oscillations. By adding a ramp with a certain slope to the inductor current or sub-
tracting it from the reference value this sub-harmonic oscillation can be avoided
even at duty cycles above 0.5, as shown in figure 2.10c. In DCM no slope compen-
sation is required because the inductor current starts at zero at the beginning of
each switching cycle so that perturbations of previous cycles are eliminated.

As the inductor current is limited by a reference value, rcmc offers inherent
cycle by cycle current limiting. With cMmc the buck converter acts like a voltage
controlled current source. The design of the compensator of the outer voltage
loop typically is easier compared to the one in vmc. Due to switching noise a
blank time after each turn on switching has to be added, where the sensed current
is not compared to the reference value.

Digital Implementation

For a fully digital implementation of pcMc, the inductor current has to be sampled
multiple times per switching period in order to sample or calculate the peak value.
If the mcu has a digital-to-analog converter (DAC) and comparator implemented,
the inner current loop could be done analog whereas the outer voltage loop could
be implemented digitally as in literature [7], [8]. This approach would combine
the advantages of both analog and digital control and therefore decrease the
computational effort of the Mcu as it just has to compute the control for the outer
voltage loop. This type of controller is called a hybrid controller. Unfortunately,
the target Mcu has no comparators and pacs implemented and these components
would have to be added external, which would increase costs, complexity and
PCB area.
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0 Tow 2T 3T

(a) pcMc without slope compensation and duty cycle D < 0.5

AL 1),

v

0 Tow 2T, 3T
(b) pcMc without slope compensation and duty cycle D > 0.5

0 Tow 2T, 3T
(c) rcMc with slope compensation and duty cycle D > 0.5

Figure 2.10: Effect of slope compensation at prcMC
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Figure 2.11: Functional diagram of acmc

2.3.3 Average Current Mode Control

AcMcC was first introduced in 1990 and is a two loop system like rcmc [9]. In
AcMC there is an inner current loop controlled by a outer voltage loop as shown
in figure 2.11. The principle of the outer voltage loop is like in vmMc with the
difference, that instead of the duty cycle a control voltage v, as a reference for
the inner current loop is generated. The current loop senses the average inductor
current ir, which is then subtracted by the control signal v, given by the outer
loop, to form the error signal e for the inner loop compensator Gcompli(s).

In literature [10] three different sampling techniques to obtain the average in-
ductor current for a digital implementation of AcMmc are presented: geometric,
low-pass filter and slope midpoint sampling. In the geometric approach the
inductor current is sampled twice per switching period and the average current is
calculated from these values. With slope midpoint sampling the average inductor
current is obtained by sampling the current in the middle of the slope which can
be implemented relatively simple by using dual edge modulation. The advantage
of AcMc compared to rcMc is that no slope compensation is required, the inner
current loop can have a higher gain at low frequencies and the noise immunity
is better. The drawback of Acmc is that two compensators are required and that
there is no cycle by cycle current limit [9].

2.3.4 Comparison of Control Schemes

Table 2.3 summarizes the advantages and disadvantages of each control scheme,
related to a digital implementation. It can be seen that there is no ideal solution
and each control scheme has its own strengths.
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Table 2.3: Comparison of different control schemes

Control ~ Advantages Disadvantages
scheme
VMC + one loop system - slower transient response
+ only one ADC necessary - over current protection has to
be implemented separately
PCMC + cycle by cycle current limiting - bad noise immunity
+ compensator design easier - slope compensation required
compared to vMc and AcMC for duty cycles > 0.5
- circuit to sense peak current
necessary
ACMC +no slope compensation re- -two digital compensator re-
quired quired (increased computational
time)
+ good noise immunity - two loop system more difficult
to design
- circuit to sense average current
necessary

As the mcu is not only dedicated for the digital compensator and has other time
critical tasks to process, computation time of the compensator as well as the
frequency with which the compensator is executed is an important aspect for the
selection of a proper control scheme.

vMc is chosen for the buck converter in chapter 3 because just one digital com-
pensator has to be implemented, which results in less computational effort for the
Mcu. The worse transient performance compared to cMc schemes are acceptable
as there is another buck converter afterwards.

2.4 Efficiency

Efficiency in power converters is an important topic, especially if the system
is powered from a battery. Energy losses in the converter will be transformed
into heat and can result for instance in bigger component values, the need of
heat-sinks or more complex rcB layout design to get rid of the heat. The efficiency
1 of a converter is defined as
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L/ eSS s—— Vps(t)
— Ipg(t)
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Figure 2.12: Transistor switching waveform (adapted from [2])

_ Pout _ Pout
Pi Pout+Ploss

(2.10)

where P, is the input power and P, is the output power of the converter.
The power loss Pj,ss which appears in the power converter is composed of the
switching power loss P, the conduction power loss P,,,,; and the fixed power
loss Pfireq given in equation 2.11 [2].

Pross = Pswitcn + Peond + Pfixed (2.11)

The following efficiency equations are given for a synchronous buck converter.
Variables belonging to the high-side MOSFET are denoted with index H, whereas
index L denotes the low-side MOSFET.

2.4.1 Switching Power Losses

The switching power loss Psyitc, is proportional to the switching frequency, as a
certain switching energy is lost with every switching period. The major switching
power losses are listed below.

Switching Clamped Inductive Load

The inductor L and body diode of the low-side MOSFET, shown in figure 2.3, act
like a clamped inductive load. The typical transistor waveform for switching this
type of load are shown in figure 2.12.

At ty the turn-oFF switching process of the high-side MOSFET starts. From £, to
t; the drain-source voltage Vps ramps up to V;, and the drain-source current
Ips stays constant. At time ¢; the body diode of the low-side MOSFET becomes
conductive and Ipg declines and reaches 0 A at t;. The turn-oN switching process
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is quite similar. From t3 to t4 Ips ramps up until the whole inductor current Iy
flows through the high-side MosFET. Afterwards Vpg is able to decrease to 0V as
the low-side body diode stops conducting. Power loss occurs at time intervals
torf = t2 —to and to, = t5 — t3, where Vpg and Ipg are not zero. If the waveforms
are assumed piecewise linear this clamped inductive switching loss Pyr g of the
high-side MOSFET can be calculated with equation 2.12 [2].

1
Purr = 5Vinly (togf,H + ton) fow (2.12)

2
If the inductor current stays positive, Py for the low-side MOSFET can be

calculated with equation 2.13, where Vp is the forward voltage drop of the body
diode.

1

FurL = 5Vpli (toff,L +tont) fow (2.13)

Dead-time

In the time period t4,,4, where both transistors are completely turned oF¥, the
inductor current flows through the body diode and power loss occurs due to the
forward voltage drop Vp of the body diode given in equation 2.14.

Piead = 2VpIitjeadfsw (2.14)

When the body diode, formed by a p-n junction, changes from the forward biased
to reverse biased condition the stored minority charge Qrr of the diode has to
be removed within the reverse recovery time tgg. This process is called reverse
recovery and the resulting power loss Prr can be estimated with equation 2.15 [2].
Especially with high input voltages Prr can be a major part of the overall power
losses. To increase the efficiency an external Schottky diode with a lower forward
voltage than the body diode can be added in parallel. The junction of Schottky
diodes are formed by a semiconductor and metal and therefore no reverse
recovery occurs.

Prr ~ (VinILtrr + VinQRR) fsw (2.15)
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Output Capacitance

With every switching cycle the output capacitance Cposs = Cps + Cgp of both
MOSFETs has to be charged and discharged, which result in the power loss given
in equation 2.16 [11].

1
Pcoss = 5 (Coss,i + Coss,r) VA fsw (2.16)

Gate Charge

With every switching period the input capacitance of the MOSFET has to be charged
and discharged. Due to the high non-linearity of the input capacity the total gate
charge Qg is typically listed in the datasheet. With equation 2.17 the power loss
Pg of the gate drive circuit can be calculated, where Vs is the applied voltage of
the driver circuit [6].

Py = Q¢ Vs fsw (2.17)

2.4.2 Conduction Power Losses

Conduction power loss P.,,; in power converters appears due to the forward
voltage drop of the semiconductor devices, as well as conduction losses due
to parasitic elements like the direct current resistor (Dcr) of the inductor. The
conduction power loss Ppcr from the DCR of the inductor can be calculated with
equation 2.18.

Ppcr = If gasRocr & LyRpcr (2.18)

The conduction power loss Py o, i for the high-side MmosreT and P45, 1 for
the low-side MOSFET depend on their on-resistance 74 ,, and are given by equa-
tion 2.19 and 2.20.

_ 72 ~ 72
Prjsona = IL,RMSrds,on,HD ~ 15,47 ds,on, gD (2.19)

2 2
Prds,on,L = IL,RZ\/[Srals,on,L(1 - D) ~ Ioutrds,on,L(l - D) (2-20)
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2 Buck Converter Fundamentals

2.4.3 Fixed Power Loss

The fixed loss Pfireq is the power loss, which is not related to the switching
frequency or the output current, which could be the quiescent power needed for
the MOSFET drive circuit or power dissipated by the resistor divider to scale down
the voltage for the Apc. Usually, the power needed for the control circuit belongs
to the fixed power losses. In this case, the mcu, which controls the buck converter,
is part of the load itself.
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3 Voltage Mode controlled Buck
Converter

3.1 System Overview

Figure 3.1 shows an overview of the voltage mode controlled buck converter. The
output voltage is scaled down by a voltage divider network, shown as gain block
Hy, and fed into the ADc of the Mcu. Afterwards, the error signal e is calculated
by subtracting the aApc-result from the given reference voltage V,,r. The digital
compensator, which is designed in section 3.5.4, computes the duty cycle D from
the error signal. A pwM signal with the switching frequency fs; is generated with
the prwm unit of the mcu which is sent to an external MOSFET driver IC to drive
the MOSFETSs.

As the Mmcu is indirectly supplied by the output voltage of the buck converter it
has to be supplied from another source at initial start-up. Therefore, the output
is pre-biased with three lithium-ion battery cells in series resulting in a voltage
Veerr of 12V using a nominal cell voltage of 4 V. To prevent current flowing into
these three cells, once the output voltage is above V,,;, the diode D, is placed
between the output voltage and the three cells.

3.2 Synchronous vs non-synchronous

In the first step of the vmc buck converter design, the decision between a syn-
chronous or a non-synchronous buck converter has to be made. Each topology
has its strengths and weaknesses, so a compromise has to be found.

High-side Driver Start-up Problem

For the high-side switch a n-channel mosFET instead of a p-channel MOSFET is used
as it has better properties like lower 74, ,, for the same semiconductor die area
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Figure 3.1: System overview

due to a better carrier mobility factor. Furthermore, the availability of n-channel
MOSFET is much higher with reduced costs. To turn on the n-channel MOs¥FET the
gate source voltage Vg has to be above the threshold voltage V. When the high-
side MOsFET is fully turned on the potential of the source is approximately the
same as the input voltage V;,. Therefore, the potential at the gate has to be higher
than the highest potential of the system and a charge pump or bootstrap driver
IC is necessary. The circuit of a bootstrap driver for a pre-biased buck converter is
shown in figure 3.2. A bootstrap capacitor Cy,,; is charged to approximately Vo
when the low-side switch is oN. When the high-side switch is ON, the potential at
point A of Cy,; rises as well as the potential at point B due to the characteristic
of a capacitor. In case of the non-synchronous buck converter, where the switch
S is realised as a diode, at initial start-up Cp,,; can not be charged because the
output is pre-biased with the first three cell voltage V... A solution could be
to use an additional switch to load Cy,,; before the first switching cycle. With a
synchronous buck converter this start-up problem do not exist as the low-side
MOSFET can be used to charge Cpp;-

Comparison

Below the arguments against (—) and for (+) a synchronous topology are listed.

22



3 Voltage Mode controlled Buck Converter

Vout

VCC ' B .
PWM =l: Cboot % L Vout

) EE 1o D

I [

Figure 3.2: Bootstrap high-side driver circuit

— higher cost: high- and low-side driver 1c, additional MOSFET is more expen-
sive than Schottky diode

— dead-time implementation necessary to avoid shoot-through

+ no problem at start-up

+ transient performance in ccm better compared to pcm

+ compensator design is easier because buck converter always operates in
CCM

The inductor and switching frequency of the non-synchronous buck converter
can be selected in a way, that it also just operates in ccm and never enters DCMm.
Due to the start-up problem and the lack of high frequency high-side only driver
1cs on the market, a synchronous buck converter topology for the prototype is
used.

3.3 Dimensioning

3.3.1 Inductor

The design of a buck converter starts in most cases with choosing the inductor L
according to the desired ripple current Ai;. By reformulation of equation 2.3, the
inductance value can be calculated as

Vin - Vout

L=
AZL

DTsy (3.1)

where the ripple current Aij, typically is chosen between 25 % to 50 % of iut,max-
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Table 3.1: Inductor properties for different inductances and form-factors

LxW x Hmm) L(uH) Lgk(A) Igms(A) Rpe(mQ)  fres(MHz)

59 x6.2x3.3 100 0.50 0.65 950 11
100 0.75 0.79 290 7.5
73 x73x45 220 0.54 0.44 920 5
470 0.34 0.29 1600 3.2

Choosing a small inductor value results in reduced costs and a smaller pcs
footprint due to the smaller form-factor of the inductor. By comparing different
shielded and automotive qualified inductors of two manufacturers **there are
two reasonable form-factors available for an inductance range from 100 pH to
470 uH. For both manufacturers the two form-factors are about the same size and
have similar properties so that in table 3.1 inductors of just one manufacturer?
are listed.

There are several important parameters for inductor selection to be considered.
The saturation current I is the current at which the inductance is reduced by a
particular percentage. Usually this value is given for a percentage of 10 %, but
this number depends on the manufacturer. A temperature rise of the inductor by
a certain temperature due to the current is specified with the current value Igs.
For the inductors listed in table 3.1, Igyss is given for a temperature rise of 40 °C.
The self resonant frequency f.s is formed by the inductor itself and the parasitic
capacitance. Above f,s the inductor behaves more like a capacitor. Therefore, the
switching frequency should be below f;s.

The biggest inductance value of the smaller form-factor is 100 pH for both man-
ufacturers. Using equation 3.1, an inductance value of 100 pH would result
in a switching frequency of 1.6 MHz for Aip = 0.25 - Ioytmax or 800kHz for
Aip = 0.5 - Loyt max. With higher switching frequencies electromagnetic compatibil-
ity (EMcC) requirements are harder to fulfil due to fast switching of the MOSFETs.
Furthermore, switching power loss Py, increases proportional to fs;,. Therefore,
the minimal cost and footprint savings of the smaller package does not justify the
use of such high switching frequencies. Is;; and Irpss of the 470 uH inductor from
table 3.1 are marginal compared to Iyt max. Due to the higher current margin
and better damping characteristics, which is explained in detail in chapter 4, the
smaller inductance value of 220 pF is chosen. For the selected switching frequency
fsw = 400kHz, the ripple current is Aip = 0.45 - Lyt max. If @ non-synchronous
buck converter topology would be used, L and/or fs;, has to be further increased,

1Coilcraft MSS series
2Wiirth WE-PD series
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so that Iy, crit = 4iL/2 is above I, min for all operating conditions to ensure the
buck converter is always operating in ccm.

3.3.2 QOutput Capacitor

By rearranging equation 3.2 (adapted from [2]) the minimum output capacitor
for a desired output ripple voltage Av,,; is calculated. Therefore, the minimum
capacitor C,;, for Avy,r = 10mV and a typical Esr value of a multi-layer ceramic
capacitor (MLcc) of 10m(Q) is

co Air B 112.5mA
" (Avoyt — REspAip) 8fsw  (10mV — 10mQ - 112.5mA) - 8 - 400 kHz

=396 uF — 4.7 pF.

3.3.3 Input Capacitor

The input current of a buck converter is discontinuous and results in very high
di/dr. If this current would be supplied directly from the battery, the parasitic
inductance from the path of the battery to the input of the buck converter would
result in a significant voltage drop. Therefore, an input capacitor C;, with a low
ESR is placed as close as possible to the input of the buck converter to provide the
high di/at. The minimum input capacitor value for a maximum voltage change
AV¢iy, across C;, can be calculated with equation 3.3 [12]. For a maximum voltage
variation of AV¢jy, may = 0.1V and a duty cycle of D = 0.5 where the value is the
highest, C;,, is chosen with 2.2 pF.

_ D(1-D) Iutmax _ 0.5-(1—05)-250mA

Cir min = — 156 uF — 2.2uF (3.
VA 0.1V -400kHz H KE (3:3)
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3.4 Limit Cycle Oscillations

Due to quantization in the digital controller, limit cycle oscillations (Lco) of the
output voltage at the steady state can occur. The frequency and amplitude of
this Lco is dependent on many parameters like control-bandwidth, open loop
gain, sampling frequency or operating point of the buck converter . Conditions
to avoid limit cycle oscillations in digitally controlled pc-pc converters have
been presented in [13], [14]. One necessary condition to avoid Lco is given by
equation 3.4, where Gpc is the pc control-to-output voltage gain, gppwus the
DPWM resolution and g4pc the ADcC voltage resolution.

Gpc - 9prwm < GADC- (3-4)

Therefore, the change of the voltage at the ApC input due to the change of one
least significant bit (LsB) of the duty cycle should be less than one LsB of the Apc.
In other words, this condition ensures that there is an ADC zero error bin for
every duty cycle. Using equation 2.5 the bc control-to-output voltage gain Gpc
is equal to Vj;, in ccm. The duty cycle resolution of the prwm can be calculated
with equation 3.5, where n, DPWM is the brwM resolution in bits.

1
IDPWM = 5, DPWM (3.5)

For an up- or down-counter based prpwm unit with a pwm-clock-frequency
fpwm,cik, the bit-resolution n, DPWM can be calculated with equation 3.6 for
a given switching frequency fs,. For an up-and-down counter based prwm
generation, which is necessary to implement the dead-time if no separate dead-
time generation unit is implemented in the Mcu, the bit-resolution n, DPWM is
reduced by one bit.

f sw

Applying equations 3.5 and 3.6 the minimum ADc voltage resolution gspc min
given by equation 3.4 can be calculated as follows

1 1

| . V.
qADC,mm > GDC qDPWM ‘/17’1 ZTZ,DPWM mn fpwmclk

fsw
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Ls Taw

Figure 3.3: Dithering to increase resolution

Table 3.2: Minimum ADC resolution for different switching frequencies to prevent Lco

fsw 100kHz 200kHz 400kHz 800kHz
Gapc,min -~ 7omV ~ 150mV  300mV  600mV

Table 3.2 shows g,pc min Values for different switching frequencies at the maximum
input voltage of 75V and at a pwm timer frequency of 100 MHz. In case of a
fsw = 400kHz a minimal ADc resolution of 300 mV is too high and leads to an
inaccurate output voltage and worse performance as the controller can not react
to small output changes. To minimize q,pc min there are several possibilities.

* increase the PwM timer frequency fomeik
not possible because the maximum timer frequency of the target mcu is
limited to 100 MHz
* use of an external pwm-1C with higher resolution
unacceptable due to the increase of cost, components and pcB area
¢ decrease switching frequency
unacceptable as lower switching frequencies lead to higher inductance
values
¢ increase resolution of bPwM unit using dithering
possible to increase the prwMm-resolution by some bits

As can seen from the list above, just the method of dithering would be an
acceptable solution for this special case. The principle of dithering is to vary
the LsB with a pattern over some switching cycles and to average it to increase
the effective resolution. The averaging in a buck converter is done with the LC
output filter. Therefore, the increase of resolution is limited by the LC output
filter. Figure 3.3 shows the basic principle of dithering to increase the resolution
by one bit.

In [13] a software implementation method of dithering using lookup tables is
presented. A disadvantage using dithering is the additional delay, as the value of
the current LsB has to be loaded with every switching cycle.
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Even if the conditions to avoid limit cycle oscillations are met, these oscillations
still can occur in specific operating points [15]. To ensure the amplitude and
frequency of these limit cycle oscillations stay within the requirements and do
not compromise the desired performance, simulations including the quantization
of the ADC and DPWM unit are important.

3.5 Digital Controller Design

3.5.1 Selection of Sampling Frequency

The selection of the sampling frequency fsump is a very important step in the
digital controller design. Setting fs,,p too low, would result in high phase re-
duction in the control loop and can cause aliasing effects in the sensed signal.
On the other hand, an unnecessary high sampling frequency leads to increased
computational effort, as the control algorithm is executed more frequent.

Phase Decrease of Sample and Hold

The aApc combined with the prwm unit acts like a sample and hold circuit. The
time delay due to the sample and hold can be expressed with equation 3.7 [16],
where Tsqmp is the sampling period.

1— e_STsamp
Gsh(s) = ——— (3.7)

s
Figure 3.4 shows the bode plot of Ggy(s) for a sampling frequency fsump of
400 kHz. With frequencies close to fsump, the phase starts to drop significantly.
The additional phase margin reduction of the open loop transfer function at the
cut-off frequency f. can be calculated with equation 3.8 [17]. Therefore, fsump
should be at least 10 times higher than f; so that the additional phase margin
reduction is below 18°.

Ag = _180°Lc (3.8)
fsamp
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Figure 3.4: Bode diagram of sample and hold with a sampling frequency of 400 kHz

Aliasing

The Nyquist-Shannon sampling theorem implies that in order to sample a band-
limited signal without loss of information it has to be sampled at least with twice
the frequency of the maximum occurring frequency. In equation 3.9 fy is the
maximum occurring frequency which is also referred as the Nyquist frequency
and the frequency which the sampling frequency has to exceed is called the
Nyquist rate [18].

fsamp > 2fN- (39)

For frequencies above half the sampling frequency aliasing effects occur in the
sensed output voltage signal. The high frequency switching ripple at the output
would require a high sampling frequency way above the switching frequency
to do not violate the Nyquist-Shannon sampling theorem. As just the main
dynamic behaviour of the buck transistor is relevant for the control system, this
switching ripple has to be filtered with a low-pass filter in the feedback path. To
overcome this additional filtering the ApDC can be synchronized with the prwm
module in order to sample the signal each time at the same time relative to
the switching event. In figure 3.5 this synchronized sampling is illustrated. The
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Figure 3.5: Synchronized sampling

sampling frequency should be chosen in such a way that the switching frequency
fsw is an integer multiple of the sampling frequency fsump like in equation 3.10

Mfsamp = fsw (M e N\ {0}) (3.10)

3.5.2 Digital Design Methods

Basically there are two design methods to design a digital compensator: digital
redesign and direct digital design [16].

Digital Redesign

In digital redesign, also called emulation method, the controller is designed in the
s-domain and is then transferred into the z-domain using one of the discretization
approximation methods. This has the advantage that the compensator can be
designed with familiar frequency response design methods like bode plot for
instance. Unfortunately, this method neglects the sample and hold action formed
by the Apc and pwM as well as the time delay f; between the start of the Abc
conversion until the duty cycle update takes affect. Therefore, the additional
reduction of the phase margin is not taken into account for compensator design
which leads to worse performance or even an unstable system.

Direct Digital Design

With the direct digital design approach the plant is discretized at first. For the buck
converter where the bpwm acts like a sample and hold, the zero-order hold (zon)
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method given by equation 3.11 delivers good results, where Z represents the
standard z-transform.

1— —8Tsam
2 %G(S) (3.11)

Afterwards the digital controller can be designed directly in the z-domain using
appropriate methods available for the z-plane like root locus method. This has
the advantage that poles and zeros of the compensator can directly be placed to
match the discretized system and are not distorted from the desired position like
in digital redesign.

In order to design the compensator with frequency response design methods
in direct digital design, the discretized plant G(z) has to be transferred into the
w-plane using the following bilinear transformation method:

G(w) = G(z)

_24Tw”
Z=7"Tw

After the compensator is designed in the w-plane with the well-known design
methods, the compensator has to be transferred back into the z-plane:

G(z) = G(w)) . (3.12)

__22z—
W=Tz71

iy

In [8] another design method was proposed to combine digital redesign and direct
digital design method with the support of computer-aided design software tools.
In this method the bode plot of a discrete function is generated using z = /“Tsmp,
Therefore, the controller can be designed conveniently using frequency response
design methods like in digital redesign with the important advantage that the
sample and hold action as well as the time delay ¢, is considered. In chapter 3.5.4
the use of this combined method is shown with the use of MATLAB®.

3.5.3 Stability

To determine if a linear time-invariant (LT1) system is bounded-input bounded-
output (B1BO) stable, the Nyquist Criterion can be used which is a graphical
method using a Nyquist plot. If the open loop transfer function Gy e (s) fulfils the
properties listed below [19], the stability proof simplifies and can be determined
from the bode plot of Gopen(s).
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Figure 3.6: Controller block diagram

* Gopen(s) exhibits a low-pass characteristic (lims_;co Gopen(s) = 0)

* Gopen(s) has positive gain

* Gopen(s) has no right half plane (RHP) poles expect an eventual single pole
at0

* There is only one frequency, called the cross-over frequency w,., where the
magnitude of Gy pen(jw) is equal to 1 for w > 0

In order to use this simplified method the phase margin ¢, has to be defined as
the phase distance between /Gypen (jw) and 180° at the cross-over frequency.

oM = LGopen(jwe) + 180° (3.13)

If the four listed requirement apply to Gopen(s), the system is BIBo stable if the
phase margin ¢y is positive.

3.5.4 Digital Compensator Design

For the digital compensator design the combined design method described in
section 3.5.2 is applied. Figure 3.6 shows a block diagram of the control system.

G¢(z) is the discrete controller which has to be designed, G,;(s) the control-to-
output voltage transfer function from equation 2.5 of the buck converter operating
in ccm and Ky the constant feedback gain. The switches should symbolize the
sample and hold action from the Apc and pPwMm unit.

The computational time ¢, the ADC-conversion time f4pc and the delay due
to the bpwM can be considered by one delay block e %4, where t; is the time
between the start of the Abc-conversion and the moment when the updated duty
cycle takes effect. Depending on the organization of the sampling, calculation and
duty cycle update, this time t; can be different. Figure 3.7 shows the time table
for the used digital controller with trailing edge modulation. The output voltage
is sensed at the beginning of each modulation period. After the conversion time
tapc, the duty cycle is calculated and updated within the computational time
tca1c, before the next modulation period starts. Until the updated duty cycle takes
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Figure 3.7: Timing diagram

effect an additional time DTy, depending on the duty cycle has to be taken into
account. With this timing organization the time t; results in

tqg = Tsw + DTsy. (3.14)

At first the converter transfer function G,4(s) is discretized using the zon method
(3.11) including the delay t; to get G,4(z) 3.15.

1-— e_STS —st
Gvd(z) =Z TGvd(S)e d (3'15)

The MATLAB® code for a zon discretization method with a time delay t; is
shown in listing 3.1. Figure 3.8 shows the effect of the time delay t; and zon on
the phase of the control-to output voltage function of the buck converter, where

Gvd,delay = Gvd (S)e_Std'

1 G_vd_delay = tf(num,den,’InputDelay’,t_d); % add delay to transfer function
2 G_vd_z = c2d(G_vd_delay, T_s, ’zoh’); 7 use zoh discretization method

Listing 3.1: MATLAB® code to discretize transfer function with an additional delay.

The open loop transfer function Gopen is given by equation 3.16 and the closed
loop transfer function G,s.y from reference voltage to output by equation 3.17.

Gopen(z) = Ge(2)KyGypa(2) (3.16)
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Gclosed(z) = (3.17)

In direct digital design the next step would be to either use discrete design
methods like root locus method or to transform the discrete transfer function
Gui(z) into the w-domain using bilinear transformation methods in order to
use frequency response design methods. With powerful software toolboxes as
the Control System Toolbox™ from MATLAB®, the discrete controller can be
designed directly by visually placing zeros and poles to meet the requirements.
Therefore, a bode plot of the discrete transfer function is generated by using
the relationship z = e/WTsamp Tn the following, transfer functions mapped from
time discrete transfer functions to the continuous time transfer functions using
z = e/*Tsm are indicated with a prime like G/(s) = G(z)| o i Tsamp

For the vmc buck converter a two-pole-two-zero (2r2z) compensator is used. The
two zeros are placed before the double pole, caused by the LC output filter, to
raise the phase. One pole is placed at the origin to reduce steady state error and
the second pole is placed about one decade after the cut-off frequency f.. The
bode plot of the compensated open loop transfer function Ggpm (jw) with a phase
margin of ¢p; = 42° and f. = 14.4kHz is shown in figure 3.9. For designing G.(z)
the control-to-output voltage transfer function Gy(s) with Vi, j0x and Ijpgq min is
used to ensure that the phase margin for all other conditions is higher than the
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Figure 3.9: Bode plot of G, (jw)

designed one. All of the listed properties in section 3.5.3 are true for G(’)pen (jw)

and therefore the positive phase margin is sufficient to ensure BIBO stability.

3.5.5 Controller Implementation

The discrete controller transfer function G.(z), obtained in the previous section,
can be written in the form 3.18, which is often normalized so that a9 = 1. For this
second order discrete compensator N = M = 2. E(z) is the controller input and
U(z) is the controller output. The used coefficients are listed in table 3.3.

M ‘
biz™!
G (Z) . . ig() ' . by +b1271 + bzz*Z ( 18)
asr N  ag+aizl +apz2 3
Y aiz7t
i=0

For the time domain the discrete transfer function can be written as a difference
equation as follow:

yn) Y
x(n) .N ay (1)
i=0

35



3 Voltage Mode controlled Buck Converter

Table 3.3: Coefficient values for digital compensator

coefficient value coffee value

ap 1 bo 3.235
a1 —1.112 bl —6.195
ar 0.116 bz 2.965
by by
P 1 1
b, -a, b, -a,
l)—D—b(—J—H—(I l)—D—b 4
P »1 1
by b, -Gy

< >
(a) (b)

Figure 3.10: Direct form 1 (a) and direct form 2 transposed (b)

where x(n) is the controller input and y(n) is the controller output [18].

Theoretically there are infinite ways to implement this difference equation [18]. A
common way to implement it are direct form structures. Figure 3.10 shows the
block diagrams of direct form 1 (DF1) and the transposed direct form 2 (DF2). As
DF2 only has half the the number of delay elements compared to DF1 and needs
less computational time [20], DF2 is used.

3.5.6 Simulation of Digital Compensator

For performance simulation of the designed digital controller the Simulink®
model shown in figure 3.11 is used. Figure 3.11a presents the synchronous buck
converter with the pre-bias voltage V., a variable load and the controller module.
The controller subsystem is shown in figure 3.11b. As this model is also used
for the unregulated buck in chapter 4 a manual switch is placed to select either
the regulated or unregulated purple block. The controller subsystem consists of
quantization blocks for the Apc and prwM, saturation limits for the duty cycle
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and the digital compensator. The time delay ¢, is realized with a unit delay block
z~! and the pwM generator.

In figure 3.12 Vp, and the duty cycle generated from the digital compensator for
maximum load steps are plotted. There is a small steady state error of V,,; which
could be further reduced by a second additional pole at the origin. By simulation
at various operating points the Lco addressed in section 3.4 are minimal and
barely noticeable. Therefore, no dithering has to be implemented to increase the
DPWM resolution.

3.6 Prototype Design

For the prototype design the TMS320F280049 mcu from Texas Instruments was
selected because it has similar properties as the mcu used in the Bms. Both mcus
have a 32-bit processor, a floating point unit (Fru), 12-bit ADCs and a maximum
rwM clock frequency of 100 MHz.

3.6.1 Analog-to-Digital Converter Design

The output voltage is sampled with the sampling frequency fsmp to get the
present output voltage for each calculation of the control effort. The used Apc is
a 12-bit successive approximation-apc and its sampling process consists of two
parts. At the first part a sample and hold circuit is used to load a capacitor for
the time f4pc sy so that the voltage at the capacitor is within the required accu-
racy. Afterwards, the voltage at the capacitor is determined with the successive
approximation-technique within a certain time f4pc s4. Without a prescaler for
the Apc-clock, tspc sa is equal to 12 system clock cycles and can be calculated
as

1 1
t =12 =12
ADCSA Foys.clk 100 MHz

= 120 ns.

Therefore, the total ADC conversion time t spc is the sum of t 4pc sy and tapcsa
and should be small to minimize the additional delay. As shown in figure 3.7 the
sum of the calculation time ¢, and f4pc should be smaller than the switching
period Ts;, so that the duty cycle can be updated at the beginning of the next
switching period. According to [20] the used function to compute the second
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Figure 3.12: Simulation of the voltage mode controlled buck converter with maximum load steps
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order control law needs 44 cycles. With a system clock of 100 MHz ¢, is 440 ns.
Therefore the maximum time ¢ spc sy for the sample and hold process is

tADC,SH,mux = Tsw - tculc - tADC,SA =25 us — 440ns — 120ns = 1.94 us.

To add some margin t4pc sy is chosen with Tsw/2 = 1.25 ps.

The single ended Apc input circuit of the TMS320F280049 McU is shown in
figure 3.13. The component values of the Apc from the datasheet [21] are listed
in table 3.4. The parasitic capacitance C, pcp due to the trace from the voltage
divider to the input of the Apc is also considered, as it is significant to the
relatively small capacitance values of C, and C;,. This parasitic capacitance can
be calculated with equation 3.19.

I-w
Cp,PCB = €0€r,FR4 * e

100 mm - 0.5 mm (3.19)

—8.854-10712As/(Vm) -4.2
S/( m) 0.1 mm

~ 20pF

€...vacuum permittivity

€y FR4. - - relative permittivity of FR4 used in rcBs
[...length of trace

w. .. width of trace

d...distance between layers on pcB

The full-scale range (¥sr) of the Apc is 0V to 3.3 V. Therefore, in order to measure
the output voltage it has to be downscaled with a resistor voltage divider network
as shown in figure 3.13. If the maximum output voltage V,ut,max should result
to 3V at the Apc-input, to add some margin, the resistor ratio can be calculated
with equation 3.20.

Ry  Vapc 3V
Rl + RZ Vout,max 15V

0.2 (3.20)

In order to get an accurate output voltage the resistors R; and R, have to be
chosen in a way so that the capacitor Cj, is charged to the voltage V4pc with the
desired accuracy within f4pc sg.

The output resistance R, of the voltage divider network is Ry||Ry. Therefore,
the time constant T can be calculated with equation 3.21
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Figure 3.13: Single ended Apc channel input circuit.
Table 3.4: ADC component values

Component Value

Cp 10pF

Ch 10 pF

Ron 860 ()

T = Rout (Cp,PCB + Cp) + (Rout + Ron) Ch (3.21)

By setting t spc sy equal to 57, the capacitor Cj, is charged up to about 99 %. To
add some margin tspc sy is set to be 10T. Now the output resistance Ry is
calculated with equation 3.22 by rearranging equation 3.21.

t 1.25
o B RuGy _ 386000- 10,7
Cppcs +Cp+Cp 20pF+ 10pF + 10 pF

=29100) (3.22)

With equations 3.20 and 3.22 R; and Rj can be calculated as R; = 14.5k() and
Ry = 3.6 kQ). The calculations were verified by simulation and the the end voltage
is reached within t4pc sy = 1.25 ps with the desired accuracy.

3.6.2 Input Filter

In vehicles there are sensitive components like receivers, with the well known
frequency modulation (FM) radio receiver, for instance. There are several standards
available with defined limits of the EME to prevent electromagnetic interference
(EMI) between these components. In order to pass the strict conducted EME limits,
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Converter

Figure 3.14: Input filter of the buck converter

a LC low-pass filter can be placed to attenuate the conducted switching noise
towards the battery. Figure 3.14 shows the input filter with L¢ and Cy forming
the low-pass filter towards the battery. A way to design this filter is to measure
the required attenuation to pass the EMc requirements. The filter components
were selected with Ly = 4.7uH and Cy = 4.7 pF so that the cut-off frequency f.
is about one decade before the switching frequency.

It is important that the filter has a low output impedance so that the transfer
function of the buck converter is not affected. For Ac-analysis the input voltage
source can be shorted and Ly and C;, are in parallel. Due to the low Esr of C;,, the
quality factor of the LC circuit is high and the output impedance peak seen from
point A is high. To damp this output impedance peak at the resonant frequency
formed by Ly and C;;,, an electrolytic capacitor C,; with an ESR Rgsg . can be
added parallel as shown in figure 3.14 [22]. The quality factor of a parallel RLC
circuit can be calculated with equation 3.23 [23].

Q= R\/g (3-23)

Using equation 3.23 and a desired quality factor of Q = 1, the value of Rggg . has
to be 1.46 Q). Figure 3.14 shows the output impedance seen at point A towards
the battery of the input filter with and without the electrolytic capacitor.

3.6.3 Printed Circuit Board Layout

Unlike linear regulators, smps are known to produce significant EME due to fast
switching action. Therefore, the rcs layout of the converter has to be designed
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Figure 3.16: Current loops of a buck converter.

carefully to fulfil the EMc requirements. As all components as well as the traces
have parasitic inductances one important design rule is to minimize the areas
with high di/4t to prevent voltage changes due to v(t) = L - di/at. Figure 3.16 shows
the two main current loops I; when switch Sy is closed and I, when switch Sy is
closed of a buck converter. The current I;;, from the input voltage source and the
load current I,,; are bc-currents due to C;, and C and therefore the loops formed
by these currents do not have to be small.

For the current path, where the current loops I; and I share the same path,
the current is continuous but still has high 4i/dt due to the ripple current of the
inductor. The area formed by this continuous current is denoted as Area2 in
tigure 3.16. The current path from C;, over Sy and S; back to Cj,, where the
current loops I; and I, do not share the same path has very high 4i/dt as the
current is discontinuous. Therefore, it is very important to place C;, as close
as possible to minimize Areal of the discontinuous current path. To prevent
ground-bounce the nodes B, C and D should be placed as close as possible.
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Figure 3.17: Prototype PcB layout (1: connectors to Mcu; 2: buck converter with driver-ic; 3:
switchable load; 4: input filter; 5: connectors for input-, output- and bias-voltage)
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The pcB layout of the prototype buck converter is shown in figure 3.17. Through
two pin header connectors(1) the mcu, which is located on a separate evaluation
board, is connected to the prototype pcB. Between the connectors the actual buck
converter, including the high- and low-side driver-ic (2) is located. The main
components of the buck converter are placed so that the two blue indicated areas
are minimized. In order to measure the performance of the buck converter to
load changes, different output loads (3) can be switched directly by the mcu.
The input filter (4) to attenuate the conducted EME is located between the input
voltage connector (5) and the buck converter.

3.7 Experimental Results

3.7.1 Conducted Electromagnetic Emissions Measurement

To prove the effectiveness of the input filter, the conducted EME at the positive
supply path were measured with the setup shown in figure 3.18. The device
under test (DUT) (1) is located on the right with an additional lead-acid battery
to provide the pre-bias voltage for start-up and a UsB power bank to provide
the voltage for the evaluation board and the mcu. The main 48 V supply voltage
is provided from a power supply (3) through a line impedance stabilization
network (L1sN) (2). The L1sN, which principal consists of a 5 pH inductor and a
50 (2 resistance formed by the receiver in this case, has several functionalities. It
has to supply the put and attenuate high-frequency noise from the power supply.
Furthermore, it provides a defined impedance and decouples the interference
voltage produced by the pUT to the EmI-receiver (4). For this measurement setup,
according to EN 55025 (identical to CISPR 25 standard), two L1sNs for each supply
path are used.

Before the actual measurements, test runs were performed to ensure there are no
significant emissions from the environment and the internal pcpc-converter of the
power bank. Figure 3.19 shows the measured conducted EME of the buck converter
with and without the input filter. A significant attenuation of the conducted EME
over the entire frequency range from 150 kHz to 108 MHz is achieved by adding
the input filter. The peaks are located at the switching frequency fs, = 400 kHz
and its harmonics.
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Figure 3.18: Measurement setup for conducted EME (1: DUT; 2: LISN; 3: power supply; 4: cable to
EMI-receiver)

3.7.2 Efficiency Calculation and Measurement

The power losses for the maximum output current I,y max = 250 mA are cal-
culated below, using the equations from section 2.4, with the values given in
table 3.5. For this synchronous buck converter the same MOSFETs are used for the
high- and low-side. Therefore, MosFET-related values from this table are valid for
the high- and low-side transistor. For the power loss calculations the inductor
ripple current is neglected and it is assumed that I} ~ Ioy;.

1
Purp = EVinlL (toff,H + ton,H) fsw = 528 mW

1
Purr = EVDIL (toff,L + tonr) fow = 0.75mW
Pdead = ZVDILtdeadfsw =30mW
Prr = (VinILtrr + VinQRR)fsw = 1380 mW

1
Pcoss = 5 (Coss,i + Coss,i) VA fsw = 80mW
Po = QcVis fsw = 38mW
Ppcr = If,RMsRDCR = 62.5mW
Prds,on,H = I%,RMSrds,on,HD =0.7mW
Pris,onr = I%,RMSrds,on,L(l — D) = 1.8mW

The calculations above show, that the reverse recovery power loss Prp is signifi-
cant. In reality this loss should be smaller, as the used values from the datasheet
for Qrr and tgg are given for a body diode forward current of 6 A, which is over
20 times more then Iy, max. Nevertheless, the power losses due to the reverse
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Figure 3.19: Conducted EME measurement with (b) and without (a) input filter
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Table 3.5: Values used for efficiency calculation at Iyt max-

Symbol Description Value
Vin Input voltage 48V
Vour ~ Output voltage 14V
Vs Gate drive voltage of MOSFET driver-IC (datasheet) ~14V
D Duty cycle Vout /v, 0.29
Rpcr  DCR of inductor (measured) 1.00)
fsw Switching frequency 400 kHz
tieads  Dead-time to prevent high shoot-through currents 200 ns
Vb MOSFET body diode forward voltage (datasheet) 0.75V
Coss  MOSFET output capacitance (datasheet) 87 pF
Qrr  Reverse recovery charge of MOSFET (datasheet) 61nC
tRR Reverse recovery time of MOSFET (datasheet) 44ns
Q¢ Gate charge of MOSFET (datasheet) 6.8nC
Tgson ~ Drain-source ON resistance of MOSFET (datasheet) 40 mQ)

torf,u Turn-orFF switching time (estimated from measurement) 200 ns
ton,g ~ Turn-oN switching time (estimated from measurement)  20ns
topr,  Turn-oFF switching time (estimated from measurement)  10ns
ton L Turn-oN switching time (estimated from measurement) 10ns

recovery effect can be significant, especially for the quite high input voltage. To
reduce Prgr, a Schottky diode can be placed in parallel to the body diode of
the low-side mosFET [6]. Schottky diodes are majority carrier devices which do
not exhibit the reverse recovery effect. A disadvantage of Schottky diodes is the
higher leakage current. Figure 3.20 shows the measured efficiency # for output
currents from Ip,t min = 50mA to Lyt max = 250mA at V;, = 48V with and
without an additional Schottky diode. Using frr/5 and Qrr/5 from the datasheet,
the calculated efficiency is similar to the measured efficiency.

Especially for higher output currents the efficiency is increased due to the addi-
tional Schottky diode. Compared to the internal body diode, the external added
Schottky diode has a significant parasitic inductance, even if it is placed directly
beside the mosFeT. Therefore, the high di/4t is still provided by the body diode
and the reverse recovery effect can not be avoided completely. A MOSFET with a
fast integrated diode or a integrated Schottky diode could increase the efficiency
as the parasitic inductance is minimized.
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Figure 3.20: Calculated and measured efficiency for different loads with and without an external
Schottky diode

3.7.3 Buck Converter Performance

At first the output voltage was measured for the maximum load step from
Lout,max = 250 mA to Iyt min = 50mA and back again for a fixed duty cycle. From
the measurement result shown in figure 3.21a the steady state output voltage
is dependent on the load current and changes by approximately AV, =1.6V
for a output current change of Al,,; =200mA. As the buck converter should be
operating in forced-ccm, V,,; at steady state is only dependent on V;,, and D and
should be load independent. This is only true for an ideal buck converter and
due to parasitics like the pcr of the inductor L, I} causes a voltage drop across
L. Nevertheless, the measured pcr of the inductor is Rpcg = 1Q) and should
theoretically result in just 0.2V as shown in equation 3.24 instead of the measured
1.6V.

AVt = RpcrAlLowt = 1Q - 200mA = 0.2V (3.24)

By simulation of the buck converter with the added dead-time, the reason for this
unexpected behaviour was identified. Figure 3.22 shows the simulated waveforms
for a synchronous buck converter, where Vx is the voltage at the switching node
X indicated in figure 2.3. When the inductor current i; becomes negative the
current is supplied by the switched on low-side MOSFET until the low-side MOSFET
is switched OFF at t = 7ms. From this moment the negative inductor current is
supplied by the body diode of the high-side MosFET and iy, starts to increase. If the
inductor current reaches zero before t;,,; ends, it stays at zero until the high-side
MOSFET is turned oON. In this case the synchronous buck converter operates in a
special case of pcMm instead of the expected forced-ccm. It is difficult to find a
proper dead-time for all operating conditions to avoid entering pcm. Therefore,
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Figure 3.21: Measured output voltage for a load change from 250 mA to 50 mA and vice versa for
a fixed duty cycle (a) and with the compensator enabled (b)
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Figure 3.22: Simulation of synchronous buck converter entering pcm due to dead-time

a solution could be either a driver-1c with integrated adaptive dead-time or to
design the buck converter so that i; never becomes negative.

Nevertheless, the performance of the digital compensator was tested by applying
the same load step. The measurement result with the digital compensator enabled
is shown in figure 3.21b. Compared to the simulation shown in figure 3.12 the
measurement differs significantly because the buck converter enters pcm.
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4 Unregulated Buck Converter

The basic idea of the unregulated approach is to set the calculated duty cycle D
according to the measured input voltage V;,, to get the desired output voltage
Vout, without feedback of V;,:. In pcm the output-to-input voltage conversion
ratio becomes load dependent and is not longer just a function of D. As the mcu
has no information about the output current, it has to be ensured that the buck
converter is operating in ccm for all operating conditions.

4.1 Dimensioning

The inductor L and capacitor C of the buck converter shown in figure 2.3 have
to be designed so that the maximum load change result in a voltage variation
within the given specifications. The inductor L and capacitor C with their parasitic
resistances Rpcg and Rpggr are forming a RLC series circuit, if the load resistance
R is neglected. To minimize the voltage ripple of V,;t, a MLcC with a low EsR is
used and therefore Rrsg can be neglected. The damping ratio ¢ of this RLC series
circuit is given by equation 4.1. A relatively high ( is preferred so that the output
voltage oscillations caused by load steps or duty cycle changes decay faster. An
increased { value can be achieved by using an inductor with a relatively high
DCR or by placing an additional damping resistor in series to L.

C
g = SO \E (4.1)

With a maximum load change simulation the necessary component values are
determined, so that the unregulated output voltage stays within Vs i, = 13V
and Vju¢t,max = 15 V. For a starting point the same inductor value as in chapter 3
is used. Figure 4.1 shows V,;; for a current load change from Iyt max = 250 mA
to Loyt min = S50mA and vice versa for two different setups listed in table 4.1. In
order to stay within the given output voltage limits the capacitor value has to be
increased to 10 uF. The effect of the increased { due to the bigger C and Rpcr
values are significant. The used inductor has already a relatively high pcr with
Rpcr = 1Q) so that no additional damping resistor is required.
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Figure 4.1: Simulation of the output voltage for maximum load steps for different component
values

Table 4.1: Simulation setup for unregulated load change
Line colour

Rpcr L C
orange 010 220pH 4.7pF
blue 10 220pH 10pF
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4 Unregulated Buck Converter

Due to the voltage drop above Rpcr the desired duty cycle D is not only depen-
dent on Vj;, and V;,; but also on the output current. Furthermore, the duty cycle
offset, due to the added dead-time has to be considered when the duty cycle is
calculated as shown in equation 4.2. Due to the low 74 ,, of 40m() the voltage
drop at the MOSFET is neglected.

D— Vout + Tout (RDCR + Rdamp) + tdead

2
Vi Tsw (4 )

The Mmcu has no information about the output current I,,; and therefore the
duty cycle D is calculated with the arithmetic mean output current I,y =

Iout,min JFIout,max

2

4.2 Sampling Frequency

The sampling frequency fsq,mp with which the duty cycle D is calculated and
updated from the measured input voltage V;,, is dependent on the maximum
possible AVi./at. For this buck converter the fastest change of V;, is defined in
the VDA320 standard with a transient overvoltage from 48V to 70 V within 1 ms.
Figure 4.2 shows V;,; for the above mentioned V},, transient and an additional
transient back to 48V with different sampling frequencies. Furthermore, the
maximum load changes are placed at the start of the V;, transients to simulate
the worst case. For a sampling period Tssmp = 100 ps, the output voltage barely
stays within V¢ min = 13V and Voutmax = 15 V. For this simulation the model
shown in figure 3.11, with the unregulated purple block selected, was used.

4.3 Measurements

As already mentioned in section 3.7.3 due to a dead-time related issue, the
synchronous buck converter of the prototype operates in bcm for small loads
instead of forced-ccm. Therefore, the simulations of the maximum load step could
not be verified with measurements at the prototype. Nevertheless, the impact
of different sampling periods Tsmp for the maximum input voltage transient
from 48V to 70 V within 1 ms were examined through measurements. Figure 4.3
shows the input voltage transient (red) and the output voltage (blue) for different
sampling periods. For sampling periods up to 200 ps the output voltage variation
stays within the specifications and significantly overshoots for a sampling period
of 400 ps. The measurement results are quite similar to the simulation results
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Figure 4.2: Simulation of the output voltage for a maximum input voltage transient and maximum
load change for different sampling periods
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shown in figure 4.2 expect that the significant output voltage over-shoot of the
simulation already occurs at Tsamp = 200 pis.
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Figure 4.3: Measured output voltage (blue) at an input voltage transient (red) from 48V to
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500mV /div; Channel 2 (red): 10V /div)
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5 Conclusion

The performance and digital implementation effort of various control schemes
for a buck converter have been compared. Fully digital implementations of cMmc
schemes require two digital compensators which results in increased computa-
tional effort for the mcu. Furthermore, a sensing circuit for either the peak or
average inductor current is necessary which increases costs. vMc is a one loop
control system which can be realised with a minimal count of additional compo-
nents but comes with the disadvantage that a separate over current protection
circuit is needed. Even though the transient performance of vMmc is worse than
of cMc schemes, simulations of the designed digital compensator revealed that
the output voltage requirements can be fulfilled easy for the selected compo-
nent values. Unfortunately, the simulations of the digital controller could not be
confirmed with measurements of the prototype because the synchronous buck
converter of the prototype operates in pcMm for low loads due to a dead-time
related issue.

Due to the relatively high allowed output voltage variations due to the additional
sBC after the buck converter, the approach of the unregulated buck converter of
chapter 4 turned out to be feasible. The output capacitor has to be increased until
the output voltage variation for a maximum load step stay within the required
limits. The simulated and measured maximum sampling period, where the duty
cycle has to be calculated from the input voltage, is approximately 100 us for the
used component values, to ensure the maximum input voltage transient does not
cause the output voltage to exceed the required limits. Compared to the designed
vMcC compensator of chapter 3 with a sampling period of 1/f., = 2.5ps, the
unregulated approach results in much less computational effort for the mcu. The
sampling frequency of the vMc compensator could be chosen lower, which would
increase the additional phase delay and leads to a more difficult compensator
design.

If one of the two addressed approaches would be used for the control of the
buck converter in the BMs, further investigation has to be done to ensure the
buck converter is always operating in ccMm. ccMm for the unregulated approach
is mandatory and for the voltage mode controlled approach preferable, due to
better transient performance. Instead of a driver 1c with no built in dead-time
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5 Conclusion

generation, as it is used in this prototype, a driver 1c with integrated adaptive
dead-time should be used. This ensures that the buck converter always operates
in ccM and that the mcu do not have to undertake the dead-time generation.
If a bigger inductor value and/or a higher switching frequency is selected, a
non-synchronous buck converter could be designed, so that the inductor current
never reaches zero. With the use of a non-synchronous topology cost saving can
be achieved, with the disadvantage that an additional switch has to be realized
to solve the start-up problem of the high-side bootstrap driver 1c. In conclusion,
the use of a digitally controlled discrete buck converter instead of a dedicated
buck controller 1c has to be considered carefully.
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Abbreviations

2P2Z two-pole-two-zero

AC alternating current
ACMC average current mode control
ADC analog-to-digital converter

BIBO bounded-input bounded-output
BMS battery management system

CCM continuous conduction mode
CMC current mode control

DAC digital-to-analog converter

DC direct current

DCM discontinuous conduction mode
DCR direct current resistor

DF1 direct form 1

DF2 direct form 2

DPWM digital pulse-width modulation
DSP digital signal processor

DUT device under test

EMC electromagnetic compatibility
EME electromagnetic emission
EMI electromagnetic interference
ESR equivalent series resistor

FM frequency modulation
FPU floating point unit
FSR full-scale range

IC integrated circuit

LCO limit cycle oscillations
LISN line impedance stabilization network
LSB least significant bit
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Abbreviations

LTI linear time-invariant

MCU microcontroller unit

MHEV mild hybrid electric vehicle

MLCC multi-layer ceramic capacitor

MOSFET metal-oxide-semiconductor field-effect transistor

PCB printed circuit board
PCMC peak current mode control
PWM pulse-width modulation

RHP right half plane

SBC system basis chip
SMPS switched mode power supply

VCMC valley current mode control
VMC voltage mode control

Z0OH zero-order hold
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Transfer function derivations

The series circuit of L and Rpcg of figure 2.6 is summarized as Z; and (C + Rggr) ||R
as Zj.

Z1 =sL+ Rpcr

1
(E + RESR) R B R + sRRgggrC
%—{—RESR—l—R 1+sC(Rgsg + R)

Zy =

The control-to-output voltage transfer function is derived in equation .1

73out(s) Zy

God,ccm(s) = — = Vin
d(s) i (5)=0 21+ 22

R+5sRRgsrC
—V 1+4sC(Rgsg+R)
- R+sRRggrC

sL 4+ Rpcr + 1+5C(RE§1§R+R)
R (1 + SCRESR)

=V
"Rpcr + R+ s (L+ CRpcr (Resg + R) + CRgsgR) + s2LC (Rgsg + R)
(1)

The control-to-inductor current transfer function is derived similar in equa-
tion .2

~

] 1
G, — E(S) -V
zd,CCM(S) d(S) . (5)=0 in Z1 T Z2

1

-~

= Vin
R+5sRRgsgrC
sL + RDCR + 1+sC(Rgsg+R)

v 1+ sC(Rgsgr + R)
m RDCR +R+s (L + CRDCR (RESR —+ R) —+ CRESRR) + s2L.C (RESR —+ R)
(-2)
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