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Design and Implementation of an FPGA-Based Digital
Multiphase-Interleaved VRM Controller

Student: Yi-Chung Wang Advisor: Dr. Ying-Yu Tzou

Department of Electrical and Control Engineering
National Chiao Tung University

Abstract

This thesis presents the design and implementation of a singe-chip FPGA based
digital VRM controller for multi-phase synchronous buck converters with interlaced
current sampling and load current feed-forward compensation techniques. The sampling
of the inductor current is synchronized with the PWM signal in synchronous buck
converter for both turn-on and turn-off. The proposed sampling scheme has immunity to
the switching noise. A true average current signal with minimum response time can be
measured with accuracy within a“switching périod.. The timing clocks for the digital
controller and the digital PWM ‘generator are<interleaved with each other to achieve a
minimum delay at a same sampling. and“switching-frequency. A digital interface is
designed for the connected microprocessor load toadjust the output voltage and provide
feed-forward load current compensation ‘according to its clock rate, loading factor, and
pipeline scheduling. The realization scheme for the proposed digital VRM controller has
been described. Simulation analysis and experimental verifications are given to

illustrate the fast dynamic response control of VRM for advanced microprocessors.

Keywords : digital VRM controller, single-chip FPGA implementation, interleaved

sampling and control scheme, synchronous current sampling technique
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Chapter 1

Introduction

1.1 RESEARCH BACKGROUND AND RECENT DEVELOPMENT

Modern microprocessors are designed with low voltage implementation, so that the data
processing is more efficient and faster. Because of the low operating voltages and highly
requirement of the new generation microprocessors, the tightly regulated power supply is
needed. The micro chip contains many devices and it works under high switching frequency,

and the demand of load current is huge.

In order to perform the dynamics well with-low voltage and high current, the Voltage
Regulator Modules (VRMs) are used for these microprocessor [1]. With the complexity of the
microprocessors and the works they.do, the increasing of current obviously becomes the issue.
When microprocessor suddenly turns on, it needs plenty of current in short time. Low
operating voltages and highly dynamic nature of the modern microprocessors require tightly
regulated supply voltage. The requirement of dynamic and steady state become stricter and

design process of power supply become harder.

The current generation of advanced microprocessor is consuming a rated power of 60-80
watts with a possible peak power of 100-130 watts [2]-[3]. If the power requirements roadmap
for advanced microprocessors can not be slow down, the increase of power density of the
CPU core will hinder the progress of information technology. Therefore, the system needs
aggressive power management to handle with [4]. In order to reduce the power consumption

of advanced microprocessors various technologies are being developed to solve this



challenging power design issues, these include low power VLSI design technique,
asynchronous digital circuit design technique, dynamic power management, adaptive voltage

scaling, and parallel processing technique.

Multiphase buck converters are widely used to solve the demand of high power high
current and offer better efficiency. To reduce the output current ripple with lower switching
frequency, multiphase-interleaved Pulse Width Modulation (PWM) control is proposed [5]-
[6]. Phase-shift interleaved PWM scheme can effectively reduce the output ripple with lower
switching frequency. The mismatch of device in each phase causes the phase current
mismatch [7], and the cost of VRM will be increased. As a result, some control schemes are

proposed to control the current sharing problem [8]-[9].
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Fig. 1.1. Multiphase buck converter topology.

Fig. 1.1 is the four phases buck converter topology. Although increasing the number of
phases lower the per phase current, it also results other problems such as circuit complexity,
current sharing during transient response, and enlargement of PCB board area. A proper
selection of the number of phases needs an engineering compromise between current per
phase, switching frequency, circuitry complexity, size, and efficiency. The integration of the
PWM controller with integrated MOSFET gate drivers poses another design issue in the
design of high frequency high power density VRM controller. This solution benefits with a

compact solution and lowers component counts. However, because there are four wires



needed for each phases, it also presents layout problem due to longer gate traces and limits its
maximum switching frequency. Another disadvantage is that it also prevents the selection of

other MOSFET for gate driver.

The evolution began since the high frequency processors were developed. The driven
power comes down from less-than-5-volts to 1.2volts even 0.5 volts. The supplying current of
100 amperes for a 1.0 volts regulation within 10 millisecond settling time with a load current
slew rate of 100 amps per microsecond requires the design of high power density VRM with

fast dynamic responses [10].

1.2 RESEARCH MOTIVATION AND OBJECTIVES

The more flexible solution is to provide a programmable and configurable digital VRM
controller with design simplicity,-application.scalability, and optimized control architecture
for a target design [11]-[13]: The design a digital VRM controller for multi-phase
synchronous buck converter by using-a. novel-interlaced sampling and control techniques is

mentioned.

The multiphase interleaved PWM technology was applied on DC-DC power converter for
a period of time [14]-[15], and it improved the output of the converter a lot. Using the
modulation, the n times switching frequency with n phases interleaved DC-DC converter.
That means we can raise the effective output frequency without raising on-off frequency of
each phase switch [16] is obtained. Deadbeat control in digital system makes the transient be
done in several clock cycles. In this paper, adopted deadbeat control is used to achieve better

dynamic response.

Single chip is low cost these days, and it makes the digital control realization to be
popular [17]-[18]. In some ways, the modern digital control technique is going to replace the

traditional analog technique. The main purpose of digital control scheme is implementing the



digital close loop control by software, so that the single-chip is used to finish the work which
may be done by complex analog devices. Field Programmable Gate Array (FPGA) contains
the logic gates which are assembled by users to generate certain function circuit. Not only
flexible, it gets high speed system clock so that the data computation is faster. The complex
control theory can be implemented in FPGA with very high speed integrated circuit hardware
description language (VHDL). The accuracy can be checked by simulation and the function
can be modified the as hoped. As the result, there are many benefits if realizing the VRM

controller with programmable digital system.

1.3 RESEARCH METHOD AND SYSTEM DESCRIPTION

The thesis presents the realization of digital VRM controller with multiphase-interleaved
PWM technique by using FPGA, :Fig. 1.2 shows-the system architecture of the proposed
single-chip FPGA solution for the digital contrel of-a multi-phase synchronous buck converter.
The supplying current to the microprocesset-is-equally shared by the multi-phase synchronous
buck converters. Each phase of the DC/DC. converter is fairly shifted with an equal shifted
degree to reduce the current ripples feeding into the output capacitors bank. The power
consumption of a target microprocessor is mainly determined by the activity factor when

running a specific program.

The current demanding depends on the execution of pipelined instructions which can be
synchronized by a replica tick generated by a replica slice of the target microprocessor. Fig.
1.3 shows the system level diagram of a power management system for asynchronous data
path of an advanced microprocessor. A synchronous digital controller is used to generate the
voltage positioning command for a voltage regulation module (VRM) during dynamic power
management process to maintain the microprocessor operating in an optimal condition. The

current loading profile is used by the pipeline operation of a microprocessor. It is observed
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Fig. 1.3. System level diagram of a power management system for asynchronous datapath of
an advanced microprocessor.

that the slew rate of the load current depends on the activity factor of each execution phase for
a series of pipelined instructions. In order to provide a smooth power flow to the target
microprocessor with fast dynamic response, a feed-forward control scheme is used to improve
the dynamic response of a VRM regulator. The proposed digital VRM controller provides a

feed-forward controller to speedup its dynamic response under large load current transients.



1.4 THESIS ORGANIZATIONS

This thesis presents the design a single-chip FPGA implementation of a digital VRM
controller for multi-phase synchronous buck converters by using a novel interlaced sampling
and control techniques. The dissertation is organized as follows. The fundamentals of
multiphase interleaved buck converter are introduced in Chapter 2. The operation method,

steady state analysis, and multiphase effect are reviewed.

In Chapter 3, the controller design way is presented. The voltage loop, current loop

compensator and PWM controller are analyzed.

In Chapter 4, implementation of the digital VRM controller by using FPGA is described.
It illustrates the digital controller implement method, including a mainly phase-shift PWM

generator, a digital compensator, and:an ADC synchronous sampling.

In Chapter 5, simulation and.-experimental results are given. Some conclusion and

suggested future works related to:this researeh-are summarized and discussed in Chapter 6.



Chapter 2

Review and Analysis of VRM

2.1 MATHEMATICAL MODELING OF VOLTAGE REGULATOR MODULE

VRMs are considered as multiphase buck converter. The main function of buck converter
is reducing the dc voltage. It can be treated as combination of ideal switches and low pass
filter which was formed by inductors, capacitors and resistance. However, it’s impossible to
find the ideal switches. By different architecture of practical realization, the buck converter

can be separate into conventional one and synchronous rectifier one.

Fig 2.1(a) shows the conventional buck converter, it comes with a MOSFET and a diode.
Fig 2.1(b) shows the synchronous rectifier‘buck converter, the other MOSFET is used instead
of diode. The forward voltage of the diode is usually larger than MOSFET switching. VRMs
work offer low voltage, and forward voltage of the diode will hinder the working of converter.
So the rectifier synchronous is chosen one in the thesis. However, those 2 kinds of realization
form just need one control signal source which determines the duty ratio of switches. Dead-
time is required to prevent these two MOSFET from short-loop if the synchronous rectifier

model is used.

The buck converter model can be derived with power plant small signal model. While the
system operates under the continuous conduction mode (CCM), the inductor should be chosen

as follows:
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Fig. 2.1. (a) Conventional buck converter. (b) Synchronous rectifier buck converter.

D@-D)V,
L =T, BE=DV, (2-1)
21,
where
Ts sampling time;
D duty ratio;
Vi input voltage;
lo output current.
: ,dx . dx, S : .
Let xi=i_, Xo=Vc, X; =t , X, T where i is inductor current, vc is capacitor
L

voltage. Considering the inductance equivalent series resistance r_ and capacitor equivalent

series resistance rc, we may get the flowing two equations:



di ) ) dv
v.=L—L+ir +R(®i, —-C—=- 2-2
i pralaL (i, dt) (2-2)
dv dv
R(i, —-C—%)=v.+C—=5r, 2-3
( dt) c pralls (2-3)

The equivalent series resistance is discussed because the current of VRMs are large enough to
produce obvious voltage drop even on small resistance. The power loss from inductance ESR
also causes the output voltage lower. After inducing the effect of switching duty ratio, the

equation of system is derived with state space form:

B Rr. + Rrp +r.1, B R
X L(R+r.) L(R+r.) || %
H R 1 HW &4
R(R+r.) C(R+r;)

from the state space equation. For duty ratio versus output voltage, the transfer function is

shown as:
Vo (s) =V |_1+ sr.C (2-5)
d(s) LCsz+[E+C(rc +r)]s+1
The steady state gain of the buck converter is as follow:
Y, DR (2-6)
V., R+r

2.2 BASIC OPERATIONAL PRINCIPLES FOR VOLTAGE REGULATOR
MODULE

VRMs are set to achieve the high power high current and better efficiency requirement of
new generation microprocessors. The switches and inductors of buck converter are connected
in parallel to form the multiphase topology. In ideal condition, each of the phases carries the

1/n of the total current of system, where n denotes the phase numbers.

While the current of each phase operates at delayed Ts/n, the ripple of the output current



can be reduced. The faster transient response can be achieved with increasing of the

equivalent switching frequency.

2.2.1 Inductor Current Ripple
Assume the system works in CCM, for single-phase buck converter, the current ripple
which is mean to peak value of total current could be express as:

_ Vo '(Vi _Vo)

= 2-7
P2V, f @7

swW

IRL1)  IRLZ) R I(RL4) 4 phase current

Fig. 2.2. Phase current and total current of four phases VRM.

where V, is the output DC voltage, Vi, is the input DC voltage, fs, is the PWM switching
frequency, and Ly, is the inductor of single-phase buck converter. Fig 2.3 shows the steady
state current of four phases VRM. Four phases current which delay 90 degrees each other
generate the total current with one 1/4 sampling time. The current ripple of n-phase
interleaved VRM is as follows:

Ay =

- (2-8)

Vo '(Vi _Vo) Allp
V, -Llp ‘n-fg, n

The output ripple current is much smaller than inductor current ripple than single phase. From

(2-6) and (2-7), we know that the total inductor current of n-phase interleaved VRM can be

10



reduced by n.

The current ripple percentage is determined by the inductor value. Increasing the
inductance value, the current ripple gets lowered. In opposition, lower the inductance will
cause the more ripple current, more conduction loss, and lower efficiency. However, we may
reduce the current ripple with smaller value inductor by using multiphase topology, so that we

may use small inductor in parallel instead large inductor.

2.2.2 Output Voltage Ripples
In steady state, the output voltage is considered as a dc voltage with ripple. While the
switching frequency is much larger than system natural frequency, the charging and

discharging slope of capacitor voltage isO approximated as constant.
The voltage ripple is caused hy.the current ripple, the relationship between charge,
voltage, and capacitor value maybe written-as;

A
AVolp = ?Q (2_9)

And we may caculate the change of charge by integral the current ripple:

1 T
AQ == -Ai, - 2-10
Q 5 Al (2-10)

By (2-8) and (2-9) we may know output voltage ripple which is mean to peak value in single-
phase buck converter could be express as:

Vo ) (Vi _Vo) (2_11)

AV, = _
8-V, L, -C-f,

olp

while the output ripple of n-phase interleaved VRM is as follows:

Vo ) (Vi _Vo) _ AVolp

AV, = -
“® 8V, -L,-C-(n-f,)* n?

(2-12)

so the value of the output voltage ripple is reduce by n.

11



2.2.3 Load Changing Issue

There are several ways to approach the load changing condition, and two of them are the
most popularly used. The first one is placing the resistance parallel with the load, and there is
a switch to determine increasing of decreasing the load. Because of the output resistance
influence the system transfer function, it’s hard for us to analyze the system. Fig 2.3(a) shows
the parallel resistance load switching. A step load transient can be achieved by controlling the
MOSFET. The change of resonant peak, quality factor...etc. makes the transient response

can’t be predict simply by the transfer function.

The other way is placing another independent current source which is parallel with the
load. Fig 2.3(b) shows the parallel independent current resource for load switching. The
benefit of the approaching method is keeping the system character. Holding the systems, the
transient response is analyzed easier. The.load. changing simulation for VRMs is important

one, and the method of independent current resource will be used in following discussion.

°1 1
T T
V. V. 4
1 pr— i _| p—
—|j "|:T :1 % 4%
(a) (b)

Fig. 2.3. Load switching with (a) resistance (b) independent current source.
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Chapter 3

Digital VRM Controller Design

3.1 DIGITAL CONTROL STRUCTURE

In this chapter, the thesis describes the digital controller design of the VRMs. By using
the compensator on current and voltage feedback loop, the desired out voltage is controlled
well not only for steady state but also for transient. The multiple control loops is applied on
the system to solve the problem. The inner loop is current feedback while the outer one is

voltage feedback.

Besides feedback control, the thesis presents the feed-forward control scheme to improve
the transient response. The curreént demand of processors depends on the working load which
processors do. When the processors going to execuite the programs which need huge current,
the power supply have to offer such current to processors in short period of time without
changing output voltage a lot. However, the current demand for microprocessor becomes
predictable because the execution of program is known. For the high frequency clock of
digital system, it’s pretty enough to compensate the transient by the current demand feed-

forward.

Fig 3.1 shows the four phases VRM closed loop control associated with output voltage
feedback. The output voltage is sensed to compare with the voltage control reference. The
inductor current of each phase will be placed after the voltage loop to solve the current

sharing problem.

13
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Fig. 3.1. Four phases VRM model.
TABLE 3.1
CONVERTER DESIGN PARAMETERS
Specifications
Vo  output voltage 2V
Vi input voltage 5V
Po  full load output power 100W
n number of phase 4
fsw  switching frequency 200KHz
L; phase inductors (i=1,2,3,4) 50nH
Co  output capacitor ImF
rn inductance equivalent series resistance ImQ
rc capacitor equivalent series resistance ImQ

The design parameters of the constructed VRM are listed in Table 3.1. The equivalent

switching frequency is raised to 800KHz by applying multiphase interleaved control method.

By (2-5), the transfer function for control to out voltage can be written as:

V,(s) _ 5%x10°s+5

2 = 3-1
d(s) 5x107"'s*+2x10°s+1 -1

14
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Fig. 3.2. VRM frequeﬁcy :r_e\é,ponéé. of control to output.

Fig 3.2 is frequency response for control to oﬁtpuf of VRM which the parameter in Table

3.1. The LC resonant frequency Wn 1S; :

W= 120 5(KH2) (3-2)

" aryfLC,

which is sufficiently smaller than the equivalent switching frequency.

3.2 CURRENT LooOP CONTROL

3.2.1 Current Loop Analysis

The current loop is the inner loop of the controller structure, and it is set to improve the
dynamics transient response. In VRMs, the current loop plays an important role of whole
compensator. Current demand of microprocessors change a lot in short time, so the current
loop has to be designed well for transient. Otherwise, the current loop also resolves the part of

current sharing problem and decreases the loss in the VRMs.

15



The current demand can be treated as feed-forward signal. Signal which comes from
voltage controller is added with the feed-forward current demand, and the sum of the two
signals is current command for each phase. Due to the prediction of current demand signal,
we may make the transient shorter. Four current commands are sent to each phase to subtract
to the inductor feedback current from ADC. The current error is compensated by the current
loop gain K¢, and then added with voltage feed-forward signal. The current loop can decouple

the output voltage signal, and that makes the effect of load changing decreasing for output

voltage.
i i + A
L,com + comA + 1
O K. PWM, Lar
T iLl ) + v, v, 17
| [
+ comB + + 1 LB
»O > K. PWM 5 e
- 1. * -1, sL, +1,,
I, | Vo 0 .
+ comC 4 i 1 Ic
£ > Kc PWM 3 > | e
- ¥ “f, -1, sL, +1,5
I 5 i 0 0 .
|
+ - comD + " 1 LD
O— 1K, PWM, L —
- . + - 4 4
I Iy Vo Vo

Fig. 3.3. Current loop control scheme.

Fig 3.3 shows the current loop control scheme where V¢on 1S Voltage compensation output
and igem s the current demand signal from processors. Inductor feedback current of each phase

is ipa, Iu, ILc, and i p. The icom is the current loop compensation output.

3.2.2 Current Loop Controller Design

Deadbeat control method is used to achieve fastest step response. The deadbeat response
only exists in digital control system. The concept of deadbeat response is driving all nonzero
poles into zero in some n sampling periods, where n denotes the system order. Although the
control signal will be large impulse if the sampling period is short, we can get the nice

dynamic response by applying this method.
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The ADC which converts the analog phase current into digital can be considered as a zero

order hold (ZOH). The transfer function of ZOH is written as:

1 _ efTS
Gh(s) =

(3-3)

where T denotes the sampling time. With the transfer function of inductor and ESR, the
discrete time transfer function which derived by z transformation is:
e ™ 1 l-e b

G (2)=Z{(— o) () - - (3-4)

Ls+r, LTS
r.(z—e )

The closed loop pole can be placed to zero if the chracteristic function is equal to zero. That

means:

1+K_ G, (s)=0 (3-5)

C.—.sC

From (3-3) the value of K¢ which is designed in orderto achieve deadbeat reponse can be

calculated as:

e
re -
K, =——5" (3-6)

Ite b

n

. . I .
Taylor series expansion is used to expand e - term, and the value of TLT 1s small

enough to ignore in high order terms. As the result, K. can be approximatly caculated as:
L
K. ~=— 3-7
X7 (3-7)
With the current demand feed-forward and inductor current feedback, the current loop is
mainly constructed. The gain of current is designed by the theory of deadbeat response. The

next step is design of voltage loop which generates the signal and offers it to the current loop

control.
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3.3 VOLTAGE LOOP CONTROL

3.3.1 Voltage Loop Analysis

The voltage loop is the outer loop which generates the compensation signal to inner
control loop. It mainly improves the steady state response. The voltage loop may neglect the
dynamics of inner current loop and treat it as constant while designing the voltage loop
controller. The output voltage is used to not only feedback but also for feed-forward. The
feedback signal is subtract by the voltage command, and the feed-forward is sent to

compensator output of current loop.

*
Vo + K. +

—O— KVp + - ;'71
- +

T

current demand
feed-forward sigral

A A=}

current |

loop

Fig. 3.4. Voltage loop control scheme.

Fig 3.4 shows the voltage loop control scheme where v, is voltage command given to
determine the output voltage. Inductor feedback current of each phase is i, i, ILc, and iip.
The icom is the current loop compensation output. The controller on voltage loop is selected to
be proportional-integral (PI) controller. In order to improve the transient response and reduce
the steady-state error, the integral term is added into the voltage loop compensator. The value
of Kyp is the result loop gain of the deadbeat response, and K,; is the integral gain of voltage

loop.
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3.3.2 Voltage Loop Controller Design
Since the current loop may be consider as constant once the deadbeat control is applied,
the controller of voltage loop could be easier designed. For the output voltage feedback and

ADC, we may write the transfer function as:

Gy (2)= Z(( S o

l-e™ 1 T
)-(re +—)j =TI +m (3-8)

The transfer function contrains output capacitor, capacitro ESR, and ZOH. Let the

characteristic quation be zero:
1+K,,G,, (s)=0 (3-9)

From (3-4) we may caculate the value of Ky, which is designed in order to achieve deadbeat

reponse:

KHAET Y (3-10)

The compensated signal goes through the. current loop, and the feed-forward voltage is
added beyond the current loop. The summation of feed-forward voltage and compensated

current signal will enter the PWM generation block.

3.4 PULSE WIDTH MODULATION CONTROL

There are some ways to achieve pulse width modulation. There are trailing edge, leading
edge, and dual-edge PWM by different carrier. Most PWM scheme contains sawtooth or
triangular wave with comparator. No matter analog PWM generator or digital one, they

transfer the signal into certain frequency rectangular wave with duty ratio.

However, we have to choose the proper peak-to-peak amplitude, so that the reference
signal could be modulated precisely. Fig 3.5 shows the dual-edge PWM and the dead-time

setting.
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Fig. 3.5. (a) Modulation Carrier. (b) Upper switch PWM waveform. (¢) Lower switch PWM

waveform.

Assume switching frequency is-much higher than. signal operation frequency, the reference
may be considered as constant. Signals-which-go.to two switches are generated by comparing
the carrier wave and the reference ‘signal. The equation for carrier and reference will be

obtained as:

T V
D=%= Ic\]mtrol (3_11)

S cnt

where D is the duty ratio of the PWM wave, Tonis the turn-on time of the upper switch
without dead-time, Vcontrol 1s reference signal, Neptis the height of carrier wave, and Tsis the
period of triangular wave. The signals of the two switches are complement. However, the
dead-time is needed to prevent the two switches from conducting at the same time.

Considering the dead-time, the modified duty ratio d; is written as:

V.o — DT
d, =* (3-12)

cnt

where DT is the difference between original reference and modified one. The value is set by
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digital number to determine the length of dead-time:

dead —time =(D—-d,)-T,
_ bt
N

. (3-13)

S

cnt
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Chapter 4

Implementation and Setup of the Digital VRM
Controller

4.1 ARCHITECTURE OF DIGITAL VRM CONTROLLER

The design of the proposed VRM control scheme is based on FPGA. First, the overall
system specifications should be defined to determine the design parameters, such as the
system operating frequency, digital sampling frequencies, and the computational format of
each control parameters. The realization,fer each control block of the proposed VRM
controller is detailed described in thischapter. Fig. 4.1 shows the functional block diagram for

the realization of the proposed digital multiphase interleaved PWM controller.

In order to avoid the switching noises and get'the accurate averaged value of the inductor
current, the sampling of the phase inductor current is triggered by its PWM signal on both
leading and trailing edge to get the mid-point value on rising and falling slopes. The VRM
control system consists of two major parts: current loop and voltage loop. The FPGA chip is
used to realize the digital controller part which includes ADC sampling controller, the digital
phase-locked loop, the digital loop compensator, the current sharing control structure and the

digital PWM generator.

The compensator parts contain PI controller and lead controller for voltage loop. The
programmable gain is place into current loop. Sampling of the PWM could be adjusted by the
ratio of switching frequency and system clock. The phase shifter generates the interleaved
signal which comes from PWM generator. Dead-time is designed to be settable to prevent the
two switches conducting at the same time.
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Fig. 4.1. Functional block diagram of digital VRM controller.

4.2 IMPLEMENTATION OEDIGITAL €ONTROLLER

4.2.1 Fixed-point Computation

PL
P1C
P2
p2C
P3
P3C
P4
P4C

ADC1
ADC2
ADC3
ADC4

The floating point computation is used‘to"solve the mathematic problem in the computer.

However, it cost more if the higher accuracy is desired. In computing, a fixed-point number

representation is a real data type for a number which has a fixed number of digits before and

after the radix point. Fixed-point number representation stands in contrast to the more flexible

than floating point number representation.

Fixed-point numbers are useful for representing fractional values which are in native

two's complement format if the executing processor has no floating-point unit or if fixed-point

provides improved performance or accuracy for the application. Therefore, many low-cost

embedded microprocessors and microcontrollers do not support floating point computation.

Based on the concept of fixed point computation, Q format comes to remarked the

movement of the radix point and it is often used in hardware that does not have a floating-
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point unit and in applications that require constant resolution. Q format is a fixed point
number format where the number of fractional bits is specified. For example, a Q10 number

has 10 fractional bits. It can be treated as 10 bits movement of radix point.

In terms of binary numbers, each magnitude bit represents a power of two, while each

fractional bit represents an inverse power of two. Thus the first fractional bit is 1/2, the

second is 1/4, the nis 1/2" , and so on. For unsigned m bits number which is defined Qn

format, the maximum which it can present is 2™"-1, and the minimum non-zero number

which it can present is 1/2". If the signed bit is induced into computation, the positive bound
range will be half, and the other half parts of number will be used to present the negative
number with two’s complement. For example: a 12 bits signed number which is defined Q10
format, that means the radix point is between the second and third most significant bit (MSB),

then the following number 011100000000 ¢an be decomposed

0 1 ./ =1100000000
signed bit integer part fraction part

The number showed above is 1.75 with Q10 format. However, it looks the same as 1792 if the
Q format is unknown. So the Q format definition is important during the fixed-point

computation process.

4.2.2 Implementation of Proportional-Integral Controller

The adders and multipliers are basis of the compensator. With difference equation, the
digital compensators are realized by combination of adders and multipliers. However, the bits
length restricts the computation results of the adders and multiplier. The most common case is
overflow of the multiplier result. In order to avoid this kind of problem, the maximum of the
computation element is set. Considering of Q format definition, there is the problem of radix

point to be shifted.
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1 10 bits(Q9) 1 14bits(QO)
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sign bit 10 bits (QO0)

Fig. 4.2. Multiplier results with saturation and Q format.

Fig 4.2 shows the multiplication ef two sign bit number. One is 10 bits length number
with Q9 format and the other is <14 bits llength number without Q format. The output of the
multiplication is restricted as 10-bits Tength sign number. With sign bit, there are 23 bits to
show the result of multiplicatiori; Due to the limit-of bit length and Q format, the original
output is changed into 9 bits number with sign bit instead. The fraction part of the 22 bits
number is 9 bits, so they are deleted to make the final value into QO format. The left 13 bits
have to be shorten to 9 bits, so the saturation is determined as the maximum and minimum

number which can be presented with 9 bits.

The PI controller output is sum of a proportional gain term, P, and integration gain term, I.
Each transfer function for each component is determined by its coefficient. The gain of P is
set by the Kp coefficient. The range of Kp is 000000000000b to 111111111111b which
provides a gain adjustment range of 0 (i.e., P component disabled) to 4. That means the Kp
coefficient it set with Q10 format. This term applies a proportional gain to the error d(n). As
the gain term is increased, the power supply responds faster to changes in d(n), but decreases

system damping and stability. Step response overshoot and ringing could be caused by too
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large a value of the gain term. The integral gain of I is set by the Ki coefficient. The range of
Ki is 000000000000b to 111111111111b which is set into Q10 format. It provides an
integrator gain adjustment range of 0 to 4. Unlike and main contribution of proportional gain
(which reduces instantaneous error), integral gain reduces steady state error to zero. The
integrator has infinite dc gain, and consequently adjusts the mean supply output voltage to
drive its input to zero. The amount of time power supply takes to reach its steady state is
inversely proportional to the integral gain Ki. If the value of the integral term is too large, it
will cause oscillation and instability. On the other hand, too small of an integral gain can

result in limit cycle oscillation.

In summary, while Kp is increased, stability is decrease, but the response time and
steady-state error get improved. Increasing Ki decreases stability, improves response time, but

worsens settling time.

Compensator
12
\\ > Kvp
12 12 Vi 12
LNESTY Ki — —%—‘ 7{4%
Vv _ + Vcom
N\ 12 o | -
V0

Fig. 4.3. Realization diagram of digital voltage controller.
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Fig. 4.4. Hardware cireuitischematic chart of compensator.

The digital PI controller can be dertved from transformation of analog PI controller.
There are some ways to digitalize the continuous transfer function. The forward method and
backward method takes just one“register to realize, while the bilinear method need two
registers because of the numerator and denominator term need each to realize. The method
mentioned in this paper is backward one. Discrete time transfer function of PI controller could

be written as following:

K

vi (4_1)

-1

G(2)=K,, + "
The differential equation of voltage PI controller with backward which is shown in Fig. 4.1 is:

Veom (M) = (Kyp +Ky)-v* () +v,; (N —1) (4-2)
where V,;(n—1) means data the at last sampling time spot.

Fig. 4.3 shows implementation structure of the PI controller. It takes register, adder, and
multiplier to implement the PI controller block. To minimize circuit realization of the adder

and multiplier, a scheduling strategy for realizing the compensator by using finite-state-
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machine (FSM) is presented. The computing process of both control loops takes one adder,
one unit delay register, and one multiplier. Furthermore, the control parameters can be tuned.

The hardware circuit schematic chart of compensator is shown in Fig 4.4.

The limiter of the digital integral is designed larger with the decreasing order of integral
constant. In order to keep accuracy of integral register, the boundary of limiter can be set to
(2"/Kyi). However, the increasing of the limit boundary will raise the bit number to calculate
during integral process. The limiter behind the adder of proportional gain and integral gain is
the bit length limit of the size we designed. It’s set to be the same long as input so that we
may series the control with others which offer certain function like phase lead compensation.
The basic structure of voltage and current loop is by combination of PI controller, adder,
multiplier and limiter. Fig 4.5 shows the state diagram of the deadbeat compensator. Pin

definition is listed on Table 4.1.

Dimt

PWMGInv
Kc

soi s1is2isaisa issiseis7iss isg isiol osil

Fig. 4.5. FSM flow chart of the deadbeat control.
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TABLE4.1
PIN DEFINITION OF THE DEADBEAT CONTROLLER

Symbol Status  Range Description
CLK W 1/0 eternal clock, max =
200MHz
RST AW 1/0 controller reset
0 : disable
1 : enable
D Imt[11.0] W 0~4095 duty limiter
Kc[11..0] W 0~4095 current loop gain
Kvp[11..0] W 0~4095 voltage loop
proportional gain
Kvi[11..0] Y 0~4095 voltage loop integral
gain
IL[11..0] \W% 0~4095 inductor loop
IL Imt[11..0] W 0~4095 inductor current limiter
Vo[11..0] w 0~4095 output voltage
feedback
Voref[11..0] \W 0~4095 voltage reference
Io[11..0] w 0~4095 output current
feedback
So[11..0] R 0~4095 controller output

The pin detail description is shown below:

CLK - system clock, which affect the computation delay of the process. It’s also the

basic timing unit of finite state machine.
RST — reset of the controller register.
D Imt — in order to avoid the power being overload, the duty has limit to be set if needed.
Kc — gain of current loop.
Kvp / Kvi — voltage loop proportional / integral gain
IL — inductor current feedback signal from ADC

IL Imt — limiter of feedback inductor current
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Vo — output voltage feedback signal from ADC
Voref — voltage command, reference of voltage loop
Io — output current feedback signal from ADC

So — controller output

4.2.3 Implementation of Lead Controller
The digital lead controller is designed as first order digital infinite impulse response (IIR)
filter with programmable pole, zero, and DC gain. The transfer function of lead controller

could be written as:

y(z)_Kz+A

C(2)= X(2) - z-B

(4-3)

There are two forms which are most fréquently tised to realize: Direct Form I and Direct Form
II. Fig 4.6 shows the difference between them. Direct Form II implementation takes less delay
unit than the Direct Form 1. In otder to realize the transfer function with adder, multiplier, and

delay unit, we retrieve the difference equation from:(4-3):

y(n)y=K-x(n)+ A-x(n—-1)+B-y(n-1) (4-4)

x(n) d ¥(n)

-1 -1

—a -b

Fig. 4.6. Implementation of (a) Direct Form I (b) Direct Form II.
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Fig. 4.7. FSM flow chart of the first order IIR filter.

The first order IIR filter offers three coefficient to be adjusted, which are K, A, and B. It
is a one-pole filter with pole coefficientsrof -Brand zero coefficient of A and a proportional
gain term with coefficient of K. The transfer functionis presented in (4-3). The range of A is
100000000000b to 0111111111 F¥lb. (in.2s complement). The coefficient A is set into Q10
format with sign bit, so it presented a pele which the range is from —2 to 2. The range of B is
100000000000b to 011111111111b (in 2s complement) and provides a pole adjustment range
of -2 to 2. The range of K is 000000000000b to 111111111111b which is set into Q10 format.
It provides a filter gain adjustment range of 0 to 4. This filter may be used as lead
compensator, lag compensator, low pass filter, or high pass filter. The coefficient B controls
the cutoff frequency of the pole. The coefficient A determined the replacement of the zero.

Gain term K adjusts the dc gain of the compensator.

Finite state machine is used here again to implement the controller with less adder and
multiplier. Fig 4.6 shows the state diagram of realizing the lead controller. The computing
two registers to save the data of x(n-1) and y(n-1) if the Direct From II is used. Direct Form I

needs two registers to hold the value of w(n) and w(n-1), too. The Fig 4.7 is implemented
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with Direct Form II. The digital lead controller may be determined by bilinear transform from

analog lead controller.

4.3 IMPLEMENTATION OF DIGITAL PULSE WIDTH MODULATION

GENERATOR

The digital pulse width modulation (DPWM) module is a segment of digital hardware
that provides the diverse gate control options necessary to drive the switching power supply
device. The module can generate up to four pairs of signals (phases) accommodating pulse

width and phase modulation schemes that can be modulated by hardware.

There are some practical methods from the literature (like counter-comparator, delay-line,
and hybrid one, etc...) that can be used to_generate digital PWM. The first method is used to
realize the block in the thesis. Thesncreasing.of PWM frequency and resolution will require a
very high clock frequency and imiposes a design constraint both for high-frequency digital

circuit design and cost.

PHN ?
Symmetric
S Reference
FSW g Carrier |:> .
(Triangular) o . Dead-Time Phase [ PWM
Asymmetric omparator Generator shifter signal
Reference |:>
Carrier 1
RST . (sawtooth) I Y
Carrier Generator
PHSH >
r'
SYMS
CLK
R Frequency
Divider

VCMD DT

Fig. 4.8. Block diagram of PWM Generator.
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Higher switching frequency also companies with higher switching losses and
electromagnetic interference. Therefore, it becomes a design trade-off between the required
PWM switching frequency, control resolution, control scheme, and circuit topology.
Interleaved PWM technique with phase-shift control has been developed for high-density DC-
DC converter to enhance its current output capability in VRM applications. Phase-shift
interleaved PWM scheme can effectively reduce the output ripple and distortion with lower

switching frequency.

Shown in Fig. 4.8 is the proposed DPWM block diagram. The DPWM is designed to
apply flexibility to different power applications. The interleaved phases, dead-time setting,
symmetric or asymmetric reference carrier alternating, and PWM switching frequency, is
designed as programmable. The maximum speed of DPWM can be clocked to 200MHz. The

pin definition is listed in Table 4.2,

TABLE 4.2
PIN DEFINITION-OF-FHE-PWM GENERATOR

Statuso|--Range Description
Clk W 0/1 |Eternal clock, max =
200MHz
RST W 0/1 |Reset ouput

0 : disable output
1 : enable output

SYMS W 0/1 |Symmetric selection
0 : symmetric wave

1 © asymmetric wave

PHSH W 0/1 |Phase shift
0 - disable
1 : enable
PHN][2..0] W 0~7  |out put phase number
= PHN+I
FSWJ11..0] \W% 0~4095 |Switch frequency =
FSW/CLK
DTJ[6..0] W 0~127 |Dead-time = DT/CLK
Vemd[11..0] w 0~4095 [PWM input signal
PH1-PH4 R 0/1 |PWM output signal
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The pin detail description is shown below:

CLK - system clock, affects the counter period and switching frequency.
RST — reset of the DPWM generator

SYMS — symmetric of the carrier type

PHSH — enable of the phase shifter or not

FSW — counting number of the carrier, affects the switching frequency
DT — dead-time which is programmable the length

Vemd — comparison reference signal, which comes from controller output

PHn(C) — up to four pairs PWM waveform, PHn and PHnC are complement each other

with dead-time

4.3.1 Implementation of Carrier. Genefatox

The compensated duty cycle modulation.variable is applied to the input of the DPWM
through the DPWM input MUX. "This. MUX selects the mode which output will be or
determine system management as the DPWM modulation source. The MUX input is
connected to a pair of programmable symmetry selection circuits that can be used to latch the
value of u(n) at a specified time. Selection of the symmetric type determines the basic form of
the modulation. Once the symmetric one is chosen, it needs double time to count the carrier
than asymmetric one. The DPWM generator offer leading-edge modulation, trailing-edge
modulation, and dual-edge modulation. Leading-edge modulation and trailing-edge
modulation belong to asymmetric reference carrier, while dual-edge modulation belongs to

symmetric reference carrier.

From leading-edge modulation scheme, the better transient during load-adding event can

be obtained, but not always responsive to load-releasing event. In the other hand, trailing-edge
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modulation scheme is good for load-releasing transient while it can’t guarantee the load-

adding transient event.

The leading-edge modulation and trailing-edge modulation needs different side sawtooth
wave to implement. The increasing counter is used to implement the leading-edge modulation
while the decreasing one is used for trailing-edge one. Dual-edge needs both increasing and

decreasing counter and performs the carrier as triangular wave.

4.3.2 Implementation of Dead-Time Generator
Dead-time is designed to solve the problem of switch conduction at the same time. To
prevent the turn on time and turn off time of the switches stacking, the PWM result duty is

reduced a little.

Since the switch signal for the syn¢hronous.rectifier is complement each other, we may
adjust the reference to generate dead-time. The “signal of lower switch comes from
comparison of reference and carrier wave. In order to generate the dead-time, we can’t
complement the signal directly. The comparison. result which reference equals to carrier

should be modified.

The PWM signal comes from comparison between carrier wave and reference signal. If
the carrier is made lower, the shorter of duty will be got. The loss of duty will become the
dead-time. The reason of choosing shorten duty instead of lengthen the lower PWM is just
preventing the lower MOS earlier off when the duty is near one. That way the upper MOS
will keep switching while the lower one is off. Dead-time in this block is set to be the raising

level of the carrier. The length of dead-time is set as:

S

dead —time = E—TT -M (4-6)

cnt

Where N¢nt denotes the counting number of the carrier generator, TS is the sampling time. The

maximum of N¢pt is 4095 while the bit length is 12. M depends on the modulation type which
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is chosen by carrier generator, M=1 while leading-edge or trailing edge, M=1/2 while dual-

edge for two part of dead-time during one period.

4.3.3 Implementation of Phase Shifter

The switching frequency is programmed by the carrier counter and can be expressed as

1

fo=— 4-6
™ clk- N, (*+-6)

where fy, denotes system output effective switching frequency, clk is digital system clock ,

and N means the number of  the counting number.

. PHI1(C)
L+ PH2(C)
—— PH3(C)

————  PH4(C)

DPWM Delay Circuit

Divider

Fig. 4.9. Phase shifter circuit.

In order to shifter the phase in one period, the divider is used to calculate the degree to
shift. However, four phase shifter doesn’t need the divider. Actually, four phase shifter may
be realized with bit shifting and multiplier. When the least significant bit (LSB) is shifted out,
the value will be roughly divided into 2 under fixed point calculation. Shifting the bit twice
can get the quarter of the original value, and the three-forth value can be obtained with
multiplier. For the three-phase one, we do need divider to count the value of shifting, and the

multiplier is not required.
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The DPWM timing generator provides up to four pairs flexible PWM or phase-shift
which is modulated timing phases referred to as PH1(C) through PH4(C). Positive, negative,
or system management processor-controlled dead times can be implemented. Each PHn
output has its own pattern generator that can follow the computation result of the divider. The
divider which determines the timing of shifting generates up to three values. Those values are

the starting of the shifting while the first phase reaches it.

Fig 4.9 shows the circuit of the phase shifter, the shifting timing comes from the counting
number and the phase number. The divider sends up to three values to the delay circuit. Once
the value is reached, the output PHn(C) will be triggered to work, so that the shifted PWM

waveform is obtained.

4.4 IMPLEMENTATION OF SYNCHRONOUS SAMPLING SIGNAL

GENERATOR

The synchronous sampling®for ~inductor-curtent of a switching converter plays an
important role for the robust control of the current dynamics on a scale of its switching period.
Peak current mode control scheme has been employed for the current loop regulation,
however, it need a negative slope compensation to ensure stability when operating in high

duty range and it also suffers from large discontinuity across the DCM boundary.

Fig. 4.10 shows the proposed interlaced sampling and control scheme. The sampling of
the inductor current is synchronized with the leading edge of PWM signals for both turn-on
and turn-off. The proposed sampling scheme have a high noise immunity to the common-
mode switching noises induced by the switching of the MOSFET and its parasitic junction
capacitances resulted by the heat sink. A true average current signal thus can be measured
with accuracy within a switching period. The timing clocks for the digital controller and the

digital PWM generator are interlaced with each other to achieve a minimum delay for a same

37



System Clock

@ ] ] ] ] [ [ [

Control Clock

o b | ey

Phase A PWM |

(©)

Phase B PWM

@ mm_a
Phase A Current
O L T R

Plhase A Sarlnpling Signlal I ' '

. IS N S S B

Phase B Current
@) /Y/E’\'\“/Y/’\r\

Pr']ase B Sarﬁpling Signall ' ' '

“‘) r t t 1 1 1

Fig. 4.10. Two-phase syrchtonized sampling scheme.
sampling and switching frequency.

Fig. 4.11 shows an illustrative timing diagram of the synchronous sampling process. The
rising and falling edge of the PWM switching signal is used to trigger a timer with a preset
value of half of its switching intervals during both on and off periods. The average value of
two samples are used as the instantaneous averaged value of the current sampling period and
is used for the current regulation and current sharing control of the digital current controller.
The fqy in Fig. 4.11 denotes system effective switching frequency. Rising / Falling sampling
mode sample one each period, so that the sensed current looks like the digital signal with the
frequency fsy. On the other hand, if we sample while both rising and falling the sensed current
will be the signal with frequency 2 fg,. Table 4.3 is the pin assignment description of the
interlaced synchronous sampling scheme. The active mode, phase number, symmetric type,

and the sampling method could be chosen.
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Fig. 4.11. Hardware circuit of the interlaced synchronize sampling scheme.

TABLE 4.3
PIN DEFINITION OF THE INTERLAGED SYNCHRONOUS SAMPLING SCHEME

Status Range Description

CLK W. 1/0 Eternal clock, max =
200MHz
RST W 1.70 PWM reset
| | 0 : disable
1 : enable
ACT AW 1/0 selection of "active

high / active low"

0 : Active low

1 : Active high
PHANTJ1..0] |W 0~3 number of phase for
output

00 : 1 phase

01 : 2 phase

10 : 3 phase

11 : 4 phase

SYMS W 1/0 selection of symmetry
for PWM

0 : asymmetric

1 : symmetric

FSWJ[11..0] |W 0~4095 |switching frequency
REF1-REF4 (W 0~4095 |reference for each
phase
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SAMP[1..0] |W 0~2 sampling method

01 : rising sampling
10 : down sampling
11 : rising & down

sampling
ADCII- R 1/0 sampling trigger signal
ADCI4 to ADC

|
I
|
11 |
|
4 D QfADCI
1" > I
11 |
DFF I '
I DEF !
1" I
1 I
11 |
1 I
11 |
LI 1
11 |
1" I
" I
11 |
1 I
11 |
; 1 I
Sync_sample 11 Sync 1
controller :: Register:

Fig. 4.12. Hardware circuit‘of'the interlaced synchronize sampling scheme.

Fig. 4.12 shows the hardware circuit of the interlaced synchronous sampling scheme. The
signal will be compared first, and then the ADC sampling signal will be generated at the
middle of the trailing edge PWM. After selecting the sampling type, there are sampling signal

for ADC which correspond the phase number.
The pin detail description is shown below:

CLK - system clock, the same as the DPWM generator, so that the same timing has been

guaranteed.
RST — reset of the sampling signal generator

ACT - there are different kinds of ADC which require different type sampling timing
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signal, so the output is designed into active high or low.

PHAN - phase number, the output will look upon the phase number to determine the

shifting of sampling signal.
SYMS — asymmetric / symmetric, comes from DPWM carrier type.
REFn — reference which goes to each phase

SAMP — sampling type, rising / falling sampling once each period, rising and falling type

sampling twice, the changing timing of sampling signal is half of the carrier.
ADCn — sampling signal which goes to ADC

The relation between phase switching frequency and effective output ripple frequency

can be written as:

o S 4-7)

S\t Sswp
where fo denotes the system output effective switching frequency, fswp is phase switching

frequency, and n means the number of phase. The equation only stands while the phases are

interlaced with 2x/n.
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Chapter 5

Experimental Verification and Simulation
Result

5.1 VERIFICATION OF BLOCK FOR DIGITAL CONTROL

This simulation platform is based on integrated with the Matlab/Simulink and Modelsim
simulation software. The Simulink not only simulates the digital signal processing, but also
offers the simulation of the analog environment. Thus, we could quickly revise the errors and
improve the result. The thesis used the. ¢O-simulation block to set toolbox of Simulink and
constructed a multi-phase synchronous-buck converter. According to the VHDL language
design, the ModleSim program is involved into the Simulink to implement digital controller.

Therefore, the co-simulation can be done by setting parameter and system clock.

CLK

E_ o "
e [0 -
st
Convart ConstantData Type emd
|
0.ata Type C. 1| o p! conver I Vbadk HMEISW Vout
alphat Data Type C \ alpha 1
A\
>
kin Sharedhem
n PI_IP controller
sta Typs Conversion
3 i

~

Simulink elements

Fig. 5.1. Co-simulation of Simulink and Modelsim.
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Experimental verification of the designed digital VRM controller is realized by using a
single-chip FPGA (Cyclon II, EP2C35) which comes from Altera. The FPGA has been
widely used in digital logic circuit design due to its flexibility and its short time to market. Fig
5.1 shows the digital PI controller circuit co-simulation between Simulink and Modelsim. The

co-simulation makes digital controller to be easier tested with program element.

sampling time =50us

" 'VHDL realization output.

ulink-output-signal .-

T LTI

r sampling time =50us
| utsignal

(b)

Fig. 5.2. Verification of PI controller with (a) step response (b) sinusoid response.
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Fig 5.2 shows time response of the digital Pl controller. Realization with Simulink
element and VHDL code block is compared. The delay time between them depend on the
VHDL system clock and the state which computation takes. Fig 5.3 and 5.4 show the

verification and experimental result of the interlaced PWM generator.

. var 175208 2381 us 258.56 us 279.06 us 299.54 us 32002 us 3405 us 36093
e [
| ek TRRTOP ST T————
Eod pl t 71 R
g plc T | |
B » t REN nwn| M
B = : 20us L
2| T 1 [
0 t I L
Eod p 14 1
¥ plec T ]

—| 80us —

Fig. 5.3. Verification,of interlaced PWM generator.

Fig. 5.4. Experimental result of interlaced PWM generator.
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5.2 SIMULATION RESULT

Fig. 5.5 shows the simulation results of output voltage and phase currents for load current
step down without and with feedback control. By using the interleaved PWM scheme, the

inductor current ripple could be reduced.

0wy 14)

0,00
: A WLy 2y )
A
v
A
0.00 v 000 v
280 3.00 3.10 320 3.30 200 200 210 220 230
Time (ms) Tima (ms)
- > -« >
" '
| 5
21
i ]
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Fig. 5.5. Simulation result 6f VRM with (a) open loop (b) close loop.
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Fig. 5.6. Synchronous sampling timing diagram.
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Tt gucy

Fig. 5.7. Synchronous sampling of inductor current.

Fig 5.6 shows the relationship between synchronous sampling signal and the PWM
generator. Sampling signal is the unlon of the pulse which occurs while maximum and
minimum of the triangular wave Flg 57 shows synchronous sampling on each phase.
Although the current ripple is Iarge we ma,y_stuJ. retrleve the average by the sampling signal
which comes from PWM generator The trlangular waveform in the figure is the exact current

on each phase, and the medium line means the current which sampling by ADC.
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Fig. 5.8. Simulation results for the feed-forward control under deadbeat control.
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Fig. 5.8 shows simulation results of the four-phase interlaced PWM generator, switching
frequency is 200 kHz per phase. The duty of per phase is 16% by considerate dead-time is
0.4us. Fig. 5.6 shows that the PWM signal of each other differ 900 per phase each other. Fig.
5.8 shows simulation results of the transient responses for VRM output voltage with and
without the proposed feed-forward control. Simulation condition is the output current of
VRM from 0.2A changing to 50A and slew-rate of load current 10A/us. In Fig. 5.8(a), the
output voltage drops to 43mV, and settling time is 34 us. Fig. 5.8(b) shows that the output
voltage drops to 23mV, and settling time is 22us. Comparing simulation results both Fig.
5.8(a) and Fig. 5.8(b), we may find out that the better output voltage transient response could

be obtained by using proposed method.

5.3 EXPERIMENTAL RESULT.

In order to set parameter -:and. coefficient of the digital controller and observer the
feedback signal on PC, NIOS IlI"which can-create an: interface and system in FPGA is used.

NIOS Il can communicate with hardware-with*C program language can be involved into

VHDL code.

User Program

C standard

Library
HAL AFI

Device Device Device Device

Dniver Dnver Dnver Dnver
User Program

Fig. 5.9. NIOS 11 system level diagram.
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Fig. 5.9 shows the system level diagram of the NIOS Il. The data process which goes to
hardware can be organized by C program language. The user interface is written with M file
in Matlab. The main work it does is send data and recieve the feedback information by RS232

communication.

A T
v 2 7 & — Setup— — Control
Gjdie K1 | 2000
fiinclude <alt_types.h>
#include <altera_avalon spi.h i =
#include <stdio.h> K2: 1024 Disconnect
#include <io.h>
#include <system.h> K3: 20
#include <string.h>
fiinclude "sys/alt_irq.h" ~ STOP
#include "sys/alt_cma.h" Total Time: 1 Matlab
#include "altera_avalon_pio_r

#include "altera avalon spl r

void initial{alt_ulé *regi,alf 4000F T T J E 3 /
¢
alt_u3Z base=0x02000800,sls
alv_u3Z wrice_length=1,read 3000
alt_u8 *write_data, *read_d

data processing
code

2000 |

alt_ulé ssm_cntll=6;
alt_ulf decon_pikp=1024; 1000 -
alt_ulé deon piki=0,deon ph
alt_ulé dcon pha=0,decon_phb
alt

6 doon ckym460, doon o U lo0 20 a0 40 S0 6w 700 a0 0
alt_ulé deon vkff=0, deon o .
Running

Froblems | EJ Console 37 - Properties

nio_VRM Nios IT HW configuration [Nios IT Hardware] Nios IT Terminal Window (826007 12:04 AM)
vem ref is Z000,Kp is 1024,Ki is 20

vem_ref is 2000,Kp is 1024,Ki is 20 \r
vem ref is 2000,Kp is 1024,Ki is 20 HW'H I
vrm_ref is 2000,Kp is 1024,Ki is 20 I reCGlVlng data CheCk

ven ref is 2000,Kp is 1024,Ki is 20

Fig. 5.10. Experimental user interface.

Fig 5.10 is the user interface of experiment which consist Matlab and NIOS Il program.
The data processing defines the input and output of the NIOS Il block. The program is written
to save certain number of data in the memory of NIOS 11 system and then display together in
Matlab window. The parameter and coefficient setting is determined by the window which is
written with M file in Matlab. Coefficients which are going to be set with Matlab are written
as input pins in VHDL block, so they can be adjusted by setting the number in Matlab. NIOS
Il can print out the data in the message bank to make sure what it received is correct.
Therefore, the command and feedback data can be easily checked in whole experiment by

NIOS Il and Matlab.
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Fig. 5.12. Output voltage experimental result.
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Fig 5.11 and 5.12 show the experimental result of close loop control. Fig 5.11 is the
sensed data which comes from 12-bits ADC. Fig 5.12 is the analog output voltage signal. The
sensed range of the feedback loop is 0~5V. Switching frequency is set into 100kHz and the

desired output voltage is 2V. The ripple of the voltage is 350mV.
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Chapter 6

Conclusion

This paper presents a digital VRM controller for multi-phase synchronous buck converter
for advanced microprocessors. The digital VRM controller includes a novel interlaced
sampling, a digital compensator, and an interlaced PWM generator. The proposed sampling
scheme has a high noise immunity to the switching noises which is induced by the switching
of the MOSFET. The timing clocks for the digital controller and the interlaced PWM
generator are interlaced with each other to achieve a minimum delay for the same sampling
and switching frequency. Current demand'is used for the proposed feed-forward controller to
result appropriate compensate quantity. The eurrent demand is predictive, so the load varying
range is predictive compensation, and then the faster dynamic response will be obtained.
Experimental verification of the designed digital VRM controller has been realized by using a
single-chip FPGA. Experimental results show the designed digital VRM controller can

achieve a fast dynamic response.
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