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Introduction:

Digital Control in Power Electronics

* Digital control using microcontrollers or DSP chips has long been used in
power electronics at relatively high power levels and at relatively low
switching frequencies, as in:

P S several kW
f. < tens of kHz
Traditionally
micro- or DSP-controlled

* Grid-connected three-phase
inverters and rectifiers

* Motor drives

* Uninterruptible power supplies

* Major advances in practical digital control for high-frequency switched-
mode power supplies (SMPS) have also been introduced in application areas
such as:

* Mobile and desktop electronics

P < hundreds of W
f: > hundreds of kHz
Traditionally
analog-controlled!

* Server power distribution systems

* Telecom/datacom power management

* Energy-efficient lighting
* Distributed PV optimizers
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Traditional Analog PWM Control:

Voltage—Mode Buck Example

vo(t) load @

Error Amplifier
Vier

Integrated Analog Controller

L
External I_
Compensation

Network _W_H
Pros: Cons:
* More than 30 years old technology, widely = * No flexibility, system parameters set
available through passive components
* Simple circuitry, well-known design ¢ Sensitivity to process and temperature
techniques variations
* Achievable closed-loop bandwidth f. ~ <« System interface and (digital) power
1/20—f,/5 depending on the control strategy management features possible through

added complexity of microcontroller with
P. Mattavelli, L. Corradini A/D and D/A hooks 4



Why not Digital Control?

fv.

Integrated Digital Controller

* Scaling, performance and cost advances in ¢ A/D or DPWM can be more complex and
digital VLSI are rapid costly than an entire analog PWM controller

* External passive components no longer e Standard, cost-effective micro-controllers or
required for loop compensation DSPs are too slow and too complex for
majority of mainstream high-frequency SMPS

* Programmability, flexibility, built-in system operating in the hundreds of kHz to MHz

interface

* Ability to implement more advanced control
techniques
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Analog vs. "brute force" Digital Loop

"Analog" dc-dc SMPS "Digital" dc—dc SMPS

Power Fets LC filter Load Power Fets LC filter Load

o/ o

: L
passives passives @

Misc.

» Switching frequency: 1 MHz » DSP-based controller:
* Loop bandwidth- * Fast, high-resolution A/D
* Very high clock-rate DPWM
» Slow, software-based
compensation
* Poorly flexibile architecture
» Switching frequency: 50 kHz
* Loop bandwidth: 3 kHz
* High cost, no obvious benefits

For high-frequency DC-DC
applications, new approaches are
needed to exploit the advantages
of digital VLSI and signal
processing technologies

[65]D. Maksimovicand P. Mattavelli, "Digital Control in Power Electronics: APower Supply Perspective," in Proc. 1 5th International Power
Electronics and Motion Control Conference and Exposition (EPE-PEMCECCE Europe), Sep.2012 6



Analog vs.

Hardware-Optimized Digital Loop

"Analog" dc-dc SMPS "Digital" dc—dc SMPS

Power Fets LCfilter Load Power Fets LCfilter 7 Load

v
S

Digital SMPS
Controller

L
{ a— )3 Dkiver
el =4 2
Misc. j E
passives passives

System interface

» Switching frequency: 1 MHz * Custom-designed digital IC:
* Loop bandwidth: * Small-area, low-costdigital CMOS
* Optimized A/D and DPWM
* Fast, programmable hardwired
compensator
+ Scalable, HDL-based design
* Fewer discrete components
» Switching frequency: 1 MHz
* Loop bandwidth: 100 kHz
* Lower cost

[65]D. Maksimovicand P. Mattavelli, "Digital Control in Power Electronics: APower Supply Perspective," in Proc. 1 5th International Power
Electronics and Motion Control Conference and Exposition (EPE-PEMCECCE Europe), Sep.2012 7

Potentials for significant
improvements in both
performance and system
intergration

Digitally-Controlled

Point-of-Load Converter

1N
Vg ¢ vo(t) load

Dedicated ' wilk]
Programmable : v,(t)
Modulator
: Small,
Lelk ’ V..
_([ ] Fast d—f
A/D
| Hardwired
Digital
‘Compensator
Integrated Digital Controller
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More Features: Digital Autotuning

Dedicated
Programmable Vo(t)
Modulator
U (k] elk] Small, v
— Fast fa—"
. A/D
fe
R > Digital '
Tl Autotuner | Hardwired
Digital
‘Compensator
Integrated Digital Controller
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From Digital Control to

Digital Power Management

e
1K

vy C vo(t) load
c(t) d(t) I_

Dedicated : wilk]
| Programmable : v,(t)
Modulator
ua[k] Small,

! elk] Vi

- Fast

Digital Control and Digital Power

Management can be independent,

but they are best exploited as
synergistic features

Digital

¥m Autotuner

e

Standard micro-controller core
Integrated Digital Controller A
YYYVYYY System Interface
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Digital Control in Power Electronics

* Pros:
* Rubustness against disturbances and noise
* Stability of control characteristics over time and temperature

* Field programmability: control parameters, and sometimes the control law
itself, can be re-programmed without hardware modifications

* Interface and communication: the digital controller can interact with other units
or with a user interface via suitable communication protocols (e.g. CAN, I>°C
etc...)

e Cons:

* Cost of the control platform as opposed to analog solutions, when these exist
(although price of digital IC's has been steadily decreasing over the last few
years)

* Performances: analog solutions, when they exist, easily offer better
performances in terms of regulation and dynamic response

* Less “standard” design for the traditional analog designer, as it involves
sampled-data systems analysis

P. Mattavelli, L. Corradini 12

Traditional and Emerging

Applications

Power rating Traditional

Applications

A

High power, low switching rate (>kW, <100 kHz

Expensive power electronics equipments
Non-critical dynamic performances

Digital advantage: sophisticted modulation

schemes, user interface, programmability, -
eusable code libraries qugmg
Applications

Low power, high switchingrate (<kW, >100 kHz)

Low-cost power electronics equipments

 Tight voltage regulation, fast dynamic response required

 Digital advantage: programmability / telemetry,
autotuning, efficiency optimization

[
|

Switching frequency

P. Mattavelli, L. Corradini 14



Traditional and Emerging

Applications

Power rating Traditional

A Applications

Control of single-phase and three-phase inverters

Control of electric drives

Active power filters for reactive and harmonic
compensation of grid-connected distorting loads

Power conditioning for renewable energy sources -
Emerging
Applications

» Server power distribution systems

* Power supply/power management for telecom/datacom
electronics (FPGA's, DSP's, ASIC's, memories)

* Point-of-Load converters (e.g. voltage regulators for
microprocessors or microcontrollers)

[
|

Switching frequency
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Traditional and Emerging

Applications

Power rating Traditional

A Applications

Mainstream control platforms: general-purpose mC's
and DSP's, mostly 16-bit, more and more often
32-bit

Major vendors: Renesas, Freescale, Atmel, Microchip

Emerging
Applications

* Mainstream control platforms: dedicated ASIC's
More seldom: DSP-based digital loop
(e.g. Silicon Labs Si8250)

* Major vendors: Intersil, Texas Instruments,
Maxim Integrated, Power One, Silicon Labs

[
|

Switching frequency

P. Mattavelli, L. Corradini 16



* Control algorithm is software-implemented and
executed by a CPU

* High computational resources and dedicated 1/O

: * Typically equipped with A/D and D/A converters,
* Microcontrollers and DSP’s and with medium- to high-resolution PWM
* Application-Specific modulators.
Integrated Circuits (ASIC) * Controller implementation is relatively fast and not
* Field-Programmable critical
Gate Arrays (FPGA)
P. Mattavelli, L. Corradini 18

Typical Timing Diagram of a
Microcontroller-Based Digital Loop

=T 4lc k Jt I k ++2 " Interrupt and
A/D conversion
X vglk — 1] 1 AL X_U‘?U‘. +1] >f Execution of control
) algorithm and wait for the
ulk — 2] X ARSI X ulk 1 DPWM to latch u[k]
t
r(t
% wh-u1 T
u U\ — 2] | | Up [L] Dlgltal PWM
: — : : > Modulation
| | | )
) ol
>

A
N

The overall loop delay ¢, is typically longer

than the switching cycle T,
P. Mattavelli, L. Corradini 22




Main Digital Platforms

¢ Hardware-based controller realized on a dedicated
integrated circuit = Full-custom design

* Design flexibility enables low-cost, ad hoc

solutions
* Microcontrollers and DSP’s * Speed: computational delays typical of wC/DSP
« Application-Specific platform are largely reduced =2 Fast controllers
Integrated Circuits (ASIC) optimized for critical applications
* Field-Programmable * Disadvantage of a long time to market
Gate Arrays (FPGA)
P. Mattavelli, L. Corradini 23

Main Digital Platforms

* General-purpose digital IC’s consisting of a set of
logic resources which can be interconnected in a
user-programmable way

* Field programmability

* Microcontrollers and DSP’s * Reduced time to market with respect to full-custom
* Application-Specific designs
Integrated Circuits (ASIC) s Controller is hardware-based =» advantages
* Field-Programmable comparable to ASIC implementations in terms of
Gate Arrays (FPGA) flexibility

P. Mattavelli, L. Corradini 24



Typical Timing Diagram of an
ASIC- or FPGA-based Controller

>
k-1 ki k+1 t l A/D Conversion
volk — 2] X vglk — 1] K v, K] X - Control command
¢ calculation
ulk —2] X u[k — 1] Bk | X
>
r(t
/ un[k — l]/ / —
uplk — 2] | ) wp |k Digital PWM
L : : > modulation
| | | ’
) }
>
< »  The overall loop delay t; can be a fraction of
la the switching cycle 7,
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Example of a Voltage-Mode

Control Digital IC

Input Voltage Bus R
PG MGN CFG(0.,1.2) V(0.1)
EN LM Ss FC(0,1) VDD
I -
VTIRK —— Power Management NVM —STBST
| MOSFET i E
Dri >
SYNC Digital l—>| D-PWM 1 rivers WAL AL oy
GEN Compensatoy [ L b ’ Vour
1 E T
4 NLR
| v Y
SYNC —] PLL — VSEN
L1 ADC ﬁz),_
+ ISENB
| ADC > ISENA
REFCN H DAC
pDC +—] VoD vsen+  Voltage loop
Voltagé |
~—|i‘_ VSEN- ——————
SALRT <+— MUX Sensor
5 SDA  ——1] o ADC XTEMP
1’C scL N Communication ~EP
o —-
FIGURE 4. ZL6105 BLOCK DIAGRAM

http://www.intersil.com/content/dam/Intersil/documents/fn69/fn6906 .pdf
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Part I
Digital Control Basics

Textbook on Digital Control in Power

Electronics

* L. Corradini, D. Maksimovi¢, P. Mattavelli and
R. Zane, "Digital Control of High-Frequency
Switched-Mode Power onverters," .
st ed. Wiley-IEEE Press, 2015 Digita| Control of

High-Frequency

* Comprehensive treatment of digital control EESTYiTeaT=1e M\ leTe 2
theory for power converters Power Converters

* Enables readers to successfully analyze, model,
design, and implement voltage, current, or
multiloop digital feedback loops around
switched-mode power converters

* Practical examples are used throughout the book
to illustrate applications of the techniques
developed:

* Matlab examples and simulations

b Verilog and VHDL Sample codes http://eu.wiley.com/WileyCDA/WileyTi
tle/productCd-1118935101 .html

P. Mattavelli, L. Corradini 31



Textbook on Digital Control in Power

Electronics

% MORGAN&CLAYPOOL PUBL

* Introductory knowledge of the digital control

techniques applied to power converters D igital Control )
in Power Electronics
* Different control approached applied to the half- Second Edition

bridge voltage source inverter, considered both
in its single- and three-phase implementation.

» Application to inverter output current and
voltage control, ending with the relatively more f);':;:";qf;zzcm
complex VSI applications related to the so
called smart-grid scenario

SyntrESIs LECTURES ON
Power ELECTRONICS

Jerry Hudgins, Serics Editr
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Digital Control of a Switched-Mode

Power Converter

|
I
by i1 Driver
Digital | "] 1r | | Digital I D Switched-Modd °(t)
Compensator o PWM (t) Converter o

1
|
1 Quantization - : |
I ampling |
e 20— Serming o]
Sensing
I T : e .
Il A/D Conversion Analog subsystem

* Sampled data system, in which both analog and digital subsystems coexist,
interfaced by A/D and D/A converters:

* Analog subsystems process continuous-time, continuous-amplitude signals.

* Digital subsystems process discrete-time, quantized-amplitude signals.

P. Mattavelli, L. Corradini 33



Digital Control of a Switched-Mode

Power Converter

I
Al i1 Driver
Digital  ["Wi] 1| [ Digital I D Switched-Modd °(t)
Compensator [ 7| | PWM (t) Converter o
|
|

|

I

|

I

I

I

I

_________________________________________ |
Digital subsystem Digital Pulse Width Modulator ! I
I

I

I

I

I

I

I

|
! Quantization Sampling | E
] e o ey, |
. T | . |
- - A/D Conversion Analog subsystem

* Typical control objectives:

* Regulation of x,(¢) at a reference value against disturbances of various kind.
Example: output voltage regulation in DC/DC converters.

* Tracking of'a given time-varying profile.
Example: digital current or voltage control of a DC/AC inverter.

P. Mattavelli, L. Corradini 34

Discrete-Time Systems Basics

A discrete time system processes a discrete time sequence x[k] and outputs a discrete
time signal y[k]. A sampling period 7" defines the rate at which the signals x and y are
processed and updated.

k ; i k
x[k] Dlsgrete Time | VIk]
ystem

As long as linear, time invariant systems are considered, the time domain relationship
between x and y can always be written as:

Vk]=(g*x)[k]= Eg[n]'X[k —n]
n=0

, where g[k] represents the system impulse response.

P. Mattavelli, L. Corradini 35



Discrete-Time Systems Basics

The Z-Transform X(z) of a discrete-time sequence x[4] is defined as:

X(z)= ix[n] z7"
n=0

The Z-Transform plays for discrete time systems a role similar to that of the Laplace
Transform for analog systems:

1) The Z-Transform G(z) of the system impulse x[k] o G(o) VIK]
response g[k] represents the system transfer
function
Y(z) = G(2) X(2)
P. Mattavelli, L. Corradini 36

Discrete-Time Systems Basics

The Z-Transform X(z) of a discrete-time sequence x[4] is defined as:

X(z)= ix[n] z7"
n=0

The Z-Transform plays for discrete time systems a role similar to that of the Laplace
Transform for analog systems:

2) For a stable system, the poles of G(z) are z plane

. o poles
inside the unity circle K

3) Evaluation of G(z) along the unity circle e
gives the system’s frequency response

G(eiT) Z=1

P. Mattavelli, L. Corradini 37



Example:

Synchronous Buck Converter

Driver
X c(t
Digital |l | pigital O
Compensator PWM
()
Quantization .
Sampling

v2[k] b [ vslk] / vs(t) w
7 T e

» Converter output voltage is sensed, sampled and quantized into a digital signal
v I[A].

» Sampling rate is f, = 1/7. The most common choice is to set the control sampling
rate equal to the converter switching rate:

Je=Ts

P. Mattavelli, L. Corradini 38

Example:

Synchronous Buck Converter

Driver
R c(t
Digital |l | pigital O
Compensator PWM
()
Quantization .
Sampling

v2[k] - v, [K] % vs(t) w
7 T S8

» Digital sequence v,°[k] is compared with the control setpoint VK], and the
resulting regulation error e|k] is processed by the digital compensator.

* The latter calculates, according to its internal control law, the control command u[k]
to be applied to the converter during the subsequent switching interval.

P. Mattavelli, L. Corradini 39



Example:

Synchronous Buck Converter

Driver
X c(t
Digital |l | pigital O
Compensator PWM
()
Quantization .
Sampling

v2[k] b [ vslk] , vs(t) w
o T Sme

* A digital pulse width modulator (DPWM) compares the digital control command
u[k] with an internal carrier (), producing a pulse width-modulated output c(f) with
duty cycle d[4].

* Generation of dead times — necessary in order to avoid cross-conduction of the
converter switches — is implemented either by the DPWM itself or by the gate
driving circuitry.

P. Mattavelli, L. Corradini 40

Analog to Digital Conversion:

Sampling

i Quantization

! Sampling 5 ! ol

: Vo (1) / vo[K] | t - 170[',]>
i T N

Ttrtrrrrrrmrmmmmmmmmmmm=======A /D Conversion

» Sampling is always synchronized with respect to the PWM carrier: sampling instants always
occur at a fixed position with respect to the switching interval.

* Excluding sampling rates strictly smaller than the switching rate, let us assume the sampling
period T'is a fraction of the converter switching period 7;:

* Cases:
e T'=1T; "single sampling"
T

< T; "multisampling"

P. Mattavelli, L. Corradini a1



Sampling: 7< T,

* Suppose the sampling period 7 is smaller Actual waveform
than the SWltChlIlg period T; In the Figure’ A vo(?) including ripple DC Component DC Component
T=T/3 ) of v, (t) of v, [k]
o

Sampled

» The Nyquist rate fy is equal to 3/2 of the wavetorm vo[A]
switching rate f,. - - >

* Spectral aliasing due to sampling occurs Gate drive c(t) puy

around -0 and around f-f. } H H H H H H H | | H H ‘

* => Aliased switching noise appears around >
f=f; and requires digital filtering to be
attenuated. 4

Spectrum of v, (t)

» The situation is similar to the analog case,
in which high-frequency poles are /\
purposely introduced in the compensator '
to attenuate switching harmonics.

! T Lyl

0 fs 2f. 3fs !
TS})(‘M rum of v, (k]

Aliased 0l____-- \
switching noise ~
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* Suppose now that 7= T, i.e. the sampling
rate is e(lual to the converter switching A vo(?) including ripple DC Component DC Component

Actual waveform

of v (t) of v, [k]

rate.

Sampled

» This corresponds to sampling the output vetorm vo(k]
signal once every switching period, as - >
illustrated in the Figure.

Gate drive c¢(t) _1:;
» The Nyquist rate fy is equal to one half the } H H H H H H H | | H H ‘
switching frequency. -
t
* Spectral aliasing only occurs around f=0.
* = No aliased switching noise appears Spectrum of v, (t)
below the Nyquist rate. No digital filtering
is required.
A /\ A\ A s

fs 2f. 3fs !
TS})(‘M rum of v, (k]

Cann.

>

2fs 3fs f
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Single sampling, 7= T;

Multisampling, 7" < T,

Actual waveform
A vo(t) including ripple DC Component DC Component
of v,(t) of v, [k]

Sampled
waveform vo[k]

»

Gate drive c(t) ‘7_“;

LA

t
t

Actual waveform
A vo(t) including ripple DC Component DC Component
of v, (t) of v, [k]

Sampled
waveform v,[k]

Gate drive ¢(t) l;

LA

t

* In power electronics, a common and
simple choice is to use a sampling

frequency equal to the converter
switching frequency.

P. Mattavelli, L. Corradini

* Increasing the sampling rate can

however lead to superior dynamic
performances in high-frequency dc-dc
applications if a suitable filtering of
the aliased noise is implemented.

44

Analog to Digital Conversion:
Comments on 7'= T

* Case of triangular ripple: sampling at the middle of the turn-on or turn-off interval
exactly yields the average value, with no aliasing distortion.

» Example: sampling of inductor current in digital current control loops

P. Mattavelli, L. Corradini
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Analog to Digital Conversion:

Quantization
Sl T Quantization
amplin ' !
Vo (t) /p & volk] - t - 173[1\7]»5
T o 5

EA /D Conversion

* Output range is quantized into a number of voltage intervals, sometimes called bins,
each identified by a binary code

* In regulation applications, the zero error bin represents the voltage interval defining
the reference value:

P. Mattavelli, L. Corradini 49

Digital Compensator

Vs [K] elk] Digital ulk]
—>

Compensator

Vo (K]

* The digital compensator updates u[k] on a switching cycle basis from the voltage
error e[k] = vref[k]-voo[k] and from its internal state.

* As long as the digital compensator is linear and time-invariant, it is always
governed by a linear, constant coefficients difference equation:

ulk]=-a,-ulk -11-a, ulk-2]-...—a, -ulk - N1+
+b,-elk]+b e[k -1]+b,-e[k-2]+...+b,, e[k —M]

* In the z-domain, the compensator transfer function is

i(z) _by+bz bz 4.+ bz

G.z)-

éz) l+az'+az?+. +ayz™
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Digital Compensator

Vs [K] elk] — ulk]
’ Digital >
Compensator
v K]
A vk
7 T oolt) * The above equations assume that u[k] is
T~ = immediately available at the compensator

outputas soon as e[k] updates.

F——  p k+1 . .
, T, * In practice, calculation of u[k] takes a

|
I I . .
=R T o) certain computational delay ¢,,;..

T
- >

tam t
I
T

ulk —1] ulk]

) I
T T =f

— - t
Dt |

P. Mattavelli, L. Corradini 52

* An important class of linear
compensators is that of
Proportional-Integral-Derivative
(PID) compensators, having a
transfer function of the form:

GC(Z)= Ki_l +Kp+Ka,~(l—z_1

1-z
— 20
* The Figure illustrates a block @ 10
. . . 0 —T1
diagram example of a digital PID é o Ji
and exemplifies magnitude and g Pl
phase Bode diagrams of its S
-4
ﬁ'equency response' 09.§OO1 0.001 0.01 01 0.5
@ 45 T
=
o 0
172]
<
i -45
6}8(;’ 0.001 0.01 01 0.5

S
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Digital Pulse Width Modulation

1l LI

Digital
ulk] PWM c(t)

* Function: generate a square wave with duty cycle D proportional to the input signal
ulk).

* Adigital PWM is only capable of generating
a discrete set of duty cycles. In other words, c(t)
duty cycle quantization occurs.

L
'

—> - T
apTs
* The smallest duty cycle variation ¢ the
modulator is capable of determines
its resolution.
P. Mattavelli, L. Corradini 54

T (

T T -

—> <+ Ts
(I/_)Ts

* Duty cycle quantization induces a corresponding quantization q, ppyy, of the
attainable outputvoltage values. For a Buck converter:

Vo =D'Vg = 4, prPwm =q,"V,

O

12 i ¢

P. Mattavelli, L. Corradini 55



1k ] -
C >Modulo N,

Counter

g}

qpTs

P. Mattavelli, L. Corradini

1k ] -
C >Modulo N,

Counter

qpTs

P. Mattavelli, L. Corradini

* Very simple DPWM implementation
which imitates the analog one.

* Duty cycle: D= 1%
N,

r

where N.= £,/ f..

* Time resolution is determined by clock

period T3y

* Minimum duty cycle variation:

1
qdp = Fr
* Corresponding output
quantization:
A
o,DPWM Nr

voltage

* For a given switching rate f;, the clock
frequency f., required to achieve a
resolution of z bits is:

fclk=fs'2n

* => f.,; is an exponential function of

the number of bits.

* = The counter-based solution is only
practical for small resolutions or small

switching rates.

¢ Different DPWM architectures are

needed for large resolutions

higher switching rates.

and

56
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Part I1

Modulation Delay, Basic Modeling Techniques
and Controller Design

Digital Voltage-Mode Control

Co (7)

f;Witchin Jed
- TVm Buck Converter

> G.(z) » DPWM
&‘_/ \ﬁ‘ igital " ‘
PWM ESR i(1)

L

A

f;ampling

V(1)

* Control operation:
* The converter output voltage is sampled and quantized

* A discrete-time compensator processes the error e[k] and outputs
the modulating signal u[£]

» A digital pulse-width modulator generates the PWM signal c(7)
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Co N f) ‘_ fswitching
) DRI — = TV Buck Converter
> Gc Z > m
&‘_/ \ﬁ‘ gital L ‘
PWM ) ESR io(?)
f;ampling Cl

vo(?)

* Loop dynamic performances are constrained by the total loop delay #,, sum of the
following contributions:

* A/D conversion delay * QGate drive propagation delay

* Computational delay @' Modulator delay

P. Mattavelli, L. Corradini 60

Small-Signal Modeling

of Pulse Width Modulators

Three families of PWM modulators can be identified:

Multiple sampled .
Naturally sampled mopdula torlz Unlformly sampled
modulators (or single-sampled)

modulators
u(?) I A [ ]
vty ——>]- ve(?)
? 4_»? i I v 0.75 \ /
% 0.5

Process an analog modulating signal u(7). -——————f\v / 1 ( t)
They are commonly employed in 0.25

traditional analog PWM control

t/T,
P. Mattavelli, L. Corradini 61



Small-Signal Modeling

of Pulse Width Modulators

Three families of PWM modulators can be identified:

Multiple sampled

Naturally sampled modulators Uniformly sampled
modulators (or single-sampled)
modulators
1 Y ()
—51 Z0H <N L
ulk] y(f) 1
v ()= v.(?)

N

N

0.5 \ /\
L
Process a discrete-time modulating signal D \ / \
u[k], updated once per switching period: 0.25 \
f;amplt’ng :fswitc/zmg uh
0
0 0.5 ¢/ T, 1
P. Mattavelli, L. Corradini 62

Small-Signal Modeling

of Pulse Width Modulators

Three families of PWM modulators can be identified:

Multiple sampled .
Naturally sampled mopdula torlz Unlformly sampled
modulators (or single-sampled)

modulators
Y c(?)
_
1 Z0H|—= L1
U D) 1
O v?)
} ﬁ i I v, 0.75
= N/
0.5
Process a discrete-time modulating signal O—Q@G / ; L
u[k], updated N times per switching 0.25 7 D

peﬂ0d3 ﬂ‘amp/ing = Nﬂ‘witching
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Small-Signal Modeling
of Pulse Width Modulators

d
(X0 — [ﬂ’ Gpwm(j®) _(’t)

Finding the small-signal frequency response
of a pulse-width modulator means [61]:

1. Applying a small sinusoidal perturbation at frequency w to the modulating signal u
2. Calculating the Fourier component d(¢) of the PWM output c(?) at frequency

3. Calculating the amplitude/phase relationship Gpy\(jow) between d and u at
frequency
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Small-Signal Modeling

of Pulse Width Modulators

Small-signal PWM analysis — summary of main results

Digital PWMs

Multiple sampled
modulators

Analog PWMs

Uniformly sampled
(or single-sampled)
modulators

Naturally sampled
modulators

A " " 1 )
i(f) VL d(1) ulk] e @) |
Analog PWMs Digital PWMs
are delay-free introduce a delay!
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Uniformly sampled modulators:
d(t) is delayed with respect to u[k]:

AL d@)
— v — >

m

0.75

EXRAY)
e PWM

0.5

Physical origin of such delay is the
difference between the sampling instant and
the switching instants

0.25

v

P. Mattavelli, L. Corradini

V(1)

/

ulk]

\,

Switching
events

/

\y

(\

U

\
y
>

N
\

Turn-on\de

Sampling event

ay

Tui;ﬁ—ojfdelay

0 0.5

t/T,

1

66

111, i
W TZOH uy(2) "I+
O
AVAVARRZ
T

Multiple sampled modulators:
d(¢) still delayed with respect to u[k], but
difference between sampling and switching
event is reduced.

0.75

0.5
=> In a multisampled modulator, delay is

reduced because of the increased
sampling rate.

0.25

v
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C

®

V(1)

i
|
|
|
|
|

Switching
events
|

/

>_?&lw

&

vy

Sampling events

0 0.
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Modeling of Pulse Width

Modulators: Summary

N = Foampiing/fswitcning t€Presents the number of times the modulating
signal is updated within the switching period

Digital PWMs

Multiple sampled

Analog PWMs modulators
Naturally sampled N>1 g)rrlig;rg]léy;:;ﬁ;(;
modulators =
f;‘ampling>f9witching modulators
“N > +0” B
At =0 fvampling_]pswitching
o Atpiy=T/2

PWM delay decreases with
the oversampling ratio
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Modeling of Pulse Width

Modulators: Summary

Results for the triangular and k
trailing edge modulators mIk] | Y d)
my e
Vm
Trailing edge modulators . Trailing Edge + Triangular
exhibit a delay that depends on v,
the converter steady state duty Ve S
ratio D / m ¥ m
or T, "t 1] R
21 anin
0 i 0l T, Tt
Uniformly
. T,
Sampled: Atpyns = DT, Aty = ?s
Multiple floor(N - D) T
Sampled: ﬂAtPWM =(D- N )T Atpyns = ﬁ
N\
\_/
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Modeling of Pulse Width

Modulators: Summary

Note: add Az whenever
the sampling occurs At m[k] 1 d(f)
seconds before the —_ T — N[
beginning of the Vo
switching cycle o
4 Trailing Edge 4 Triangular
1 i
‘ v (t) Ve S
075 i) kvé m
/ i,
Fad A, SR
At | DL :
0.25 / y | | i
ka] 0l 'T, t
fez 0 Ts/2 Ts  15Ts
fme Uniformly Aty = I +;)
Sampled: 2_—
floor(N - D) T
Multiple T‘AIPWM = (D_T)TS Alpys = ﬁ
Sampled:
P. Mattavelli, L. Corradini 70

Sources of Control Delays:

DSP-based Controller

* Example: foyitening = 500 kHz application, f, = /10 control bandwidth

» Relative importance of various control delays:

Gate Drive (50ns)

PWM Delay
(single-sampled,
typ. 7/2)

A/D Conversion
(500ns for a 10MSPS,
5T, latency ADC)

In DSP platforms the
computational delay
represents the largest source
of control delay, followed
by the DPWM-related delay

% of'total control delay
(At,,=178% of T)

Computational Delay
(1 switching cycle)
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Sources of Control Delays:

Hardwired Controller

* Example: foyitening = 500 kHz application, f, = /10 control bandwidth

» Relative importance of various control delays:

Gate Drive (50ns)

PWM Delay
(single-sampled,
typ. 7,/2)

% of'total control delay
(At,,=83%of T))

P. Mattavelli, L. Corradini

A/D Conversion

(500ns for a 10MSPS,
5T, latency ADC)

With hardwired logic
(e.g. ASICs and FPGAs)
the computational delay is a
small fraction of'the
switching period;
the largest source of control
delay is the DPWM

72

z-Domain modeling of the

voltage mode control loop

ompensator () |l

d - TV Buck Converter

> G.(2) » DPWM " .

1 Digital ‘
PWM ESR io(0)
f;ampling l Cl
v
Ne L—’t:
e[] +\T/ vk | ‘ D : vy(0)
Ver Sampler

k
ﬂ’ T Gpwm(s)

d(r)

Gvd (S )

P. Mattavelli, L. Corradini
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VO(Q J

73



Discrete-Time Equivalent of a

Continuous-Time System

i k k
Let G,(s) be the tral}sfer function of x[k] X G — byl '
an analog system driven by a stream y
of modulated Dirac pulses and Ideal Interpolator ~ Ideal Sampler
followed by an ideal sampler; N ~ ~
The impulse response g[k] of the x[k] V]

— G(2)=? —

discrete time equivalent system is 7'
times the sampled version of the
continuous time impulse response:

glk] = Tg (=kT) || G(z) = T Z;{G (s)]

, where we defined: Z;[G,(s)]= E g, (t=nT)- P
n=0

P. Mattavelli, L. Corradini 74

z-Domain modeling of the

voltage mode control loop

Compensator c(?) [ fswitching
v Vet > TV Buck Converter
> G.(2) > DPWM "
1 Digital ‘
PWM ESR io(0)
f;ampling l Cl

A

A

i +\T/ Wikl ‘ A/L; V()
" Sampler
k d(t (¢ Ik
LT G G0 4T JV[ ]
Y
V (z
P. Mattavelli, L. Corradir Gp (Z) ) %Z)) B T; . ZTS [GPWM (S) ’ Gvd (S)] )




A Common Misconception:

Zero-Order Hold Modeling

Compensator c(?) [ fswitching
v Vet > TV Buck Converter
> G.(2) > DPWM "
1 Digital ‘
PWM ESR io(0)
f;ampling l Cl

S e

e[k] +*( vWld] 7 p v,(0)
Vet Sampler
Though often encountered in the
k d(t t k
literature and employed in the ulk] »| 4+ z0H _(), G,u(5) LO, l i[l

design practice, the ZOH
modeling is
NOT correct !
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z-Domain Modeling of the

Voltage Mode Control Loop

Design example: 12 V=5V, 50 W synchronous Buck converter

withdriangular modulatio

L=2 uH, r;=2 mQ, C=1 mF, ESR=1 mQ, f;ini

g:200 kHz :fsampling
Let us derive the z-domain discrete time equivalent G,(z):

1) Write the control-to-output transfer function of the power coynverter:
l+s-ESR-C

Gvd (S) = )

I+s-(r, + ESR)C+5” - LC

in

2) Write the PWM transfer function: - L)
G (5) =

3) Discretization:

T,

1+5-ESR-C)-V. e 2

G, (2)=T, Zy [ Vo .2 %)
“1+s-(r, + ESR)C+s”-LC V,

P. Mattavelli, L. Corradin 77




z-Domain Modeling of the

Voltage Mode Control Loop

Design example: 12 V=5V, 50 W synchronous Buck converter
with triangular modulation

L=2 MH, I"L:2 mQ, C=1 HIF, ESR=1 mQ,fswitching=200 kHz :fsampling

Few Matlab instructions will do the job:

s=tf('s’);
Gvd=Vin* (1+s*ESR*C) / (1+s* (rL+ESR) *C) +s"2*L*C) ;

set (Gvd, ' inputdelay’,Ts/2) ;

Gp=Ts*c2d (Gvd, Ts,m

7
4
4
/

/
The “impulse response discretization” option (‘imp’)
implements the operator Z[].

N\
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z-Domain Modeling of the

Voltage Mode Control Loop

Design example: 12 V=5V, 50 W synchronous Buck converter
with triangular modulation

L§2 MH, 77"422 mQ, C=1 HIF, ESR=1 mQ,fswitching=200 kHz :fsampling

~ Comparison between
M A S
g 40 Gp(Z) A digital and analog control-
% 201 ] =y to-output transfer function
2 0 _ Analog A reveals the larger phase lag
=)
® o - Digital single-sampled S of the former, due to the
= o Digital, simulated TSN PWM delay

oo 1k 10k 00k J:L

90
EC R
<) '\ Bandwidth limitation!
z % PWM-related delays may
& 180 N ] severely degrade achievable
T performances in digitally
27955 controlled SMPS!

1k Frequency (sz Ok 100k
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z-Domain Modeling of the

Voltage Mode Control Loop

Decign evamnle: 19 V.5V 50 W synchronous Buck converter

135 f 1lar modulation

Analog
165 \ / R=1 mQ: ](switchingzzoo kHz :fsampling
I Comparison between
digital and analog control-
9\49\ to-output transfer function
198 _/ reveals the larger phase lag
| S of the former, due to the
Digital single-sampled et PWM delay
226k o3k Bk 100k \ ook @
\
N
= o N \
3 N '\ \ Bandwidth limitation!
z % ] \L[] PWM-related delays may
& 180 ol ﬁ~/~f"> severely degrade achievable
AN _e"“e“——::, performances in digitally
1 [l controlled SMPS!

-27
foo 1k Frequency (HzJ 100k
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A Common Misconception:

IS Zero-Order Hold Modeling

135 ed in the preceding example, rather than a
: : modulator...
H Model

Z0
-180 .
...the ZOH modeling
x
G\S\Q\ approach fails to correctly
/ \e\ predict the converter phase
-225 / behavior
. X
More Precise Model (>§s\\
; T L I LN
210k 20k 30k 50k 100k \ 100k
\ Reason: for trailing edge
= \ modulations, the PWM delay
&0 0
) \ 70 depends on the steady state duty
9 01 (G (Z ) N ratio D. The ZOH model does
E:cj : \\( ) not describe this effect!
-180 1
%:
More precise model— TN
2100 T T ok 100k
Frequency (Hz)

81
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Controller Design Using

Continuous-Time Modeling

Design example: 12 V=5V, 50 W synchronous Buck converter
with triangular modulation

L=2 MH, I"L:2 mQ, C=1 HIF, ESR=1 mQ, fswitching=200 kHz :fsampling
Another popular design method is the s-domain design of the compensator followed

by its discretization:

Analog G,(s) and design specs

/7 Conventional

)/ analog design
Discrete Time , procedure
PID Compensator - —— - ’
IR Discretization Analog PID Compensator
G.(2)=K,+ l—zi'l +K,-(1-z7") * G.(s)
z-plane s-plane
82
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Euler Discretization

* It is based on the map:

* Such transformation maps the Re[s]<0 half-plane inside the unit circle in the z-
plane. Such property guarantees that a stable pole in the s-plane is mapped into a

stable pole in the z-plane.
* In particular, the Re[s]<0 half-plane transforms into the disk centered at (2, 0) and

of radius ', as illustrated in the Figure:

I /_\ I
[ 1 1‘ - z-plane

s-plane z

4 ~
; .
Jwe , W
/
! >
1
\ 2
.
N

1 1
/" Re

P. Mattavelli, L. Corradini
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Euler Discretization of a

Continuous-Time PID

K,
D.(s)=K,+—+sK,
s

be the transfer function of a continuous-time PID compensator, K,,, K; and K, being

the proportional, integral and derivative gains respectively. Assume these gains have
already be determined.

* Euler discretization of D (s) is

-1
-z )=Kp+%+%-(l—z’l)

G.(2)=D.(

)

* Coefficients K, 5, K; ; and K; ; of the discrete-time PID are

K,a=K,

K4 = KT
K

Kd,d = T:l

P. Mattavelli, L. Corradini 84

Tustin Discretization

* Such transformation maps the Re[s]<0 half-plane into the |z|<l unit disk, and the
imaginary axis s = jw, into the unit circle z=exp(jw,T}):

Im m Im
s-plane 4 I+ A

| | /‘\jw T,
. e dLs
JWe
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Tustin Discretization of a

Continuous-Time PID

K,
D.(s)=K,+—+sK,
s

be the transfer function of a continuous-time PID compensator, K,,, K; and K, being

the proportional, integral and derivative gains respectively. Assume these gains have
already be determined.

* Tustin discretization of D (s) is

21-z" KT 1+z" 2K, 1-z""
G(2)=D (= =K 4+—¢ +—
(2) c(Tsl+z"1) P2 1=z T 14z

* Coefficients K, ,, K; ; and K ; ; of the discrete-time PID are

14
K,,=K,
K _ Kz]:
id —
2
2K,
dd —
T,
P. Mattavelli, L. Corradini 86

Tustin Discretization

Im /—\ Im
4 1+= 4 z-plane

A K‘\jw .
. eJwaTs
JWe

> i >
Re \J Re

* If w, is the angular frequency in the s-plane, the angular frequency w, in the z—plane
is

s-plane

N

2 w1
w,; = Farctan(T)

* This relationship describes a frequency axis distortion which must sometimes be
compensated for when designing the analog controller.
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Distortion in the Euler and Tustin

Discretizations

* Neither the Euler nor the Tustin 20—
discretization method allow to exactly s }Eﬂ‘;;“;iigjriﬂzmi s
replicate the s-domain PID frequency 4B \ Tustin discretization: //
response in the z-domain. 10 4

N /

* As exemplified in the figure, : N %4/
discrepancy between s-domain and z- odo1 oo 01 05
domain PID frequency responses Normalized frequency f/f;
becomes more and more severe as the %0 =i
frequency increases. gg ,/;5:--’\

o deg -

* The Euler discretization introduces a 0 i
significant phase response error beyond Zg P=s
one twentieth of the switching rate. —

%ot 0.01 0.1 0.5

* The Tustin discretization provides a Normalized frequency f/f;
more accurate representation of the
desired frequency response, typically to
within one tenth of the switching rate.

P. Mattavelli, L. Corradini 88

Controller Design Using

Discretization-Based Modeling

Design example: 12 V=5V, 50 W synchronous Buck converter
with triangular modulation

L=2 MH, I"L:2 mQ, C=1 HIF, ESR=1 mQ,fswitching=200 kHz :fsampling
Bilinear transform design method:

Uncompensated Loop Gain # “Analog” equivalent G ,(z(w)) and

design specs

G,(2) and design specs -
I+ —=
2(w) = —2
WL Conventional
It does NOT involve any 2 analog design
approximation! procedure
Discrete Time PID Compensator
“Analog” PID
G.(9)=K, +1_I(Zf_] +K,-(1-z7" Compensator G (w)
-1
W(z) = i 1- z_1
z-plane I 1+z w-plane
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z-Domain Modeling of the

Voltage Mode Control Loop

Design example: 12 V=5V, 50 W synchronous Buck converter
with triangular modulation

L:' uH. =2 mQ, C=1 mF, ESR=1 mQ,fswitching=200 kHz :fsampling

60
@ 404 Gp(Z) Ay A Compensator design: a digital
E 20 R . PID compensator G.(z) has
S LT . .
=N B et | k:ag;(// been designed to achieve a
& 2 D \s\&\g\ 20 kHz closed-loop
= TGz "~/ bandwidthwith a 50° phase
. c\~/) iR p
“oo 1k 10k 100k margin
90
S o T | Manyz-domain compensator
<) LTl \ design approaches exist.
Q 90—
§ The bilinear transform method
A~ -180 o7 was employed for this design.
2% 1k 10k 100k
P. Mattavelli, L. Corradini Frequency (HZ) 90

z-Domain Modeling of the

Voltage Mode Control Loop

Design example: 12 V=5V, 50 W synchronous Buck converter
with triangular modulation

L:__U,H. 7'5:2 mQ, C=1 HIF, ESR=1 mQ,fswitching=200 kHz :fsampling

60
z | |T(2)
8 40 .
~ —
% 20 \\\ . .
g y z-Domain loop gain

™~

on

0
< — .
S el 1) = G.2) Gy (2)

oo 1K 0k 13

90 X

1 [
o0 |
& o :
< Janse \\ !
N —M_’__,
% 90— :
= 5 06—,
£ o f.=20kHz .
m F:5 Oo
27900 TR 10k 100k
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z-Domain Modeling of the

Voltage Mode Control Loop

Design example: 12 V=5V, 50 W synchronous Buck converter
with triangular modulation

L:__ MH 7'5:2 mQ: C:l l’I]_F, ESR:I mQ: ](switchingzzoo kHz :fsampling

60
2 1(2)
o 40
~ MMM
g L - —
2 20 =~ . 498
= > Vo)
5 < 496 )
‘2“ 0 > 4.94 \f |
- 4.92 02104 load step transient
00 1k 4 ; ; ;
20 %6 0 100 200 300 400
20
o0
0 0
o T
N—" _F,’_’__,/
Q 90—
<
s f.=20kHz
-180 ||
m FZSOO
279% e 0 0 100 200 300 400
P. Mattavelli, L. Corradini Frequen Tlme (mS) 2

Decign evamnle: 19 V5V 50 W synchronous Buck converter

1% f 1lar modulation
Analog
165 \ / blin =4 ><J[switching =800 kHz
___—jﬁ_,‘,\o,_/”" The increased sampling
- U frequency reduces the
Ip Digital 4-sampled
1o5p A iptial a-satple PWDM-related delay by a
g S factor N
Digital single-sampled L
2220k 2(L)k 3(le Sék 100k \ 100k Sys‘Fem b?'tter
\ approximates" analog
\\ .
% o N\ \ behavior
g ) \
o 90
g \ P ‘\\\
A~ -180 o—o -
2700 KErequency (Hz) 100k
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Design example: 12 V-5V, 50 W synchronous Buck converter
with triangular modulation

; Fonining=200kHz £ o =dxf ... =800 kHz
5@ 60 5-02 ( i f i
5 40 T _ 4es oo | vo(f)
£ 5 2 496 J‘f 4-Sampled Control
5 = 4.94 \\ ,J'H AN ! !
< 0 . ] . _
S LOOp gain T(Z) 4.92 ! Sl7gle Samp{ed ControlL
-2900 1k 4'-%0 0 100 200 300 400
90 20
R 15
,%D 0 2 10 M”‘\ AIVALAIRAL \"|I|||I lflw |“||‘ 'H‘I‘I\‘IWI ‘Il‘ll IHI"l"'I“\I‘I'l“I‘ IMII‘l‘
9 90 TN 3 s | |
< o~ | | | . t
= 8ol /=35 kHz OW 02104 ‘loadstep tlfansient S ix(t) .
7 ‘szf‘gi - o 100 200 300 400
fo0 KFrequen Time (us)
94
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Summary on Small-Signal Modeling

Approaches

* Two modeling techniques have been discussed:

I.  Continuous-Time Modeling: pure s-domain approach. Based on averaged small-signal
models used for analog control design.

* Pros: easy to use, based on Laplace transform analysis.
» Cons: approximate. Does not capture important sampling effects.

II. Discretization-Based Modeling: z-domain approach. Based on a specific
s-to-z discretization of continuous-time models.

* Pros:
* Provides exact modeling for Buck-type topologies

* Very good approximations for sampling at the middle of on/off period for
current control

* Cons: approximate for other types of topologies and/or for different sampling instant.
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* An exact discrete-time small-signal modeling is possible ([11], [61]), which provides a precise

approach at the expense of a mathematical complexity:

* The complete discrete-time small-
signal model in state-space form is

ylk] = 8-X[k]

{ﬁ[k +1]= - k[k]+7 - a[k]

I
*In the z-domain, the input-output A !
transfer function matrix W(z) is i(, (t)' 1 et .
| . ! o —
- | - -
W(z) = )A,(Z) _ 6(zI—<I))’ly 1 d[K]T 1 dk +=1]Ts
u(z) DT, DT, t
é(t)
* Entries of W(z) are the control-to- _‘ —‘

output small-signal transfer functions

\J

of the digitally controlled converter.

P. Mattavelli, L. Corradini
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Quantization Effects
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Quantizations

. N
. NENTRAN
,~ Quantization™

Tk e[k] | - V| ulk // \‘\ Driver
M e 1 ] e L
\Compensator, | Iy / c(t)

Switched-Mode
Converter

&
VS

1 v S 1i
k| R AR )
N A T

* The above control loop contains three quantizations:
* Input quantization due to A/D conversion
* Output quantization due to finite DPWM resolution

 Control quantization due to finite precision arithmetic

P. Mattavelli, L. Corradini

Quantizations
2,k o[k ,/ . ] ulk // \‘\ Driver z (t
Ty K] elk] : Digital ul ]I' T,_r L » DPWM M > > .SWitched—Mode T(i)
\Compensator | —'J| B c(t) Converter
K " Quantization N .
N / \ Sampling
x5 (k] \ T.—'_ . olK] / To(t)
N Ei T
* The above control loop contains three quantizations: '
In the following, the

* Input quantization due to A/D conversion

* Output quantization due to finitte DPWM resolution

* Control quantization due to finite precision arithmetic

P. Mattavelli, L. Corradini

discussion is limited to
the first two types of
quantization
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Input Quantization

x|k e[k . ulk Driver - Zo(t
s[K] [k] Digital [ _rlTrr | » DPWM M Switched-Mode (i)
Compensator | c(t) Converter
+* Quantization ™~ .
N / Sampling
2 [k rolk T,(t
(k] ! JJ{.J' L )
N L T
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Input Quantization

* The quantizer has a so called linear range, Ao = Q[xo]
within which the quantization error remains //
bounded to within |e,| < g, 4p/2 /

* Outside the linear range the quantizer
saturates, and the quantization error a
magnitude increases as |x,| increases.

* Each input interval corresponding to the
same output level is commonly called bin.
Input values belonging to the same bin are
indistinguishable to the digital compensator.

Linear Range

Eq—T — 2z}

f\‘* f\Tl\ N l\\7R
qo,A/D ’\j

S

P. Mattavelli, L. Corradini
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Input Quantization

* In regulation applications, the output signal
x, can therefore only be regulated to within

£q,4mp/ 2. A

e The zero error bin is the bin inside which it

bin
is desired to regulate the output. It s | ~ /
identified by a digital setpoint X, y
* Note that when the sampled outputlies [ I_ "
inside the zero error bin, the control error e
iszero™:  TTTtmmotomsoossoosooooeoooeoo T
€= X,op—X,4=0.

Vous Zero-error

* Do not confuse the quantization error e, with
the control error e!
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Output Quantization

T,k e[k k / 5 Driver 2o (t
7 [K) M Digitar | ]:' JJTr" il v 1L Switched-Modd_"\")
Compensator | | B c(t) Converter
Quantization S i
ampling
23[K] {r TolK] , Zo(t)
] T
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* The digital compensator is typically capable
of calculating the control command u[k] with
a resolution much higher than what the
modulator is capable of. For such reason,
ulk] is quantized into a lower resolution
signal u°[k] before being acquired by the
DPWM.

* Such quantization can be modeled as a
process in which some of the least
significant bits of u are eliminated via either
round-off or truncation.

e The Figure represents the u® vs. u

quantization characteristic when the two
least significant bits of u are truncated.

P. Mattavelli, L. Corradini

* Quantization of u corresponds to the
minimum duty cycle variation ¢, the
modulator can generate.

*In tum, ¢, induces a corresponding
quantization g, ppyy, of the output voltage
range.

b ] 1] ] pwn 1
-r'] c(t)
AU°

e

ooce!
]

ey

i

gooo
,...-I
— eoes’

* In the case of Buck converter: V.=D"V

* More generally, if M(D) is the converter
conversion ratio:

Vw =M (D)7,

oM

= 4, prwm (D)= aiD.qD 'Vg

* Observe that, in general, g, ppps, depends
upon the converter operating point.

P. Mattavelli, L. Corradini
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* Buck converter example: Ay, |
_ ]\[(Do)//JI
* Go.opwm =940V T Tttt pa i
- = /_*’ | |
* Quantization on V, is uniform * . 7 | !
as longas V, is fixed TR T T T M
Qoopwnm | _ _ _ _ _ _ v . | | ! |
.7 ! I I ! I
A 4 : ! I | : |
1 _ o7 ! | : ! [ | 1
ST T T T -
0 1/8 2/8 3/8 4/8 5/8 6/8 7/8 1 D°
* Boost converter example: dve, , !
|
5 M(D%)!
* qo.ppwm=4pV/(1-D) 8 4 !
. . /1 !
* Quantization on ¥, depends v S
. . b |
on the operating point D even Qoorwat T ! |
. ' b e 2 I
with V, fixed. | -7 !
: Moo
1¥=377 | | | : : | :
I l l l ! 1 l |
T T T T 1 T T -
0 1/8 2/8 3/8 4/8 5/8 6/8 7/8 1 D°
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Interaction Between Input and Output

Quantizations

Input Quantization Output Quantization

Zero-error
bin

40,DPWM

* If no output quantization level falls within the zero error bin, the digital controller
will never reach a steady-state condition.

* As a result, a permanent oscillation arises, in which the output voltage endlessly
moves around the zero error bin.

* Such oscillation, inherently nonlinear in nature, is an example of limit cycle.
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Interaction Between Input and Output

Quantizations
Input Quantization Output Quantization
Al
Vour IO ¢
T F—————— e ________ YoDPWM
bin l B T
QoD —mmmmemmmeem e

* In order to prevent the above condition to occur, the DPWM resolution — expressed
in terms of output voltage — needs to be finer than the A/D resolution:

(No-limit-cycling
4o.ppwm < 40,4/D condition #1)

* Such condition, however, is necessary but not sufficient to prevent limit cycling.
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Example of Limit Cycle

2.52
2.515
2.51
2.505
SEAM M MM MMM MMM N M
2.495
2.49
2.485
2.48

0

time (ms)

* In the example, q, ppwar™> 904

* = A low-frequency limit cycle arises

P. Mattavelli, L. Corradini 110



* Consider now a digital PID
compensator such as the one
reported in the Figure. Suppose the
sensing gain of the feedback is unity,
ie. H=1.

Assume also the system to be in
steady-state _and _with no limit
cycles. Since the feedback contains
one integrator, it follows that e[k]=0.

This means that both the
proportional and derivative
components of the control signal are
zero, while the integral term is
constant:

ulk]=u.[k]=constant

P. Mattavelli, L. Corradini

* The integral term can be written as

k

u[k]= K, ) en]

n=—0

* Since ¢[4] is a digital sequence, each
e[n] is an integer multiple /[n] of the
A/D quantization step g, 4p:

ulk]=K, “Youip " El[”]

n=-o

» Since u[k] = u,[k] = constant, the
summation of the /[n] terms must
converge to some integer N:

ulk] =K, “qo.4/D N

P. Mattavelli, L. Corradini




* Equation

|u[k] =K. 9, 4D 'N|

implies that, in steady-state, u[k] is
quantized by K;q,,p In other
words, u[k] inherits the granularity
of e[k], scaled by the integral gain
K.

i

Similarly to what seen in regard to
the DPWM quantization, one must
therefore expect such quantization to
induce a corresponding granularity
4,k on the output voltage.

P. Mattavelli, L. Corradini

Effect of

113

the Integral Gain

Input Quantization

Voul

Zero-error
bin

K;-induced Quantization

* Given the initial assumption of steady-state operation with no limit cycles, it
necessarily follows that at least one K; quantization level falls inside the zero-error

bin:

9oxi <9o4/p =

(No-limit-cycling

1
7 Guls=0)-H-K; <1 condition #2)

r
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Comments

* No-limit-cycling conditions #1 and #2

1
—G,(s=0)-H-K <1
N vd( ) i

I3

9. 0pwm < 90,4/

can be regarded as necessary, but not sufficient to guarantee absence of limit cycles.

* From a design standpoint, the above equations nonetheless serve as good starting
points. Further investigations on the possible occurrence of limit cycle oscillations
are best performed via simulation.

* In the case of voltage-mode control of a Buck converter one has G, 4(0) = V,, and the
second condition becomes

NLVg "H-K, <1

”

Large V,'s tend to make g, ; larger, potentially triggering limit cycle oscillations.
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Effect of the Integral Gain: Example

v, (V)

o5 AAA A A A A A A NA_A AN
MW N VT VYV VNV VY

time (ms)

*In the previous example, ¢,ppyy; 15 reduced so as to satisfy
90,0PWM < 9 0,4/D-

* The limit cycle, however, persists. The reason is that the controller integral gain
violates the no-limit cycle condition.
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Effect of the Integral Gain: Example

2.52
2.515
2.51
2.505
2.5
2.495
2.49
2.485

2.48
0

v, (V)

time (ms) 4 6

* After the integral gain is reduced, the limit cycle vanishes.
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Part IV

Advances in Digital Control for
High-Frequency dc-dc Converters

Research in Digital Control of

High-Frequency Power Converters

Focus on high-performance, low hardware complexity control solutions
capable to:

1. Be competitive against well-established analog controllers

2. Offer new features, not available with analog ICs

Multisampling
Control

Event-Based
Control

Efficiency
Estimation vs.

online optimization Relay-Feedback

Autotuning

Model Reference
Autotuning

Mixed-signal
Digital Hysteretic Control
Control

Research in
Digital Control

Robust Nonlinear
Time-Optimal
Control
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Digital Time-Optimal Control

Load Transient

e[k] ‘ Detection |
> PID . Buck C rter
Ve, uck Converte
N—» DPWM I
Time-Optimal L

Controller ;
J; ESR fo1)

+ )\me Cl
O— % =L (1)

* A conventional PID controller is active during normal operation

v

\4

* A nonlinear time-optimal controller (TOC) takes over when a load change is
detected

* The TOC control recovers the voltage error with a single on/off switching
action

P. Mattavelli, L. Corradini 125

Digital Time-Optimal Control

Time-Optimal Transient

(load step-up case): Once the load change is

____________ detected:

1. Primary switch is turned on
for a time interval 7,

2. Primary switch is turned
off (and  synchronous
switch is turned on) for a
time interval T,

3. If T,, and T, are properly
timed, the output voltage is
brought back to regulation
In minimum time
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Time-Optimal Transient
(load step-up case): * Both 7, and T,y depend on

AV,
S the power stage parameters.
_ me
* However, it is possible to
realize a Time-Optimal
. switching sequence without

preliminary knowledge of the
power stage parameters, as
long as times and voltages

>t can be measured "on the fly"
during the transient.

P. Mattavelli, L. Corradini 128

Parameter-Independent
Time-Optimal Control

Time-Optimal Transient Principles involved (assume #,=0):
(load step-up case):
éf/}_h_* _____ Ql + ng =0
- Vi Charge balance,

does not depend on C

i,(Ty) = iy(Ty + T, + T3)
Volt-second balance,
does not depend on L

The time-optimal sequence can
be implemented robustly as long
as T, and AV can be measured on
the fly during the transient

time-optimal equations

Vow = ref — (1-D)AV
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Parameter-Independent

Time-Optimal Control

Time-Optimal Transient Robust time-optimal sequence:

(load step-up case): 1. Upon transient detection, turn

"""""" primary switch on
" Ver 2. At the valley point, measure the
value of output voltage deviation
AV and calculate V,,
3. Measure time interval 7, as v,(¢)
> [ reaches V,
4. At v, (1)=V,,, turn switch off and
calculate 75
5. At the end of T3, return to PID
>t operation

'n'n T
Parameter-independent

time-optimal equations Vaw = Vyer — (1 — D)AV
sw re

P. Mattavelli, L. Corradini

Parameter-Independent

Time-Optimal Control

Time-Optimal Transient Robust time-optimal sequence:

(load step-up case): 1. Upon transient detection, turn

"""""" primary switch on
" Ver 2. At the valley point, measure the
value of output voltage deviation
AV and calculate V,,
3. Measure time interval 7, as v,(?)
t reaches V,
4. At v, (1)=V,,, turn switch off and
calculate 75
5. At the end of T3, return to PID
> f operation

An asynchronous A/D
converter is the best choice
to perform fast detection of
the voltage deviation AV
during the transient

P. Mattavelli, L. Corradini



Asynchronous A/D Sampling

Load Transient
e[k] ‘ Detection s 4 Asynchronous A/D Conversion
L. mme-Opiil | O wl
Controlld v

I R e

)\ data_ready >/
N v, [k] || H || data_ready ”

> {

* An asynchronous A/D converter quantizes the output voltage as soon as it
crosses a quantization level

* Adata ready flag is asserted upon every conversion
* Viable approach for fast acquisition during the Time-Optimal Transient

P. Mattavelli, L. Corradini 132

Load Transient

e[ k] ‘ Detection

Transistor-Inverter

I—y Ti Quantization (TIQ) e B

Asynchronous A/D

Converter [36] . G
)\ data readyL s oo
-/ ] (L —
vo ] /D ! I I ' -

IA

* An asynchronous A/D converter quantizes the output Voltage as soon as it
crosses a quantization level

* Adata ready flag is asserted upon every conversion
* Viable approach for fast acquisition during the Time-Optimal Transient
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Experimental Results:

Conventional PID Control

0-84 load step response Experimental case study:
Conventional PID Compensation

Vo (50mV/div) * 5V - 1.6V synchronous buck,

LeCroy

| ] "_T"“‘—"" fSZSOO kHz, L=1.1 uH,
‘ C,pn=250 uF (ceramic)
\ i Sus/ dl?’ * Asynchronous A/D quantization
Aral 3 iy (SA/iv) | Step Ag=3mV
S A A A A A o Load detection threshold
: ! AV,=12 mV
f, /‘\V/\ AN /
RN EE Pﬂ vgl\j[ erl/ ?dﬂ ;JUD[ * Experimental tests:
] 1V .
_.___H“{--L‘Lgmtkt_?uuuuuuu * Conventional PID
L 5ps 50my 5 ps 2.00 V 5 ps 5.0 A STOPPED

* Proposed Time-Optimal,
Voltage Based Approach

PID Design: Tests for diff | ]
— —AR0 * lests for difterent values o
[=43 kHz, 9,=43 the output capacitance
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Experimental Results:

Time-Optimal Control

0-84 load step response Experimental case study:
Proposed Time-Optimal, C=C,,,,,,
Em“ v, (50mV/div) ¢ 5V — 1.6V synchronous buck,
—— ‘ £=500 kHz, L=1.1 uH,
‘ Chom=250 uF (ceramic)
i Sus/ dl?’ * Asynchronous A/D quantization
A : i (5A/div)  step Ag=3mV
// A AAIAAAAN A ] o Load detection threshold
T AV,=12 mV
LU !
| 1anaanpnnnaann « Experimental tests:
UL i \‘ L L L MPY%(SX/ Sﬁ) « Conventional PID
L 5 ps 50my B 5ps280YV [ 5ps5.04 STOPPED

* Proposed Time-Optimal,
Voltage Based Approach

* Tests for different values of

the output capacitance
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Experimental Results:

Time-Optimal Control

0-84 load step response Experimental case study:
Proposed Time-Optimal, C=C,,,,+56%

feroy i Vo (50mV/div) * 5V - 1.6V synchronous buck,
— /‘—\,—M ‘ fSZSOO kHZ, L=1.1 MH,
i C,om=250 uF (ceramic)
! ‘ * Asynchronous A/D quantization
! iy (5A/div) | Step Ag=3mV

Sus/div

S N AN A s ks e Load detection threshold
/, v T AVth:12 mV
1Nl (AR ‘7 LI H.' ﬂ’ 0. Experimental tests:
3L U L H _‘ £ L  PWM (2V/div) i « Conventional PID
f 5ps5.08A @ 5ps2.88Y

L ovesow e * Proposed Time-Optimal,

Voltage Based Approach
* Tests for different values of

the output capacitance

P. Mattavelli, L. Corradini 136

Experimental Results:

Time-Optimal Control

0-84 load step response Experimental case study:
Proposed Time-Optimal, C=C,,,,—40%
E@“ P * 5V - 1.6V synchronous buck,
- T . fSZSOO kHz, L=1.1 MH,
Vo (SOmY/le) Com=250 uF (ceramic)
\/ sus/ dl‘V « Asynchronous A/D quantization
1 i, (5A/iv) | Step Ag=3 mV
//' S AAASSAA A A A AL o Load detection threshold
; T AV,=12 mV
P I

al b / \
— ﬂ . .
,,}J Aggressive digital designﬂ\m% * Experimental tests:
- allows to robustly respond to * Conventional PID
* Proposed Time-Optimal,
Voltage Based Approach

* Tests for different values of

the output capacitance
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wide load step variations in
a time-optimal manner



Research in Digital Control of

High-Frequency Power Converters

Focus on high-performance, low hardware complexity control solutions
capable to:

1. Be competitive against well-established analog controllers

2. Offer new features, not available with analog ICs

Efficiency
Estimation vs.
online optimization

Relay-Feedback
Autotuning

Multisampling
Control

Event-Based Research in Model Reference

Control Digital Control Autotuning
Robust Nonlinear
Time-Optimal Mixed-signal
Control Digital Hysteretic Control
Control
P. Mattavelli, L. Corradini 138

Digital Autotuning

Electrolytic Ceramla, i

i o I o i
—— - T L. Caps Ty

Vi —— i i ,I CJ_ i i J_ J_E i
T 37 i l N |

: P ' b o

1 ! i \ | | ' !

: \V4 E ! \ . ;|; ;|; ;|; /|

i PoL Converter | N
"""""""" ! e s o

\\ //
Design challenges TN

in Point-of-Load converters:

* Number, types and values of

load decoupling capacitors qu.nvalent
often unknown to the designer capacitance and
* Component tolerances ESR may vary over

* Temperature variations or orders of magnitude

aging
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Digital Autotuning

E E E L i Electrolytic Ceramic i 3
E : : i : Caps Caps !
: i o

Vi —— \ % i

PoL Converter !

Control design approaches

Standard, worst case design:

* Must accept significant
penalties in closed loop
performances

» Unable to track process
parametric variations

P. Mattavelli, L. Corradini

Self-tuning digital controllers:

» Optimized closed loop
bandwidth while maintaining
proper stability margins

* Online tuning is possible to
track process variations

140

Digital Autotuning
S U D W A sl
T 37 BE
1 111 ll 1

PoL Converter !

Objectives of the tuning algorithm

* Determine the compensator parameters in order to meet proper
stability margins, and ensure adequate dynamic performances.

* Typically:
« Phase margin ¢,, = ¢,

* Loop gain crossover frequency f,

P. Mattavelli, L. Corradini
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Closed-loop Autotuning

based on Model Reference

Compensator

» C(z) G(2)
e[k] A Converter
—U
Tuning . o £
| Algorithm [e ~¥% L= (2)

e >

+ vo[k] _r" e
Ver

*In closed-loop configuration, an input perturbation wu,[k] is
superimposed to the modulating signal
* The model reference expresses the desired system loop gain:

T'(z) = C'(2)G (2)

P. Mattavelli, L. Corradini 142

Closed-loop Autotuning

based on Model Reference

Compensator

» C(2) G@)
¥ 1 Converter
«— U
Tuning N l .
_ | Algorithm | ¢ ~ + Phase Shift
\‘ >
' ST
me

« Rather than forcing condition 7(z) = T'(z) at every frequency, it is
imposed only at the desired crossover frequency f.. Therefore, the
model reference reduces to a simple phase shift:

T*(fc) = e JM=0m) = _oiPm
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Application to Two-Parameters

Regulators (PD or PI)

Single-frequency perturbation

</ atf=f

—> PD(2)

* Two-parameters
regulators like PD or PI
structures

1 * Single frequency
A injection
”y_EeZ' .

. Y- \ * u, is delayed by g,
Tuning Algorithm |[¢—— 7 degrees rather than
/ delaying u, by
2n—q,
=> shorter delay line

Can be implemented with z-¥ or by
means of a dedicated filter

P. Mattavelli, L. Corradini 144

Application to Two-Parameters

Regulators (PD or PI)

Single-frequency perturbation
/\/ 1, [k] g q yp

</ atf=f

elk] Uuy[k] Utu,[k]
—| PD(z) >
A A + +
K K U— O;— U Phasor analysis of
? ¢ the tuning error
[ u
eXp(_] D) B x
8_Mx_uy_del
Uy, der l
. . e X
Tuning Algorithm [e———()«—* Hy det}
u \
y CP,,1 _3
‘\
\
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Application to Two-Parameters

Regulators (PD or PI)

Single-frequency perturbation
/\/ 1, [k] g q yp

< atf=f

elk] Utu,[k] Utu,[k] R
—> PD(2) —I >
1 1 U —5 N +O —U Orthogonal
K, K, Decomposition of

the Tuning Error

exp(—j cpm) I

€
uy_del
_ €,

Tuning Algorithm <—£O<+— Uy
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Application to Two-Parameters

Regulators (PD or PI)

Single-frequency perturbation
/\/ 1, [k] g q yp

</ atf=f

g, is responsible for the
amplitude mismatch
between u, 4, and u,

exp(—j cpm)

Used to

Uy, der l tune

- . N 5 derivative
Tuning Algorithm [e——(O«—*% gain K,
u, )/ ! uyidel

,' Uy

< B
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Application to Two-Parameters

Regulators (PD or PI)

/\/ K]

Single-frequency perturbation

</ atf=f

elk] Utu,[k] Utu [k]
—> PD(2) >
A A + + g, is found by projection
U—» ()y—Uy of € onu,. An integrator
K, Ky performs the tuning.
a exp(—j cpm)
127!
A Uy del
P A A u
» :_._04—
K, tuning |¢——
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Application to Two-Parameters

Regulators (PD or PI)

/\/ K]

Single-frequency perturbation

</ atf=f

elk] Utu,[k] Utu,[k]
—> PD(2) >
A A + + g, 1s responsible for the
> < phase mismatch between
K, X, U O+«—u
o exp(—j cpm)
— Used to tune
4 Uy del l proportional
Py e Y o u gain K,
» :_._04—
u, ’ uyidel
K, tuning |¢—— e Uyl

P. Mattavelli, L. Corradini
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Application to Two-Parameters

Regulators (PD or PI)

Single-frequency perturbation
/\/ 1, [k] g q yp

</ atf=f

v

—>| PD(z) —I

¢, is found by projection
of € onu, . An integrator

P performs the tuning.
) i exp(—j cpm)
121 11
A A uy_del
Pl Py € X+ u
e Od—

A

— | X

A

“—190° phase shift
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Experimental Example

Post-tuning loop gain

2 * 5V —1.3 V synchronous buck,
g =REh £.=200 kHz, L=800 uH,
2 C=2.6 mF
s .
™ -+ PD tuning
* Tuning targets: /. =f/12, ¢,, = 60°
% 1-00 | s ! ‘ J
£ “ arg(T) [~ (; V(1) $20 mvidiv |
18?03 ‘ 10" Frequency (Hz) 10° PRI

Post-tuning 0-6 A

step load response |:' > $5 Addiv ;
(PD compensation) WWWWW\WV\/\MW
3 20 us/div E
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Cross-Correlation Based

Identification
Viy Reference work:
Switched-Mode Power Converter . . .
e | [48] B. Miao, R. Zane, D. Maksimovic, “System
A Identification of Power Converters with Digital

| =i= Control through Cross-Correlation Methods”,

D rogrammable ! e[n] 1 1
IEEE Transactions on Power Electronics, Vol.

i IE 20,no0. 5, Sept. 2005
Impulse Response

P. Mattavelli, L. Corradini

Cross-Correlation Based

Identification
i , 1. Inject pseudo-random binary sequence
Switched-Mode Power Converter
Ve | (PRBS): d=D +u
A TLr 2.Collect output voltage perturbations
' D eln] 3. Cross-correlate input u with outpute to
pr— e - Cross- putu w utpute
2 get impulse response
4.Fast Fourier Transform to get frequency
rsponse
Impulse Response
Output Voltage Perturbation Impulse Response Frequency Response
| e S
filt “““ ‘ w correlate D: F . "y
H \“ L“w }/?‘AI‘ Il 1 f 100 107 107 10°

B2

GV NE doms A Cha 71063

P. Mattavelli, L. Corradini
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Phase(deg)

107 10
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Identification Approches

» Parametric identification: a set of parameters is estimated
to best-fit the identified response with an analytical model,
as in:

* B. Miao, R. Zane, D. Maksimovic, “Automated Controller Design for
Switching Converters”, IEEE PESC 2005

* =>Accurate
* =>Computationally Intensive!

» Non-parametric identification: the tuning algorithm
directly works on the magnitude/phase vector of the

process transfer function, as in:

e [52] M. Shirazi, L. Corradini, R. Zane, P. Mattavelli, D. Maksimovic,
“Autotuning Techniques for Digitally Controlled Point-of-Load
Converters with Wide Range of Capacitive Loads”, IEEE APEC 2007

“System-ID Autotuning” (CoPEC) [

P. Mattavelli, L. Corradini

System-ID Autotuning Algorithm

| Inject PRBS |
i
Cross-correlate .
| T | Identified G, (f)
| FFT | 0 g
| ,‘#A
A 4 o 20 [] ® o e)e sosoees
| Findf, | % . [/2 T/’ fﬂl
] g 72
— 2 | kHA Y7 6.1kHz ¢
| Setf. = /o | g 20] 5.7 kHz 16 l:H .
| Z
Y L]
| setfi—fiw | 40 - . 4
- 0 T ¥ )% e Seseegq
Search for £, "'\\
to meet stability Decrease f, — S0k
marginsatf, - g 100
; g v me = 58°
fich £, existir, NO * 1801 v Est. GM > 10dB
I -200 £
3
vV YTS 10
| Compute PID gain K |
v
-Tuning complete
P. VI T UTId 155




Sys-ID Autotuner: experimental

results

Post-Tuning 0->9A load transients with two different capacitive loads
12V-1.5V Synchronous Buck Converter,
L= 1uH, f=200kHz

C =3 mF electrolytic C =600 uF ceramic
X (2.2mF Al electr. + - en o (200mF tant. electr. -
' 200mF tant. electr. +400mF ceramic) : +400mF ceramic) ;

d Targetf.=10.5 kHz \
|+ Predicted mg;=59.8°

e Targetf,=16.0 kHz \
e Predicted mg,=57.2°

« PID Data: « PID Data:
K=2.130 V-! : K =0.963 V-!
f,=2.7kHz : f,=6.1 kHz
o f,=10.5kHz A f,=3.5kHz P

@& 20.0mVASICh2 2.0 2.04V @l 50.0mVASIChI| 2.00 V&M 2.12 V|
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Research in Digital Control of

High-Frequency Power Converters

Focus on high-performance, low hardware complexity control solutions
capable to:

1. Be competitive against well-established analog controllers

2. Offer new features, not available with analog ICs

Efficiency
Estimation vs.

Multisampling online optimization

Control

Relay-Feedback
Autotuning

Event-Based Research in Model Reference
Control Digital Control Autotuning
Robust Nonlinear
Time-Optimal Mixed-signal
Control Digital Hysteretic Control

Control
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Digital Online Efficiency

Optimization of dc-dc Converters

* Traditional approach to efficiency improvement:

 "Optimization" carried out during the design phase and limited to a
specific operating point or narrow operating range

* Often topological modifications/ancillary elements are required to
mitigate efficiency loss outside the optimal range

* Fixed modulation scheme =» converter capabilities not fully exploited

P. Mattavelli, L. Corradini 158

Digital Online Efficiency

Optimization of dc-dc Converters

* Digital online efficiency optimization:

* Exploit converter degrees of freedom, dynamically adjust operation to
reach and track the maximum efficiency point

* No topological modifications, transfer additional complexity to the
controller rather than to the (more expensive) power stage

* Inherently exploit maximum efficiency of a given topology and for a
given operating point (e.g. mixed soft/hard switching operation)

* Advanced control / modulation strategies facilitated by the digital
approach

P. Mattavelli, L. Corradini 159



Digital Online Efficiency
Optimization of dc-dc Converters

. . 7 : (a) Before '

* From [56]: V. Yousefsadeh and D. Maksimovic,  *|y, , optimization
"Sensorless optimization of dead times in de-dc ' k

converters with synchronous rectifiers," /EEE Ve = ]

Trans. Power Electron., vol. 21, no. 4, pp. 994- :w
1002, Jul. 2006 Vel \

EP] 200V & Ch2 200 Vo M 400ns CRT~N 256V
Ch3 10.0v & Cha 10.0v &

. .. . . (2)
* Sensorless dead time optimization in a
T

synchronous buck dc-dc converter 7 B S

Tek Run: 125MS/s Hil\(es

N 1 (b)After |
* Efficiency improvement from (a) 87.3 % (before Vo] |optimization
optimization) to (b) 92.4 % (after optimization) = .

EH 2.00V & ChZ 2.00 V: M 400ns ChT \ 2.56V
10.0V & Chd 100V &

(b)
P. Mattavelli, L. Corradini 160

Dual Half-Bridge

Series Resonant Converter

27\ [ 3

My

A number of degrees of freedom are N
offered by the DHB-SRC topology: Vs

* Duty cycle d, of first leg

* Duty cycle dj of second leg

* Phase lag ¢ between control signals

. . vB T:/2
* Switching frequency f; -
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Output Power and Efficiency

Contour Plots

Bor ”_ {dB - 0.5

R, = ESR, + ESR. +2R, f, =constant
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Maximum Efficiency Point

* Infinite (d,, ¢) configurations correspond to the same output power
* Among these, an optimal control input exists which maximizes efficiency

| Po/Po max 1 n
—— — 53— — N0
0:6 0.6 ower contour
s MUCC DD ol T
N AN
N— 7))

OO 30 60 90 120 150 180 O0 30 60 90 120 150 180

$(deg) $(deg)
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Maximum Efficiency Point

* Infinite (d,, ¢) configurations correspond to the same output power
* Among these, an optimal control input exists which maximizes efficiency

Po/Po,max n
1 1
——— 37— — N
0.8 /@///?QSw\ 0.8 ;%7?\“0\4
-l 0 ‘ 7 \
0.6 / /PN 0.6 g /1\\/Iaximum
a L DD afll e
0.4 \\\0_9// 0.4 ’0&// points / 0
~~—__ :
AN B2\
OO 30 6O¢(d90) 120 150 180 O0 30 60 ¢(9dO )120 150 180
eg cg
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Investigated Approach for

Online Efficiency Optimization

+

I A ' | | | |
Vo
"

| Digital Modulator |

) f ¢ T(IA
! | (a, k) — (¢,d4) |
K &
Minimum
J Toltao
i Current Ouput Voltage

Tracking Regulator

A/IULTI-VARIABL\

CONTROL

* Two loops:
* Regulation loop (command x) regulating the output voltage

* Slower optimization loop (command o) minimizes the input current using a
minimum current tracking algorithm (e.g. Perturb&Observe)

* Choice of the (a,k)=2>(¢,d,) map is crucial to the robustness of the control
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Investigated Approach for

Online Efficiency Optimization

Control input is constrained to lie
on a straight line passing through
the maximum power point:

1 Po/‘Po,max
— | T
/ } 5%
0.8 |
—
! Max. Power
0.6 ‘ Point
dA I ]

|
S TT0% A
’ | ~—_
s _x .
’ \%’/ 9 = o determines the

4__/ d, = a(,(_%) +05 slope of the

02 X
\ p

—
//
04 \\ A )
\
\
.

control line

’ |
OO 30 60 90 120 150 180
¢(deg)
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Investigated Approach for

Online Efficiency Optimization

Control input is constrained to lie 5.5
on a straight line passing through : '22 L ve() N
the maximum power point: 475} .
435010 030 40 50
1 P, /‘Po,max 1 ime (ms)
— 0.8
// i 5% 0.6F Ie(t)
0.8 i L
T 02|
/ ' Max. Power o
0.6 " Point | 0 10 20 30 40 30
d / ‘ﬁ/ X . Time (ms)
A \ ) ] I 110
0.4

\
S/ ! 70% 105 :
1/ 100} :
B/ \
0.2 ( ! 105t :
£

) Yo 12 14 16 18 20
|
% 30 60 90 120 150 180 Time (ms)

¢(deg)
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Online Efficiency Optimization:
Experimental Results

Switching frequency f; 200 kHz

05 Input Voltage V, 12V
Output Voltage 5V
0.4 Nominal output current 1A
Tank capacitance 630nF
03 Tank inductance 2.1 uH
da Equivalent tank 0.22Q
02 resistance R,
Input current sensing 0.2Q
resistance
o P, = ::I Efficiency optimization as
Control trajectories ’ seen on the (d,, §) plane
%0 0 10 20 30 40 50 60 70 80 90 (experimental)
¢(deg)
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Online Efficiency Optimization:

Experimental Results

v, Switching frequency f; 200 kHz
Input Voltage V, 12V
Output Voltage 5V
Nominal output current 1A
Tank capacitance 630nF
Tank inductance 2.1 uH
valent tank 0.22Q
pnce R,
current sensing 0.2Q
ance

0.51 N M Efficiency optimization diSabled | _

0.4 @ Efficiency optimization enabled = .

03 m Efficiency
2 | ‘ -

020 02 04 06 08 L Improvement

ilaad (A)

169




Part V

Oversampled Current Controller
for Grid-Connected Inverters

Application example: Interfacing
DERs to the Utility

G G ]
_________________ : I | * Grid-supporting behaviour
’ ' L v Microgrid during grid-tied operation.
Energy ¢ Grid-forming behaviour

during islanded operation.

1
1
1
1
|
1
' |[Resource
1
1
1
1
\

* High-performance current controllers bring several advantages in utility interface
converters operation, like:

* sustaining fast load transients
* compensating harmonic currents

* rejecting grid disturbances
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Motivations of comparing current

controller in utility applications

* Comparing three different fully digital, oversampled, large bandwidth inverter

current controllers:

¢ Proportional-Integral Controller

* Predictive Controller

Buso et al, "Oversampled Dead-Beat Current Controller for Voltage
Source Sonverters," IEEE APEC Conf. Proc., March2015.

* Hysteresis Controller

Buso et al, "A Non-linear Wide Bandwidth Digital Current Controller
for DC-DC and DC-AC Converters,” IEEE Trans. Ind. Electron., 2015.

* Providing exprimental verification of analytical/simulation analysis of the
three controller solutions.

* Identifying which controller attains the highest performance when adopted as
the inner current control loop in a microgrid utility interface converter.
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i QTR ST

L 1.2 uH
f ? f ? c 100 uF
Vs 230V, 50 Hz
Driver
A VDC 400V
Current - ZG 0.5 +J02 Q
Controller |g—71 S 20 kHz
Current Power Rating 3 kVA
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Sampling Approaches

A Single Sampling Approach
ip(?) £ _—
sampling SW
(k' 1 )Tsw kTsw (k+1 )Tsw t

Multiple Sampling Approach
1CS&lﬂpIiﬂg - Nfs\\

(k' 1 )Tsw kTsw (k+1 )Tsw t
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Design Example:

single vs multiple sampling

60 E [ F F F FFE E E . .
2 w0 Multiple Sampling, N—8 15 kVA Active Filter
=) ] f.w =10 kHz
N~ ) .
g 20 ~ Current loop gain Bode
2 7 —0 plots
= . U m—
%0 -20l.| Single Sampling ] 1 \\;": -
= C Tl ~__
Moo T T 10k N -
0 : : 1CC.SS :fsw/g
: : fc,MS:fsw/5
6\ ‘45 I i
1 1
g Lo _—| mg = 60°
»n -90 ! 1
2 O =
— ! 1 ——
A~ 135 U ol
T N ™
480— AN
?00 1k 10k
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Single Sampling Current Control

Simulation

15 kVA APF with three-phase diode rectifier load

fsw = IOkHZ 20l i i . L L HDS=9.6%
W V
g 0 % \/;
Current Control: .20/ |
fc = fsw/8 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08
= o 20 = T T T T
mg = 60 . THD,=27%
load
< 0 U
-20 r r r r r r r b
0.04 0.045 0.05 0.065 0.06 0.065 0.07 0.075 0.08
20
< 0
-20 : . P : : : :
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08

[s]
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Multiple-sampling Current Control

THD=4.8%

Simulation
15 kVA APF with three-phase diode rectifier load
f.w = 10kHz 201 _ B
Ls
z 0

-

Current Control: 200

N

fC = fsw/5 0.04 0.045 o.os/oftfss 0.06 0.065 0.07 0.075 0.08
— [¢] 20 T T T T =
. 1< ©
Line Current THD 1s
1 | 3 o C r r r r r r r 1
halVed with resp e.ct to /:04 0.045 0.05 0.055 0.06 0.065 007 0.075 0.08
the single sampling 20+
solution
T 0 !
'20 r r lF r r r r 1
0.04 0.045 0.05 0055 006 0065 0.07 0075 0.08

[s]
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Controller Hardware

* LabVIEW environment to
implement control algorithms.

*  Control hardware: GPIC board.

* Custom high performance external

Al as sensing device connected to
the FPGA of GPIC:

Resolution: 12-bit

— Analog bandwidth: 200 kHz

— Sampling rate: 40 MSample/s

CMRR: 80dB

GPIC Custom current sensor

P. Mattavelli, L. Corradini 178

PI Current Controller

Clock I]‘J switch drlvers

FPGA

ILrer  differential
amplifier

Pl
Current

Control—‘|
| y M
ADC clock ‘| DPWM clock

frequency divider

ADC

—————————————————— galvanic isolation - -

Modulator transfer function:

Current Controller Transfer Function:

2V  sTew
Grun() = hisa =€ Ws) _ BEHE)

Output impedance: Wi, (s) =

1 /LREF(S) 1+ GPWM (s) H(S)
Zo(s) = z//ZG(S) +sL+ ESR, = sL<— crossover frequency
Pl regulator transfer function: » Adequate to design the Pl controller

II—REF + Viny
H(s) = Kp + ﬁ SO H | Gpum 2% 1/ Z,
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Predictive Current Controller

:-_‘-_-_-_-_-_--_____________________l SWitCh drivers
| lger differential ! Clock =527 !
! ®_Lamp|ifier i FPGA EFI>—E—E|
E ] : Npit t;its E AI>_E_D
Ll ' 7 |Predictivg | l
: C ADC Current | s 4{>—|:|
l Control j! ; ;
¥C | iy i 4{>Tu
! ’ AV ADCclock 7 : DPWMclock fi__ 7 ___ :
Vo | frequency divider
. voltage sense !
' amplifier o ) '
R ettt galvanic isolation - -
Predictive Model:
vinv (k) = 2Vpe L oy €ir (k) + vo(k) Current Controller Transfer Function:
Plant transfer function: () 6(2)H(2)
; _ 1(z 2)H(z 1
it(z) Tsw z7! Wiy (2) = = =z
G(z) = = o8 / 1+ G(z)H
(2) vinv (2) 20 1— 71 Lo Z) + G(2)H(2)
Controller transfer function: Wi, (s) = T
vinv(2)
H(z) = ——= =2Lfsy
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ILrer differential
amplifier

|-|_-‘C|ock switch drivers

FPGA

np;+ bits
) -
7~ |Hysteresis
ADC urrent
Control

ADCclock =
—————————————————— galvanic isolation - -

VYV

* An accurate simulation model was implemented that allows to test the controller

response to small sinusoidal perturbations of the steady state reference current.

* Based on that, the perturbation effect can be predicted and the controller's phase

lag can be numerically estimated.
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Hysteresis Current Controller

0

Y — N

P. Mattavelli, L. Corradini

Magnitude (dB)

Phase (deg)

Small-Signal Performances

183

1 ‘ .
0 N AP rtm A A NGNS 0 Y erthrant oria N ALY
Experimental Experimental —— Experimental
= = = Analytic Model — — = Analytic Model = =  Simulation Model
-4 -4
0 0 remrrmrrr =g
-10 -10
-20t-- Predictive -20 Hysteresis
-30 -30 ;
Experimental Experimental Experimental
- — - Analytic Model —40[| = = = Analytic Model 40| - — - Simulation Model
‘ i Y -50 -50 : :
10' 107 10° 10’ 10° 10° 10' 107 10’
Frequency (Hz) fsw/6 Frequency (Hz) fsw/6 Frequency (Hz) fsw/6
. f.
Y Measured phase shiftat3kHz ~ (~'*/¢) e Good match between experimental
« Pl controller: -49° and analytical/simulation results.
* Predictive controller: -28° e All the controllers guarantee a high
* Hysteresis controller: -3° performance level.
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(a) (b)

(a) Response to 180° phase steps of a sinusoidal reference current during grid-tied
operation ( v¢ (AC) =230VRMS, f =50 Hz ).

(b) Response to a negative step of the reference current ( v, (DC) =280V ).
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Utility Interface Voltage Control

* Open-loop voltage gains obtained with the considered current controllers

* Pl voltage regulator, designed for 2 kHz crossover frequency, 50° phase margin.

40
201 L eS—— — TN P
[g] ,

Predictive
Hysteresis

|
N
(=]

Magnitude (dB)

|
NN
[6) N e]

-135}-
-180 y = ; e
10 10 10 T 10
Frequency (Hz) fsw/lO

Phase (deg)
©
o
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Summary of Initial Results

All the considered controllers (oversampled Pl, predictive, hysteresis)

shown high performance levels.

* In the bandwidth [10 Hz, 3.0 kHz] the amplitude response is practically flat
while the phase shift is minimum for the hysteresis controller (equal to -3°

at 3.0 kHz) and maximum for the Pl controller (equal to -49° at 3.0 kHz).

* Reference step changes are detected with both minimum delay and rise
time for the hysteresis controller. A similar behaviour is shown by the
predictive controller. Pl regulator response is consistent with its small-signal
bandwidth.

* THD performance of Pl: 1.52 %; Predictive: 0.82 %; Hysteresis: 1.47 %, in
traking a 10 A, sine wave (voltage THD =3 %).
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Utility Interface Results

* Grid-forming mode (islanded operation) with a 1.5 kW ( P{j‘ﬁ‘h@—linear load,

crest factor CF=2.

v, (200 V/div)

Energy
Resource

EiMG(m ATdv)

P Ty

NI ENENE NN SN AN NN SN AN ANENE ARN N AN

(20 ms/div)

Noload 47Q(" 05kwW® 1.0kw® 1.5kw®@

THD @ PCC 0.09% 0.16% 035% 0.72% 1.04%
U Purely resistive load.

(2 Programmable electronic load, crest factor CF = 2.
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Utility Interface Results

Mains

@e_e‘/CB’ Zo Vg CB, g —»
o—{ }—oTo—-———
I

ST oo 7 Grid-connected / Islanded operation:

| Eneray | L e
' nergy i
' [Resource T _ll::} t

a) Disconnection of Ul from the manis

b) Connection of the Ul to the mains
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§msydil
PN 5 O TOU O T AN
3->
4'> g
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Tutorial Summary

* Basics of digital control in power electronics has been outlined for
high-frequency dc-dc converters, including:

* Modulation delay
* Modeling techniques
* Controller design
* A set of advanced applications of Digital Control has been addressed:
* Time- optimal control
* Autotuning
* Efficiency optimization

* Oversampling techniques for inverters have been described
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Thank you for your kind attention!
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