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Application and Background
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[llustration of Power management for modern processors

Power = Constant * Frequency * Voltagez Voltage regulator of modern processor

 In some area, voltage tracking is very strict, requiring high dynamic
responds, e.g. modern computer processors’ voltage regulator;

* Dealing with different working-load, voltage is reconfigurable , e.g. tile
up/down the voltage of the processor for overclocking to obtain better
performance, intel turbo-boost;

* Multi-phase and interleaving techniques is required for all conditions



Digital Control System Overview
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* Most digital control techniques use high resolution internal ADC (Analog-to-
digital converter) and comparator , which results in a large core size and a
high cost;

* Proposed Technique use external DAC and analog comparator, cost-friendly;

* Digital controller combines current programmed control and variable
frequency operation

In small load transient, converter works in variable frequency operation

_ _ Al Vout(1 —D ) _ Vout(1 —D ) Vout(1 —D )
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[1] S. Saggini, M. Ghioni, and A. Geraci, “An innovative digital control architecture for low-Voltage, high-current DC-DC converters with tight voltage regulation,” IEEE
Transactions on Power Electronics, vol. 19, no. 1, pp. 210-218, Jan. 2004, doi: 10.1109/TPEL.2003.820543. 4
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Digital Control System Overview
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Current and voltage waveform during large heavier load transient Current and voltage waveform during large lighter load transient
Vout = Vrer — Raroop * lout

* Under large load transient, controller introduce adaptive voltage positioning
techniques: modifying the reference current and reference voltage
simultaneously to improve dynamic voltage regulation performance, at this
moment, the references is not fixed but load-dependent;

* The optimal value of R4,y is equal to the equivalent series resistance (ESR)
of the output filter capacitor.

AV,
Rdroop = TO: = ESR 5
[4



Determine the resolution of ADCs

Determine the current DAC (DACI)

According to the variable frequency operation

principle, the average current varied with <
switching frequency (see page 4) 5
V,.(1-D) 5

|41}, avg| = i o1 ATs =2 LSBpaci 3

;

* The main idea: DAC should be precise enough &
to make the least frequency variation =

detectable

* In other word: the least significant bit (LSB) of
DAC should smaller enough to overlap the
smallest current variation
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Average inductor current as a function of

switching frequency

15.44 * 1Mhz
44 % (£5% * 1Mhz)

Therefore, the resolution of current DAC can be calculated:

I k_max * TsN ka max * fsN
> P =1 - 1
Npaci 082 <Vout(1 —D )AT 082 Al * Af; +
2L s

>+1 = 7.266



Determine the resolution of ADCs
Determine the volage DAC (DACV)
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* The DACV is determined to satisfy the adaptive voltage positioning
techniques, once the LSBp 4, is decided, the LSBp 4¢y is fixed accordingly.

» According to the adaptive volage positioning operation principle:

R — ESR = AVlow . Mupdate N LSBDACV
d — —_— pu—
roop Alpk Nupdate LSBDACI

* When current variation is small (under +5%), I,,x o keeps the same; while
the variation is large (large load transient), update the refence current.

Nupdate = int[(Tsy — Ts) * fclk]



Controller architecture Overview
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Digital Controller architecture proposed in the lecture
 The digital controller consist of three components, DPWM generator,
Switching Period Calculator, and Control Unit;

* The DPWM is similar as the Datapath in traditional special purposed
processor, and the Control Unit can be translated to a Finite State Machine.

[1] S. Pan and P. K. Jain, “A New Digital Adaptive Voltage Positioning Technique with Dynamically Varying Voltage and Current References,” IEEE 8
Transactions on Power Electronics, vol. 24, no. 11, pp. 2612-2624, 2009, doi: 10.1109/TPEL.2009.2030807.
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DPWM implementation

 D-Flip Flop transformed the

unsynchronized COMPI signal to pumoH o
. . & s <<

synchronized signal; e o
« SR Iatch controls the gate driver P =<

signals PWMnH/PWMnL; pmin s J < | [°
* The Multiplexer changes switching  um. i e

phase in turns by phslect signal; <
 The block returns SWCLK for g & °

switching period calculation and pwML l R

SGNSWOFTF for state switch

condition, D ? Wﬂ/\ _____

entity DPWM is
port (SGNSWON, CompIl, CompI2, CompI3: in std logic; X . )
PhSelect: in unsigned (1 downto 9); T T
SGNSWOFF: out std_logic; Loy duy I
SWCLK: out std logic;
PWM@H, PWMOL , PWM1H, PWM1L ,PWM2H,PWM2L : out std logic);
END DPWM;

DPWM component structure



DPWM implementation

architecture structural OF DPWM IS ' P
signal Dset@,Dsetl,Dset2,Drest0,Drestl,Drest2: std logic; (:2L1§;$$£l$§
begin
SRO: entity SR _latch(sequential) SweLk

port map(Dset@ => Dset, Drest® => Drest,

PWMOH => DQ,

SR1: entity SR _latch(sequential)

wml H
port map(Dsetl => Dset, Drestl => Drest, P
PWM1H => DQ, PWM1L => not DQ); pwmiL
SR2: entity SR_latch(sequential) pwmK
port map(Dset2 => Dset, Drest2 => Drest,

PWM2H => DQ, PWM2L => not DQ); pwmaL

DFFO: entity
port map(clk

DFF1: entity
port map(clk

DFF2: entity
port map(clk

MUXO: entity

pWMmoH

A

PWMOL => not DQ);

pwmoL

;

D FlipFlop(sequential)
=> clk, CompIl => D, Dresto=> Q);

g A

D FlipFlop(sequential)
=> clk, CompI2 => D, Drestl=> Q);

D FlipFlop(sequential)
=> clk, CompI3 => D, Drest2=> Q);

MUX_1to3(sequential)

port map(PhSelect => MUXsel, Dset® =>out®, Dsetl =>outl, Dset2 =>outl);

SWCLK <= PWMOH;
SGNSWOFF <= (Drest®@ or Drestl or Drest2);

end structural;
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Period Calculator implementation

;'_ :'. w
& 4
J
library ieee; Qllemevgrg

use ieee.std_logic_1164.all;
use ieee.std_logic_unsigned.all;

entity PeriodCalculator is CLK PMDA Co.lculm»r‘

generic(CounterWidth: integer:= 8; SWhened
SWPeriod norm: std logic_vector:=B"00110100"); —>
Wi _‘_‘_rr'J gélf-g
port(reset:IN std logic; sWtk i !

CLK: IN std logic; \Qi i i
SWCLK:IN std_logic; : gwupw_.;lwﬁ:t/

B ‘ ' Ny

Jutt _perrodcalculato

else

\\\iggzzfsr:=(others=>'@‘

turn-on s1gnals (SWCLK)

if rising_edge(clk) then
* Main idea: use a counter_last

counter:=counter+l;

end if; 1 1
Superiad < counter last: to register the value just before
end if; he counter come back zero

end if;
END PROCESS;

END behavioral;
11



Multi-phase control unit implementation

 In multi-phase operations, adding
phase is equivalent to multiplying
switching frequency, for m phase
converter, the switching frequency f;’
is equivalent to m * f

* The difference is to add up a phSelect

signal, for m phase, the phSelect
PhSelect signal should be at least log,m bits
width

-« SGNSWON

ﬂ ﬂ ﬂ | ﬂ ﬂ | ﬂ ﬂ | ﬂ ﬂ | ﬂ ” s SGNSWOFF Minimum FPGA clock frequency

- According to Nyquist -
SWCLK & yq
I_I I_I I_I [ |_| |_| S > Shannon Theorem, the sampling should

be at least two times the frequency

bandlimited, that is, the least frequency
Key waveform of control architecture applied to a 3-phase buck converter variation we want to detect

The main defects of the control technique ? > m * % = for = mZ—jszSN
Requires relatively high frequency FPGA, for a 3-phase - " (fs_;)

500kHz and +5% frequency tolerance system, a FPGA

speed of at least 30Mhz is required. FPGA device (Xilinx, Virtex XCV 50) operated

at 50MHz; four D/A converters 7bits 12
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Control Unit with AVP technique FSM algorithm

architecture algorithm of control_unit is
type state_type is (state_on, state_off, state_idle); Ji
signal state: state_type; u
signal SGNcompV: std_logic:='0"; UNIVERSITY

begin

process(clk) libr‘ar‘y IEEE}
begin

if rising_edge(clk) then use IEEE.STD_LOGIC_1164.ALL;
SGNCompV<=CompV/; use ieee.std logic_unsigned.ALL;
end if;

end process;

process(clk,reset) . q g
Variable VarSGNSWON :std_logic:='0"; entlty control_unlt 1s

Variable VarDACV :std_logic_vector(DACWidth-1 downto ©):=B"00000000" generic(DACWidth: integer := 8
Variable VarDACI :std_logic_vector(DACWidth-1 downto ©):=B"00000000";

3

Variable TrasientFlag :std_logic:='@"; CounterWidth: lnteger‘: 8) 5
Variable delt_Ipk,delt_Vlow :std_logic_vector(DACWidth-1 downto ©):=B"0@0000000";
begi\r{'ar‘lable VarPhSelect:std_logic_vector(l downto ©):=B"@0"; por‘t(reset, Clk, PWR: in std_logic;
if rising_edge(clk) then SWPeriod: in std_logic_vector(CounterWidth-1 downto 0);
z'{sgeset = '1' then state <= state_idle; SGNSWON: out std_logic;
case state is SGNSWOFF: in std_logic;
when state_idle => . . .
02 B b 90 PhSelect: out std_logl?_vector‘(l dowrjto 0);
state <= state_on; DACV,DACI: out std_logic_vector(DACWidth-1 downto ©);
else state <= state_idle; R . .
end if; CompV: in std_logic);
when state_on => end control_unit;
if rising_edge (SGNSWOFF) s c.
then if TrasientFlag='1' then end l-F’
VarDACV := VarDACV+delt_Vlow; end process;
VarDACI := VarDACI+delt_Ipk; . .
TrasientFlag := '@'; end algor‘lthm,
end if;
state <= state_off;
end if;
when state_off =>
if rising_edge(SGNCompV)AND(SWPeriod<B"01011111") then Gbits JW?WhDd
TrasientFlag := '1'; \-,
TrasientFlag := '1'; 67” N
state <= state_on; Mﬂ—.
else b 46— ('/Lk:
if rising_edge (SGNCompV)AND(SWPeriod>B"01101001") then [{25 2 l‘
TrasientFlag := '1'; P}’ge € 5 CUYL'**DL u’,{_{: — PwR
state <= state_on; é‘
else - |
if rising_edge(SGNCompV)AND(SWPeriod>="01011111")AND(SWPeriod<=B"01101001") then S&NS Wﬂﬁ“ r%-eb
TrasientFlag := '@'; 5
delt_Vlow:= B"00000000" ;
delt_Ipk:= B"00000000"; 2bits $bite
VarDACV:=B"00000000" ;
state <= state_on;
end if; I
end if; % its
end if; Dﬁcv
end case;
SGNSWON <= VarSGNSWON ;

PhSelect <= VarPhSelect;
DACV <= VarDACV;
DACI <= VarDACI;
end if;
end if;
end process;
end algorithm;

.................... 4

Vbacy (Vret)
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Assembling the digital controller bed:
Queens
architecture structural of processor is abone e T
- pwamo LT M : 4 sbits |, Sw Poront
-- COMPONENT declarations (DATAPATH & CONTOL UNIT) gﬂhé__ é?%?% e
o Se 2bigs .
signal SWCLK, SGNSWON, SGNSWOFF: std logic; paher—y  ((FEEE Comrl, Unie e e
; . puay L=—| |_sewsworf <= roset
signal PhSelect: std logic vector(2 downto 0); i =],
signal SWPeriod: std logic vector(CounterWidth-1 downto 0); Wlwg e
"""""""""""""""" o) g Vo g

Begin
Uo: control_unit
generic map (DACWidth => DACWidth, CounterWidth => CounterWidth)
port map(reset=>reset,CLK=>CLK,PWR=>PWR,
SWPeriod=>SWPeriod,
SGNSWON=>SGNSWON , SGNSWOF F=>SGNSWOFF ,PhSelect=>PhSelect,
DACI=>DACI,DACV=>DACV, CompV=>CompV);

Ul: DPWM
port map(SGNSWON=>SGNSWON, SGNSWOFF=>SGNSWOFF,PhSelect=>PhSelect,
CLK=>CLK, SWCLK=>SWCLK,
CompIl=>CompIl, CompI2=>CompI2, CompI3=>CompI3,
PWMOH=>PWM@H, PWMOL = >PWMOL , PWM1H=>PWM1H, PWM1L=>PWM1L , PWM2H=>PWM2H, PWM2L=>PWM2L) ;

U2: period_calculator
generic map (CounterWidth => CounterWidth)
port map(reset=>reset,CLK=>CLK,SWCLK=>SWCLK,SWPeriod=>SWPeriod);

end structural; 15



Conclusion

1.

FPGA is ideal tools to achieve multi-model control techniques to
improve the dynamic performance with very fast transient response

FPGA is flexible for fully reconfigurable digital architecture, as well
as calculation sparse algorithm, but in calculation dense algorithm,
large spaces and clock speed is required. one solution is to use FPGA
to do signal process and PWM generation, and let the calculation
process to general proposed processors

For multi-phase topology, FPGA is powerful for signal reproduction
and synchronization because its concurrent feature

16
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