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Switch-Mode Power Conversion
and the Buck Converter



How to Lower a Voltage from V, toV_,

= Linear regulator
= Drops input voltage using “pass” transistor as variable
resistor, converting extra power to heat.

= If output doesn’t need as much power, reduce
conductance of transistor (raise resistance), wasting
more power.

= Switch-mode regulator
= Drops voltage by connecting and disconnecting input
voltage very frequently
= |If output doesn’t need as much power, reduce duty
cycle (fraction of time) input is connected.

= Minor additional power loss.
= Switches (transistors, diodes) are either on (very low
resistance) or off (open circuit)
= Duty cycle typically controlled by pulse-width modulated
(PWM) signal

= |f needed, filter output voltage with capacitor
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Energy Storage and Filtering

= Convert energy between electrical and/or = Inductor stores energy as current and

magnetic forms for efficient storage and
filtering
= Use capacitors and inductors to store
energy and filter out ripple
= Capacitors — voltage is stabilized
= Inductors — current is stabilized
= Capacitor stores energy as voltage
difference
= E=%CV?
= Total storage limited by voltage: need higher
voltage

= Current affects charge/discharge rate, but not
total energy storage

magnetic field

= E=7%LI?

= Total storage limited by current: need higher
current

= Voltage affects charge/discharge rate, but not
total energy storage

= Good match for low voltage operation. Easier to
increase current capacity.
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Buck Converter Overview

* PWM input signal

J VIN = Duty cycle determines control effort
! = Switches
K‘? = Transistor Q3 is on when PWM signal on gate
Q3

is active (low)

b . = Diode D1 is off when Q3 is on (controlled by
voltage at Q/D/L node)

D1

7

g
LED1
BUCK_SENSE

\
)l

= Can add capacitor C8 on output to store
some energy

R10




NC STATE UNIVERSITY

Switch Q3 Closed

J VIN L
| BUCK_DRV B obwe L 4“
|" Single ||b Run | Mode: : i - ”Auln ~ | Source: | Digital ~ | Condition: l,
2my ¥ Ready C1|C2|M1|M2 | M3 8192 samples at 100 MHz | 2020-11-02 16:49:12,152 —
I 182 B L B L B L L B B — o
N Position: 150.4us ™
162 Base: 2 usfdiv ~
h ’ I 1:2.474V 1
I—m L 42 |
| E &; Options -
Q3 m H < Add Channel -
Channel 1 @
V Range: 1V/div ~
L + 32 — Channel 2 @
E ffee -82mv ~
- g
b th 1 []X]
LED1 2 2: 3173 mV Lt Avg X
BUCK_SEP®  ——
||||||||||||||||||||||||||||||

"9 = Current flows through inductor L1 (ramping up) to load
(LED1, C8)
= di(t)/dt = (V,-V )/L
= Slope depends on voltage applied across inductor

= Charges up L1 (inductor creates magnetic field) and C8
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Switch Q3 Open, [,>0

Inductor
Current ||
VIN
| BBBBBBB N | pm 1_4“ : !
| CE— I o Dl e G | ;
2my 3| _Ready o e L . - "m —
2 : |'1:2.474v et Ziﬂdw =
S
Channel 1 [&]
V, il — [
T 82 o - Channel 2 [&]
L1 § e o~
%2 — 2:31.73mV ih 1 BIX]
! cs LEDI | o
—_ BUCK_SE|
|_|1404 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
rio = Load (LED) is powered by current from L1 and C8 (for
filtering

4
&y * Inductor current flows through D1 now, ramps down

= Larger load current will make I, ramp down faster
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Switch Q3 Open, |, =0 | ,
J - Current I

4 _
Single n Mode: a & d : ~ tion: ™| Level: 2.3V
CZmv R ci|cziM1 2|M3 |8 | t 100 o &
2 LA T
3 Time
I— Position: .4us ~
N 2 '1247:“( Base: 2usfdiv
I o 12 E 5 Options
' 122 1 ann!
Qs i
2 R oot e e bl S Offset: | 500 mV
Lj_ Range:
Dl .........
LED1 . L
f E z BUCK_SEI
2

-8 b e v b b b b b b b b v e L
X lvl140.4 us 142.4us 144.4us 1456.4us 148.4us 4us 152.4us 154.4us 156.4us 158.4us 160.4us

rio = |[nductor current reaches 0, so now in discontinuous
conduction mode
= Models (equations) get more complex

= Load is powered by C8
= Oscillation from L1 and parasitic capacitances of D1 and Q3
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Switching Ripple

Emmm—

!
h—.m
|Q3_‘ 1

* camv ® [ Ready |ci|c2|mi|mz2|13|8192 samples at 100 MHz | 2020-11-02 16:48:12.152 e LE e By -
182 ||||||||| IIII|IIII|IIII|IIIIIX: 146.3“5' T T T ||||||||| LI LI LI LI ||||||||| T T 1T |||||||||||||| 'r".ne m
Len1 E ! ! Position: 150.4us ot
Zf Z BUCK_SENSE %2 Base: | 2usjdv v
1l
142 "
%3 Options W
R10 122 ~* Add Channel -
[ channel 1 ©
- 102 Offiet:  [s0omy ]
1 : Range: 1 Vfdiv i
. . . . 8 i 1 channel 2 [
= Switching creates ripple in offer  [o2mv |
IL’VOUt 42 [ | math 1 X
.
= Qutput ripple voltage . bl s
= Depends on load current |
Iout’ C8’ SWItChIng -18 ||||||||| ||||||||| ||||||||| ||||I|||| ||||||||| ||||||||| ||||||||| ||||I|||| ||||||||| |||||||||
)(|v140.4us 142.4us 144.4us 146.4 us 148.4us 150.4us 152.4us 154.4us 156.4us 158.4us 160,94 us
frequency 4, == _ " _ T. Smple Pulse Protocol, = K
Iout
= AV =——=
4Cf
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Expansion Shield’s
Switch-Mode Power Converter
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Shield Switch-Mode Power Converter Overview

= Used to convert power efficiently one voltage to another

= Configurable hardware
= Topology and function
= Buck converter (reduce voltage) — we use this
= Boost converter (increase voltage)
= Noise control
= Snubber (R8, C7) to reduce EMI when Q3 switches on, off
= Switchable load transistor (Q2) for testing response to changes in load
= Feedback options
= Qutput voltage scaled by R9/(R9+R12). Single-ended (ground-referenced)
= Current out through LED1, scaled by R10 (2.2 mV/mA). Single-ended (ground-referenced)
= R10 selected to limit maximum current through LED1 to safer level
= Current out before capacitor C8, scaled by sense resistor R13. Differential (not ground-referenced)



Schematic of SMPS Configured as Buck Converter

Optional undervoitage protection diode 1o keep Vout >= Vin -3 V.
Target application: powering MCU and P3V3 rail from buck converter with Vin = 5 V (USB)

Vout stays above about 2 V (1.8 is the minimum)

Mount L1 on bottom of PCB

JP1

. Jp3 150uH JP2
I — —— ¥ . . k. =1
A R20: 1/4 W rating kmits e | o [ S e
Np all 1l
411 input current to /2 A, ;gc';;ggcbﬁma(so%(:;e Q1 INFINEON_BSS2150 ,
-1 01 SMPS_VIN g
1 VW ’ 3 r
R20 m[ | i
J g
SEL_SMPS_VIN £ T D1
9 uzp —C6
10uF |2 10uF S
2 ONPR3for | DB2J2!
boost 2
converter. 2= Z
GND GND &D
gA ?
+ GND
SMPS_DRV (PTE31) olo Do not populate C7 and R8
SMPS_DRV low: Q3 on g unless snubber needed for
SMPS_DRV high: Q3 off. 4 low-noise applications
Pull up resistor R3 used for L SMPS_DRV_N_N
level-shifting for Q3 gate driver. & g 74LVC1G04DBYV
Pull up resistor R11 used so “:>E
floating input SMPS_DRV wrns . Powered from SMPS Vin 10 be able
off Q3, disconnecting VIN and VOUT to turn Q3 completely off
2
SMPS_DRV SMPS_DRV_N
74LVC1G04DBV

Powered from 3V3. Used to isolate MCU
GPIO from pull-up to Buck Vin,

= Unused components are grayed or X'd out
= Shorted solder jumper =

12

Short_RSense

Divider for current-sensing
voltage. Values TBD.

At <33V, short R14, R9
and open R12, R15, R10
for fastest ADC input.

Short_DProtect

% p?

For voltage output, use 5 and 1
To drive external LED, connect
Anode to 5, Cathode to 3
Switched load R between 5 and 2

Ji3

SMPS VOUT _ s

| |
]

R41

AN
YWy

10K

14\

$VES

V_LED_TEMP__ a
SMPS_VSENSE 3|
SMPS_SW_LD_ 2]

SMPS_VSENSE

Yyvy
<
[
m
(=)
-
m
=
©

o~ +3V3 - -
~

Do not populate
R9 and R12 when
using as LED driver

lll
GND
R10 =2.2 Ohms 10

limit LED current to
750 mA with 5V supply

Temperature sensor
for LED1
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Simplified Buck Converter Schematic

BUCK_DRV

e
8 LED1
BUCK SENSE M

N
1
)l

R10
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PCB Front Wil
¥ [t € E\J‘e &

Buck Converter on PCB

PCB Back

VIN

BUCK_DRV

\
/

L1
S :
D1 cs # = LED1
ZS — BUCK_SENSE_M s

R10




Tracing the BUCK_DRV PWM Signal

I |~ BUCK_DRV

o kA wh e

N\
VIN
!
4 h'_’m
|_.
Q3
o rYyyy“™
L1
D1
— C8
7 T
v v

Confirm PWM signal at header pin

Confirm PWM signal at input to U3

Confirm inverted PWM signal at output of U3
Confirm inverted PWM signal at input to U1l
Confirm PWM signal at output of U1

Confirm PWM signal at gate of Q3

¥ LED1

| BUCK_SENSE_M

%Rlo

<
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Buck Converter Power Stage Signals

N\

s VIN

I R11 <R3
Ul u2.
BUCK_DRV ) 4 2 -4 e -
= 8
Q3
A

LED1
BUCK_SENSE_M

R10

L—‘
[
&
[:2‘ 2
R |
O
4w K

[ n«msm«t! ‘m ﬁ

@;J._@m

: E 7. Confirm switching signal at Q3/D1/L1 node. 1 V/division
[ T — —+— 8. Confirm output voltage at JP2 (L1/C8/LED1 node).
o 5 1V/division. As C8 not used, will have large ripple.

9.  Confirm current sense voltage at BUCK_SENSE_M (S-). 50

. mV/division. As C8 not used, will have large ripple.



Visual, Resistance and Diode Tests — PO

: Rul} o D o @ .
f ﬂ[l} 6 @,r ‘
i . vout
Remove power and J11 jumper ;l ur:po?‘{ & 2, -
Visual checks. Confirm: 2 +I>% (¢ : !ES.: i
Jp2 ' (

= All components in this schematic are present

= Solder connections to header pins are concave tents, not balls N L i v Jg - Rel’*’ I" )=
= Dot on LED1 (anode) is closer to + (if not, LED is backwards) AN 0 ccsensen IR LT B
1 R44R15 14, Dzm—m ﬁ \
= JP1 and JP2 are shorted : : 1
= Multimeter resistance tests il . B s } )

= J13 S- to OV should be 2-3 Q. If larger, check for bad soldering on R10, J13
= BUCK_VIN to ground should be large (>1M, rising)
= Q3 pin 3/ D1 Anode / L1 node to ground should be large (>1M, rising)
= JP1 to ground should be large (>1M, rising)
Multimeter diode tests
= D1 should show forward voltage of about 0.24 V
= LED1 should show forward voltage of about 2.46 V
= Q3
= +on Gate (2), - on Drain (3) forward voltage 1V
= + on Drain (3), - on Gate (2) forward voltage 0.24 V
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Architecture for Constant Current
HBLED Driver using Buck Converter
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= Controllers (compensators) available
= “Software-Configurable”: Can change

Configuration in HBLED.h

= Control architectures available
= “Hard-Coded”: Must rebuild code to

change, since code for run-time changes
would be too slow

= Asynchronous sampling
= Free-running S/W loop in main triggers ADC

= Synchronous sampling
= No frequency division: f, = f,,, = frppmo
= ADC hardware triggered by TPMO overflow
= Software frequency division: f,, =, /N =
fromo/N
= N set by SW_CTL _FREQ_DIV_FACTOR
= ADC software triggered by TPMO ISR
= Dual timers: ;= from2 fow = Fremo
= TPM2 ISR enables TPMO IRQ once

= TPMO ISR software triggers ADC, disables TPMO IRQ

compensator and gains by tweaking
variables as program runs

= Types

= None (open loop)
= Bang-Bang

" Incremental

= PID

= Fixed-point PID

= Parameters

= Gains are scaled by control loop period (faster
update rate reduces the required gain)
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Which Functions Can Call Each Other?

Function Call Graph

ADCO_IRQHandler main PIT_IRQHandler TPMO_IRQHandler

A

i
Control_HBLED Delay Control_RGB_LEDs Init_ADC Init_Debug_Signals Init_PIT Init_ RGB_LEDs PWM_Init Start_PIT Update_Set_Current

N

Add_FX PWM_Set_Value Subtract_FX Multiply_FX

= Functions in yellow are threads or interrupt handlers

= Calling behavior depends on the control architecture selected
(USE_SYNC_SW_CTL_FREQ_DIV shown here)

20



Examining PIT _IRQHandler
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// ch
if (P

PIT_IRQHandler N

/7

//
Update Set Current

PIT-

PIT-

void PIT IRQHandler ()

eck to see Nhluh channel triggered interrupt
IT->CHANNEL[O0] .TFLG & PIT TFLG TIF MASK) ({
clear status flag for timer channel 0
>CHANNEL[O] .TFLG &= PIT TFLG TIF MASK;

Do ISR work

Update Set Current();
} else if (PIT->CHANNELI[1]

clear status flag for timer channel 1
>CHANNEL[1] .TFLG &= PIT TFLG TIF MASK;

.TFLG & PIT TFLG TIF MASK) {

= Global variable accesses
= Reads g_enable_flash

= Reads and writes
g set_current

= Peripheral access
= Writes to the DAC

= Note: compiler inlined call
to Set DAC_mA

21

v

void Update Set Current (void) {
static int delay=FLASH PERIOD;

if (g_enable flash) {

delay——;

if (delay==1) {
FPTB->FS0OR = MASK(DBG_LED_ON]:
g _set current = FLASH CURRENT MA;
Set DAC mA(g set current);

} else 1f (delay==0) {
delay=FLASH_PERIOD:
FFPTE->PSOR = MASK(DBG_LED_ON]:
g set current = FLASH CURRENT MA/4;
Set DAC mA(g set current);

} else {

FPTB->PCOR = MASK (DBG_LED ON);
g_set current = 0;

Set DAC mA(g set current);

void Set DAC mA(unsigned int current) |
unsigned int code = MA TO DAC CODE (current);
// Force 16-bit write to DAC
uintlé t * dacOdat = (uintlé t
*dacOdat = (uintlé t) code;

*) & (DACO->DAT[0] .DATL) ;

}




#endif
res = ADCO->RI[0];

[ ] [ ]
Exa m n I ng AD‘ O I RQ measured current = (res*1500)>»>>16; // Extra Credit: Make this code work: V_REF MV*MA SCALING I

switch (control mode) {

void ADCO_IRQHand case OpenLoop: ,
ADCO_IRQHandler FPTB_>PSOR = MA // don't do anything!
break;

Control HBLED ()

FPTB->PCOR = MA case BangBang:
; } if (measured_current < g_set_current)

Control_HBLED l g _duty cycle = LIM DUTY CYCLE;
~ else

g _duty cycle = 0;
break;

Add_FX | | PWM_Set Value | | Subtract FX | | Multiply_FX case Incremental:
if (measured current < g set current)

g _duty cycle += INC STEP;

else
g _duty cycle -= INC STEF;
break;
m GI b I : bl case Proportional:
O a Va rla e accesses g duty cycle += (pGain B* (g set current - measured current))/25é; // - 1;
break;
| case PID:
Reads g_set_current g duty cycle += UpdatePID(&plantPID, g set current - measured current, measured current);

. break;
= Reads and writes g_duty cycle | case »mnex:
- - error FX = INT TO FX(g set current - measured current);
. change FX = UpdatePID FX(&plantPID FX, error F¥, INT TOC FX(measured current));
- Perlpheral dCCesSS g_duty cycle += FX_TO_INT (change_FX);
break;
default:

= Reads ADCO result register break:
}
= Writes g_duty cycle to TPMO

// Update PWM controller with duty cycle
if (g duty cycle < 0)
g duty cycle = 0;
else if (g duty cycle > LIM DUTY CYCLE)
g _duty cycle = LIM DUTY CYCLE;
PWM Set Value (TFPM0O, PWM HBLED CHANNEL, g duty cycle);
2 FPTB->PCCOR = MASK(DBG_CONTROLLERJ;
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Asynchronous Sampling

Hardware Trigger Signal g
Software Trigger Signal >
Data Flow >
PIT
PIT_ IRQHandler
Update_Set_ Current | Current
\ Debug =
Signal
DAC >
main
e Control —
+ ADC \DCO_ IRQHandler Signal
¥ Control_HBLED /> TPM ’—» ek ore p—rn
controller PWM_Set_Value | D1 LV c8
"7? ¥¥Lep1 =<
—— :
47 hvg v
. BUCK_SENSE_M
|

» Current Feedback Signal
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ASYNC Sequence Diagram

USE_ASYNC_SAMPLING

ADC TPMO
main ADC ISR Duty




Timing Questions

= How long does it take to do the whole control loop?
= How long does each individual part take?
= How stable is the timing?

= When do we really sample the input voltage?
= Can lead to under-estimate or over-estimate

25
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020-11-03 10:08:53.125 a5l a Gy =

: 1 Time [
N position: | 254.5us v
S

When to Sample the LED Current?

czmv ¥ | Ready

1| ca|m1|m2|m3|8192 s3mples at 100 M
[

1
'Ej Options =7
< Add Channel -
I Channel 1 @I
Channel 2 [&]

Offzet: -50 mv ~
i Range: 10 mV/div w

Dran: & ]

AFE5 us

- |[* . Tl= Simple Pulse Protocol, 4

X
MName Pin T 409g = |
BLCK_DRY “ pmoo L : '
= Need to sample in phase with BUCK_DRYV signal = Stay away from times of BUCK_DRV transitions

(PWM) (noisy!)
= Same phase for each sample, otherwise may have error = Edge-Aligned vs. Center-Alignhed PWM
of up to AV in each sample

= Trigger with TPM

26



Examining Sampling Timing with Instrumentation
“ ﬂw\l | | | | | l M‘""ﬂ \”h Note:
i ! et - V14 PCB provides PWM_REF signal to
Ym\ oo indicate when TPMO overflows (See
\ 2023 Practical Homework 3). Connected
\ o to AD2_DIO13 for easy viewing on
| \\ N Mﬁw"‘ﬂ scope/logic analyzer
;|- S\ L1 1 e I | L1 1 I_mI';I I‘\TF‘I(| 'I'\vl-ﬂl \_Susl L 11 ‘ L1 | I_Gus\ L1 1 | L1 1 _‘WSI L1 1 L1 | I_Zusl L1 1 L1 1 \Dus I ‘ L1 \‘\{:J;rr\ .I.\"I/T’| ‘I‘\‘I‘y‘ll I4:s I T L1 | Isj—:-
e Q3/0n - Qof

—————

TPMO overflow — Start ADC Conversion

= Signals monitored
= Current feedback shows current, noise
= BUCK_DRV shows when transistor is on, off
= ADC ISR shows when ISR runs

27

= When does ADC sample the analog input?

= Starts a fixed time before the ADC_ISR runs
(assuming no interference from other interrupts)
= ADC conversion triggered by TPMO overflow,

which is in middle of transistor on time
(BUCK_DRYV low)



Examining Sampling Timing with Instrumentation

s 2sam e
° LT R i Note:
! et - V14 PCB provides PWM_REF signal to
. \‘a\ e indicate when TPMO overflows (See
\ 2023 Practical Homework 3). Connected
\\ Mﬂ'ﬂw to AD2_DIO13 for easy viewing on
D \. PN e SCOpe/qul.cra.?jJ,yz.SL L :
e Q3O0f Q3/0n void Init ADC (void) { )
I E— // Configure ADC to read Ch 8 (FPTB 0)

5 SIM->SCGCE |= SIM SCGC6é ADCO MASK;
T h ADCO->CFGl = 0x0C; // 1lé bit

// ADCO->CFGZ = ADC CFG2 RDLSTS(3);

TPMO overflow — Start ADC Conversion

= How long is the sample time? Check source code,

refer to MCU manual section on ADC
= Sample time is 4 ADCK cycles

= What is ADCK?
= 24 MHz (bus clock, no division)

= Sample time =4/24 MHz = 166 ns 1

28

ADCO->5C2

= ADC SCZ REFSEL(0);

= BTW, ADCK is too fast to meet accuracy

specifications (max 19 MHz)!
= Should set ADIV to 1 and ADHSC to 1 for 12 MHz ADCK



Examining Sampling Timing with Instrumentation

w e l11: 42,99 mA v M1t 125708
35 ﬂ \\.l | M W'L
' pure W
30 o
25 Yf\ Eloviz ~laco. ic —,E MA\J-A +thao. A IOVACGLO - irvranit vah lf\’
\ F'iovvy ClUSC 15 4D M \ tneé avet g CUrrcCric vaiuc:
20
15 \ \“\
10 \\ Ifﬂﬂ \\ //rﬂ_rj#
5 e '
E‘ - " N Gy o
3 il E
5 A Y B | DCM \I\II‘II\I\III'III II\III\IIIIIIII\I\II‘II\ |||||||||||| II\I‘II\I
X |' -14us -12us -10us Bus -6us -4us -2us Qus 2us 4us Gus
Name Pi %J A4 b | S
BUCK_DRY & : 1 ; . ;‘; \

-_ =

Control HBLED

TPM ISR

o0 -— Note:
= b - V14 PCB provides PWM_REF signal to
. - indicate when TPMO overflows (See

X |*|-14us -1i us “10us Bus fus
TPMO overflow -> Start ADC Conversion 2023 Practical Homewor!< 3)-. Connected
to AD2_DIO13 for easy viewing on

= ADC sample and hold circuit holds signal 166 ns after= Error: 25 mA vs. 18 mA | scope/logic analyzer

ADC ISR
|

start of conversion = Qverestimates current by 39%
" | gp =25 MA at that point in time = Addressing error
= What is average value of this waveform? = Adding filtering capacitor (C8) would reduce this
= Estimate graphically: (area of triangle/area of full period = Could scale reading, but depends on time spent in DCM
rectangle) * peak current = 18 mA (current oscillates around 0 mA). Need to evaluate stability of

scaling across different duty cycles and load currents

29
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Synchronous Sampling, No Frequency Division

USE_SYNC_NO_FREQ DIV Hardware Trigger Signal >
Data Flow
PIT
PIT_ IRQHandler Current
Update_Se_t_ Current | Debug =y
ﬁ \ Signal ;lA
—» DAC F—>
Control —
-+ ADC “\ADCO_ IRQHandler Signal | o

‘ Control_HBLED / TPM ’—y 5UCK DRV L1

| D1
controller PWM_Set Value ¥ Wi _|cs
|'7< LED1 —=—
i §Rl(')

47 v v

BUCK_SENSE_M

0 Current Feedback Signal



SYNC Sequence Diagram, No Division for Ect,

USE_SYNC NO FREQ DIV

TPMO ADC TPMO
(f..) ADC ISR Duty




Lab 3: Q. 3-5 (Asynch. Sampling, Open-Loop

Note: . .
- These slides refer to questions in an Hardware Tr’gger S'gnal >
old version of Practical HW3 (was called Software Trigger Signal >
Lab 3). Not yet updated.
ab 3). Not yet update Data Flow >
Current
Debug -
Signal
DAC p—>
main .
— Control —
+  ADC ADCO_ IRQHandler Signal
* Control_HBLED /} TPM ’g_> Jd c,_fYY‘\[?
Open LOOP controller PWM_Set Value | - |'7 D1 LV s
‘s. f ? ¥ LED1 —~
[ gy e | 20
47 v Av4
' BUCK SENSE M
J

n Current Feedback Signal



Lab 3: Q. 6-7 (Asynch. Sampling, CIosed-Loop,Wo ransients

Note: . .
- These slides refer to questions in an Hardware Tr’gger S'gnal >
old version of Practical HW3 (was called Software Trigger Signal >
Lab 3). Not yet updated.
20B)-Hotyetiupcate Data Flow >
Current
Debug o
Signal
1 DAC —>
— ; Control )
-  ADC \\ADCO_ IRQHandler Signal

¥ Control_HBLED "
ontrol_ ./"> TPM BUCK_DRV
- controller PWM_Set Value | D1

"7? A LED1 ;58
N — L

47 v v

BUCK_SENSE_M

. Current Feedback Signal



Lab 3: Q.8-10,13 (Synch. Sampling, CIosed-Loo@p, O

T Note:

[ These slides refer to questions in an
old version of Practical HW3 (was called
Lab 3). Not yet updated.

main
Current
Debug ey
\ Slg-nal
- —» DAC —>
— Control —
+  ADC \\ADCO_ IRQHandler Signal

¥ Control_HBLED "
ontrol_ ./"> TPM BUCK_DRV
- controller PWM_Set Value | D1

"7? ¢ Y LED1 ;58
N — L

47 v v

BUCK_SENSE_M

y Current Feedback Signal



Lab 3: Q.11-12, 14-15 (Synch. Sampling, Closem- 00p,

T Note:

[ These slides refer to questions in an
old version of Practical HW3 (was called
Lab 3). Not yet updated.

PIT main
PIT_ IRQHandler CS; f“t
ate e urren ug +
Updce Ser_Current | N Signal N
-  DAC p=—d
Control —
-+ ADC \\ADCO_ IRQHandler Signal | o

L1
‘ Control HBLED /’ TPM ’_’ BUCK_ DRV
- controller PWM_Set Value | D1

E;7<:3 szLEDl ;158
N — L

47 v v

BUCK_SENSE_M

s Current Feedback Signal



SYNC Sequence Diagram, Software Division Eor Ectl

USE_SYNC_SW_CTL_FREQ DIV

TPMO TPMO ADC TPMO
(o) ISR ADC ISR Duty




A

SYNC Sequence Diagram, 2" Timer for F

(not in your code)

TPM2 TPM2 TPMO  TPMO ADC  TPMO
(f.,) SR (,) ISR ADC ISR  Duty

ctl’




A[!E E% irlgger

SYNC Sequence Diagram, 2" Timer for F

(not in your code)

TPM2 TPM2  TPMO ADC  TPMO
(f.,) ISR (f,) ADC ISR  Duty

ctl’
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How About Using DMA?

(not in your code)
= Replace TPM2 ISR with DMA transfer to enable ADC hardware trigger

TPM2 TPMO ADC  TPMO
f,) DMA (f,) ADC ISR  Duty
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Old Diagrams and Notes
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Why Use Switch-Mode? Efficiency

= Linear regulator
= Drops input voltage using “pass” transistor as variable resistor,
converting extra power to heat.
= |f output doesn’t need as much power, reduce conductance of
transistor (raise resistance), wasting much more power.

= Switch-mode regulator
= Drop voltage by connecting and disconnecting input voltage very
frequently (faster than load circuit can notice) to create lower
average output voltage.
= |If output doesn’t need as much power, reduce duty cycle
(fraction of time) input is connected. Minor additional power

loss.

= Switches (transistors, diodes) are either on (very low resistance) or off
(open circuit)

= Duty cycle typically controlled by pulse-width modulated (PWM) signal

= If needed, filter output voltage to smooth it

41
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Energy Storage and Filtering

= Use capacitors and inductors to store = Current affects charge, discharge rate, but not

energy and filter out ripple total energy storage
= Capacitors — can’t instantaneously change * Inductor stores energy as current and

voltage magnetic field
= Inductors — can’t instantaneously change current = E=%LI?
= Power converted between electrical and = Total storage limited by current: need higher
magnetic forms for efficient storage and current
- - = Voltage affects charge, discharge rate, but not
filtering
' total energy storage
|
C:apautor stores energy as voltage = Good match for low voltage operation. Easier to
difference increase current capacity.
= E=%CV?

= Total storage limited by voltage: need higher
voltage
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When to Sample the LED Current?

camv ¥ | Ready |c1|c2|m1|mz2|M3|8192samples at 100 MHz ] 2020-11-03 10:08:53. 125 Q5 EE @ Elr=-
| 1 i mme

Position: 254.5us il

) Base: 5 us/div e

4
'E_; Options =7
|+ Add Channel hd |
Channel 1

oF . == _ " _ Tlslsimple Pulse Protocol,

MName

BUCK_DRV “ mmo L r

= Need to sample in phase with BUCK_DRV signal (PWM)
= Same phase for each sample, otherwise may have error of up to AV in each sample
= Trigger with TPM

= Stay away from times of BUCK_DRYV transitions, since they are noisy
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Hardware and Software Overview

44

Current
Debug

Hardware Trigger Signal >
Data Flow >
PIT
AL M IRQHandler i

s

—»  DAC

Signal
—

ADCO
IRQHandler

Control
Signal

J%v
[
TPM %» gt
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BUCK_DRV

"7? #¥Y ep &8
§Fuo
< < <

BUCK_SENSE_M

Current Feedback Signal
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Which Functions Can Call Each Other?

Function Call Graph

ADCO_IRQHandler main PIT_IRQHandler TPMO_IRQHandler

A

i
Control_HBLED Delay Control_RGB_LEDs Init_ADC Init_Debug_Signals Init_PIT Init_ RGB_LEDs PWM_Init Start_PIT Update_Set_Current

N

Add_FX PWM_Set_Value Subtract_FX Multiply_FX

= Functions in yellow are threads or interrupt handlers

45



#endif
res = BADCO->R[0];

[ ] [ ]
Exa m n I ng AD‘ O I RQ measured current = (res*1500)>»>>16; // Extra Credit: Make this code work: V_REF MV*MA SCALING I

switch (control mode) {

void ADCO_IRQHand case OpenLoop: ,
ADCO_IRQHandler FPTB_>PSOR = MA // don't do anything!
break;

Control HBLED ()

FPTB->PCOR = MA case BangBang:
; } if (measured_current < g_set_current)

Control_HBLED l g duty cycle = LIM DUTY CYCLE;
~ else

g _duty cycle = 0;
break;

Add_FX | | PWM_Set Value | | Subtract FX | | Multiply_FX case Incremental:
if (measured current < g set current)

g duty cycle += INC STEF;

else
g duty cycle -= INC STEF;
break;
m GI b I : bl case Proportional:
O a Va rla e accesses g duty cycle += (pGain B* (g set current - measured current))/23é; // - 1;
break;
| case PID:
Reads g_set_current g duty cycle += UpdatePID(&plantPID, g set current - measured current, measured current);

. break;
= Reads and writes g_duty cycle | case »mnex:
- - error FX = INT TO FX(g set current - measured current);
. change FX = UpdatePID FX(&plantPID FX, error F¥, INT TOC FX(measured current));
- Perlpheral dCCesSS g_duty cycle += FX_TO_INT (change_FX);
break;
default:

= Reads ADCO result register break:
}
= Writes g_duty cycle to TPMO

// Update PWM controller with duty cycle
if (g duty cycle < 0)
g duty cycle = 0;
else if (g duty cycle > LIM DUTY CYCLE)
g duty cycle = LIM DUTY CYCLE;
PWM Set Value (TPM0, PWM HBLED CHANNEL, g duty cycle);
46 FPTB->PCCOR = MASK(DBG_CONTROLLERJ;




Examining PIT _IRQHandler
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// ch
if (P

PIT_IRQHandler N

/7

//
Update Set Current

PIT-

PIT-

void PIT IRQHandler ()

eck to see Nhluh channel triggered interrupt
IT->CHANNEL[O0] .TFLG & PIT TFLG TIF MASK) ({
clear status flag for timer channel 0
>CHANNEL[O] .TFLG &= PIT TFLG TIF MASK;

Do ISR work

Update Set Current();
} else if (PIT->CHANNELI[1]

clear status flag for timer channel 1
>CHANNEL[1] .TFLG &= PIT TFLG TIF MASK;

.TFLG & PIT TFLG TIF MASK) {

= Global variable accesses
= Reads g_enable_flash

= Reads and writes
g set_current

= Peripheral access
= Writes to the DAC

= Note: compiler inlined call
to Set DAC_mA

47
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void Update Set Current (void) {
static int delay=FLASH PERIOD;

if (g_enable flash) {

delay——;

if (delay==1) {
FPTB->FS0OR = MASK(DBG_LED_ON]:
g _set current = FLASH CURRENT MA;
Set DAC mA(g set current);

} else 1f (delay==0) {
delay=FLASH_PERIOD:
FFPTE->PSOR = MASK(DBG_LED_ON]:
g set current = FLASH CURRENT MA/4;
Set DAC mA(g set current);

} else {

FPTB->PCOR = MASK (DBG_LED ON);
g_set current = 0;

Set DAC mA(g set current);

void Set DAC mA(unsigned int current) |
unsigned int code = MA TO DAC CODE (current);
// Force 16-bit write to DAC
uintlé t * dacOdat = (uintlé t
*dacOdat = (uintlé t) code;

*) & (DACO->DAT[0] .DATL) ;

}




Rough Timing Diagram
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*Does it really look like this?
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Control__ Control Control
HBLED HBLED HBLED
ADCO_ ADCO_ ADCO_
4 IRQHandler # IRQHandler IRQHandler
main
A/D A/D A/D
Conversion Conversion Conversion




NC STATE UNIVERSITY

Examining Timing with Instrumentation

= How long does it take to do the whole control loop?
= How long does each individual part take?

= How stable is the timing?

= When do we really sample the input voltage?
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Examining Timing with Instrumentation

File Control View Window ol
u Single b Run Mode: Repeated ¥ || Normal * | Source: | Digital * | Condition: _rRising Level: 2.3V jJ,
czmy | Ready |ci|c2|mi1|m2|m3|5192 samples at 50 MHz | 2020-11-03 10:45:27.623 o5 EE 8 &lvr =
130 [ Time L
120 ] Pasition: EI
100 . 1
a0 &t_," Options -
20 - Add Channel -
70 [] Channel 1 L
&0 Channel 2 [
50 Offset: -30 mV ~

40

L
X

0 ool b b bt bt b b e b e b e b b b b e | vath L

X |vr518 us 523us 528 us 533us 538us 543 us 548 us 553 us 558 us 563 us 568us W1 ED Ava &

. == _ " _ T, Simple Pulse Protocol, = b ' Math 3 [ I
MName Pin T 4096 samples at 33.333 MHz | s

BUCK_DRV “ mmo L [ l | | | | [—

LED ©n : i
Control HELED b X I |

TPM ISR : X
ADC ISR : pio 4 X | | I | | | My Project

I EEL T | e B
. - - - - - - B Sh:210321A18D72

2020-11-03 10:45:27.623

i | [
bl | [t

X 5£ us 523us 523 us 533us 538 us 543 us 548 us 553us 558 us 563 us 568 us

= Hardware signals = LED On: helps with filtering triggers
= BUCK_DRV: when does cycle start, end = Would right control mode let us see signals better?
= Current feedback: see where the noise is = How to trigger?

= Software-generated signals = Using center-aligned PWM, so not ideal to trigger off rising or

= ADC ISR: when does AD conversion finish, ISR start falling edge of BUCK_DRV
s Control_HBLED: when control loop runs = PIT ISR interference with ADC ISR



Rough Timing Diagram
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*Does it really look like this?
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Control__ Control Control
HBLED HBLED HBLED
ADCO_ ADCO_ ADCO_
4 IRQHandler # IRQHandler IRQHandler
main
A/D A/D A/D
Conversion Conversion Conversion




Eile  Contrel  View Window
B single P run Mode: | Repeated ~ Mormal = |Source: |Channel 1 ~ | Condition: | _{" Rising v Level: I
W -
|1 Time [
Mima P 2 2] 113 [ 8192 samples at 50 MHz | 2021-11-11 16:17:47.255 L= | v Jrosition:
. e o e : o
&0 X: -35.7545 us 1
& Options -
7 = Add Channel -
© D chemers ©
I Channel 2 i
50 . [EA Math 1 kS
. | . A A offet:
/\ / / / \ Range: __10 majdiv v
- / f ci2.2
1_LED Avg X
- / / \ / \ / \ y
/ /] /S ==
° Mi: 1.334mA
LIS .
x|+-a0us Tous S0us 50us “0us -30us -20us -10us ous 10 us 20us
o, - . T. Simple Puse Protocol. &= X
Name Pin T 4096 samples at 33.333 MHz | s
BUCK_DRY D10 0
LED On
Control HBLED 1 1 1 1 1
TPM ISR
ADC ISR DIO 4 ] [
Buck DRy DIO 0 | [
LD On N °
S M M M - M eWw.
TPM ISR
ADC ISR [ [ ]
[
My Project
AGD_-_Discovery2
S1:210321A18D72
2021-11-11 16:17:47.265
X \v -80us -70us 60us -50us 40 us -30us -20us -10us Lus 10us 20us
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Old: low-true

high-true

File

N Single

Control

. Run

View  Window

Mode:

Repeated
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> | Normal

~ | Source:

Channel ©

~ | Condition:

_f rising

~ | Level:

1

MimA P c1 | ca| M1 [12 113 |3192 samples at 50 MHz | 2021-11-11 16:21:02.381 = E[E] # & v Jeesion: [-30us
D T I R B B B o B B B B M AAEESERZE. inaaseasss Easns aas .
80 . :
s Options
n 4 Add Channel
& I Channel 1
I Channel 2
= Math 1
w , 1 Il r Offset: -40 mA
A A ﬂ {\ [ Range: 10 mA fdi
ci2.2
3
Al
M1: 18.71mA I 1_LED Avg
20 1
Vo [V /1 R
10 r{
o \M/ ./ his / / B
¥ | vl
SER AU FERET P PR TR ST T PR TR FERRR TR M TR FRRT P R ST T
X |v 80 us -70us -60us -50 us -40us -30us -20us -10us Ous 10us 20us
o, == _ [\| _T. Smple Pulse Protocol, = K
Mame Pin T 4096 samples at 33.333 MHz | s
Buck_DRv DIo 0 ] | ] ] ]
LED On
(Control HBLED ] [1] ] [ ] ]
TPM ISR
aDC 1SR ]
My Project
AGD_-_Discove
SH:210321A18E
2021-11-11 16:21:
X|=-80us -70us ~e0us -50us -40us -30us -20us -10us lus 10us 20us
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