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Class ODbjectives

When you walk out of this class you will...

" know the available peripherals on 8 bit
MCUs for SMPS applications

" pbe able to implement a variety of SMPS
topologies using Core Independent
Peripherals.

" be able to protect you power using Core
Independent Peripherals.
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Class Objectives

Design Example

A Peak Current Mode Controlled
Constant Voltage Source

50mA
Sink/Source

MOSFET Driver
(optional)

Peak Current
Feedback

LED Load

Output Voltage
Feedback

U

O
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" Analog Design Review
" Plant Transfer Function
" Analyze stability & Design Compensator

" Analog control vs. full digital control

" Different topologies and control strategies
using the core independent peripherals

" Protection functions examples
" Summary
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" Analog Design Review
" Plant Transfer Function
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Analog Design Review

Analog World: Buck Converter - Voltage Mode

" POWER STAGE (PLANT)
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Typical Voltage Mode Analog PSU

Typically we tune the
compensator by
selecting the position of
poles and zeros so as to
achieve the desirable
gain and phase margins

To do this we need the
Transfer Functions
Hc(s) & Hp(s)

Plant in fact includes
PWM but for simplicity
we have separated them

M MICROCHIP

Ref@ﬂ HC(s) L pwm || HP(S) Vout
(controller) | ! (plant) :
/ L_____\\ ________________ !

O/P PWM

Type Il compensator
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H(s) of a 2"d Order System

" Qur generic Buck converter @ full load: o~ .

= | =22uH C = 440pF & R = 1.8Q Xu R

®" ESRis assumed to be O for now! V. @ + 3 Vout

in XC
= Cap’s equivalent Series Resistance
= Transfer Function Hp(s): e :
1
H,(s) =

enfi)

®" The denominator of Hp(s) is a 2"d order polynomial
" |t has 2 poles* @**

1
27~ LC
" This is the resonance frequency F, of our system

= At resonance we “may” see a bump on our gain plot. The size of the
bump is dependent on the load resistor (as well as other things)

= We have two poles so we call this a 2" order system
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Gain Plot of the 2"d Order LC Circuit

= Exercise: Calculate F, + estimate “roll-off”’ in dB/decade after F,

" What is the maximum phase? Is it leading or lagging?

40
/\

-0 ——-—--""‘/ \
m \“-
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(‘?40 \

\
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-80 \
\
\\
-120 ,
100Hz 300Hz 1.0kHz 3.0kHz 10kHz 30kHz 100kHz 300kHz 1.0MHz
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Phase Plot of the 2"d Order LC Circuit
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-150d

T
-200d
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Frequency
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PWM Gain of Our Analog PSU

" Consider our generic Buck converter with Vin =12V

" |n analog PWM, we typically compare our reference with a ramp;
for simplicity let’s assume that the height of this ramp is 1V

L

Vramp=1V pk—pk1 /\/\ I: OfF PN

" When input to the PWM (i.e. our reference) = 0, then PWM duty = 0% &
Vout = 0V

" When input to the PWM = 1V, PWM duty = 100% & Vout = 12V which is
= it’s maximum value i.e. = Vin

" Gain = Output/Input, so in our case

Vour(max) V;n 1 2

Gain = =
PWM
V

RAMP RAMP

" IMPORTANT: In decibels a gain of 12 equates to 21.58dB; this
means that our bode plot is shifted up from 0dB to 21.58dB = We
have now accounted for the effects of our PWM
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PWM Gain of Our Analog PSU

" Consider ageneric Buck converter =2 Vin =12V

‘f|> O/P PWM }

1V plepk §,/\/\ \
Ref ST, Ho(s) | Tpwm || HP(S) L yout
(controller) (plant) |
Inverting Op- \

Y

Am

H(s)> _22/21 <— When duty =0 - Vout = OV)

For now let’s When duty =1-> Vout =Vin =12V
assume that our Gainpyy = (Vin / Vramp) Standard LC filter as per
controller's gain : : — - - previous slides..

s 1(0dB): ie. - Gainpyy = (12/1) = 20 log(12) = 21.58 dB Gain, . @ low frequencies =

thereis no 0dB
compensator

Total dc Gain =|H(s)|=0dB + 21.58 dB + 0 dB = 21.58 dB

Slide 12
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Putting It All into Practice

" The previous equations are from a real life power supply with
the following specification:

" L =22puH, C =440pF & R =1.8Q
" Vin =12V, Vout = 3.3V & lout = 2.0A

" For now we are ignoring the ESR (equivalent series resistance of
the capacitor

" Let us consider what the Bode plot will look like for the plant of
this power supply

" |t will have:
" Adcgain
" A double pole (complex conjugate pair of poles)
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Open Loop Bode Plot of Buck

without a Compensator

Gain Margin (G) = How much
the gain is below 0 dB when

Vin=12V; L=22 yH
C= 440UF; Capesy = d 0Q now! Phase = 180°

B HF, “aPesg = assume now: In this theoretical example
Phase does not get to 180°

7\
Pl

g
\

DC Gain = 21.58dB

T 20 /| S il
f=— © __1617.64Hz| B =
~2mLC 0] A I Al
100 / : :
Cross over frequency Fx 10 100 1000 10000 3 100000 1000000
i.e. frequency at which gain Froqueney @)
crosses 0 dB = 6kHz 0 —
Important: - \
Slope @ Fx =-40 dB/decade | _ 0 \
%—1-00 \
Phase Margin (¢,,) frzo \\
i.e. Phase left before reaching | =» N i
-180° when the gain =0 dB 200
In thIS case =~ 100 10 100 100'C:)requency (Hi.)OOOO 100000 1000000

Slide 14
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Effects of Cap ESR

1 Double pole
f =———=1617 Hz
277+ LC
100 .
PWM Gain = 21.58dB X .
f, =————=11668.25Hz
& AN 27TE/SR C
7 0 — \\\‘--.. _ L /ESR Zar0
9] |
o —
o
-100 e ////ﬂ
//High frequency phase:
2 poles and 1 zero
(-180° + 90°) = -90°

-200 : . ]
10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
Frequency (Hz)
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Modeling - Boost

" Derive small signal model

® Calculate input to output relationship for
each mode of operation

" At equilibrium the volt-second balance for
the inductor has to be equal

" Remove DC components and 2"d order
effects

® Convert to s-domain taking Laplace
transform
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Modeling - Boost

i(r) L R, N
T 0 — T
RS.TJ" +
v (" e R= ()
-D | v {a.‘jl-l_ C
c _T -
PWM | Ges) [ ()
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Modeling - Boost

i, .(5) | Load current
variation
..... : ‘
Q‘(J) Znul(s)
acline || G,(5)
variation
Pulse-width
Compensaior modulator -
V. ($) v, (s) v (5) d(s 5 v(s)
L - G s) — VL ) > G (5) | : -
Reference Error N _|Duty cyele + Output voltage
inpui signal variation variation
Converter power stage
H(s)v(s
(s)¥(s) HG) e
Sensor
gain

\7(8) = Gvd (S) X a(S) T Gvg (S) X \79 (S) o Zout X iIxoad (S)
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Modeling - Boost

Voltage of Inductor:

L d< |L(t) >Ts —< VL(t) > ;(f} L R, :
dt —h-—m"rthh,m ~a © )
+ 1(7) | O ) +
R
- - + Eh s
Current of Capacitor : v, (IJCD R <= 1)
T -
C d <v.(t) > <i() >, mC{sz-l-f: _

A f x(t): i
verage of x(t) V() =V, +V ()  <i(t) > =1+i(t)

1 pt+Ts
< Xi(t) > = iJ‘t X(t)dt d(t) = D+ CT('[) < V(t) py =V + \7(t)
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Modeling - Boost

oLk RS S
G < tue < N
R T R

() E s w00 T sz
VC(I]_T C — v;:(a:)_-l- C _

di(t) _

V=L =V, 0 -i0xR, v, (1) = Ld:j(tt)_vg(t)—i(t)xRL—v(t)
. dve (t)  v(t)
<O=CT4 =R 0 =c el i1
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Modeling - Boost

¢ <i§? 718 = (1) % [< V () S0 — < () >4 xR 1+ A" @) x[< V, (1) >1, — <i(t) S5 xR — < V(1) >1.]
¢ 4= (- U2 g i) >, -0

(| d<i® >,
dt

cd <V<£) 21 =—<V(2 2T 4 d' O <i(t) >,

=<V, (1) >p —<i(t) > xR —d"(t)x <Vv(t) >
=

L da L)y, 49,01 +10)x R, [(O-30) <V +7(0)]

cdMVe +Vc(®) _ V+V(D)
dt - R

+[(D=d () (1 +1 ()]

Note:d'()=1—d(t) =1—(D+d(t)) = D'—d'(t)
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Modeling - Boost

Voltage of Inductor:

L d(l —(;—tf(t)) =V, +V, )= (1 +i (1)) x R, _[(D'—a(t)) x(V +v(1))]
- Ldl +Ldf(t) _
dt dt

[V, — I xR = D'V]+[V, (t) - (t)x R, - D’x0(t) +d (t)xV]+[d ”t)]

Current of Capacitor:

C d(Ve +Vc(1)) _ v +F\\>7(t) + [(D'—a(t)) (I +1 (t))]

dt
dVe , D) _ Vo N N (O
= C e+ C e B = [t DX+ D (0) - d (1) x | —=7] [d“t)]
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Modeling - Boost

; 0 R, D'"1
L=V, —~1xR DV +
() v
—NW—
VgC) T v
0 ve(?) D"R %D v
Cd < =—\i+ D'xI
dt R
+ Transfer Function:
D'I T RV M(D)EV: 1 X L
_ vV, 1-D Ru
9 A+ ——)
D"“xR
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Modeling - Boost

di(t) - - 3
% =7, (t)—T () xR —Dxv(t)+d (t) xV
dew
i(t) - R N
— AN, - +
N
5,0(7) "o
|
V() oy 3 V()
C < = D'xi (t)—d (t) x ~

pi@)| 1 E(I)IG) RSV
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Modeling - Boost

L ‘u’g{s}

W\_@_Drfl
+

‘\?EIS}Q }'{ IS{S(D V(s) R
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Modeling - Boost

{}E[ﬂCD 3{. - § V(s) Rioad

L =+
D'? C —/—
\?E[S](:_) " § V(s) Rioad
D' esr
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Modeling - Boost

1
Rlnad”(ﬁ + Resr)

V(s)

Gvg(s) = & -
sL 1
Vg(s) dis)=0 D’ lﬁ + Rioadll (E T RBS")}
1
Ricad (E + Resr)
1
R]ﬂad + (_ + RE:S'I')
Gyg(s) = = 1
s, Rioad [E + Resr)
D’ D:E + 1
Ricad + (5¢ + Resr)
[1 + SResrC)
Gyg(s) =
r L LC(Rjgag + R
D' |1+ s(yzRg— + ResrC) + 57 ( Lat es_r)]
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Modeling

Buck Converter Transfer Function

Control to Output Line to Output Output Impedance
2
Vo(s) , 1+1.Cs U.(s) _1+1.Cs 1a_S +(Sj
==V o\ _p=-Lc _
d(s) ' As/eg V,(s) As/ &} %) _p 2@ \@

W) T As/eg

As=5"+ L5+ @
W, = 1 |
°JLC o —
“ \ Ve, _,\';\_\:'_—;%g S =
oJLe\r | |
M MicROCHIP
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Modeling

Boost Converter Transfer Function

Control to Output Line to Output Output Impedance

S S 2

I —=)a—— 7 5 &

vl v G b VY, 1 " 1+le1+[@1}

O =
d(s) (D')? As/ wf i i) A/

As=s2+L s @ R =r—LZErC
(D))" D
D' 1 1 1
Q‘;O L rC .. A= L
—+-74D'r.C L (—5—+1.C)
D'R D' (D')?R,,
o D o _ D R
° JLC toJe\r
] 2
ool (DR
r.C L
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Modeling

" Right-Half Plane Zero

" Qutput voltage drop deeply when load increase.
" Can not counteract via pole
" Feedback Bandwidth will be limited

Step Response Step Responsze

0aF

06 oal

di —25+2 | o2 —0.55+2

02

s°+35+2 i s°+35+2 |

-0.4
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" Analog Design Review

" Analyze stability & Design Compensator
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Phase and Gain margin

a0 o0
A0 A T 46
10 T 0

-10 4 10 100 13

-22.5dB, 265 H=

& 3

o M
o g
B iy
3 80 - » 135 O
o 1T degrees, _%
g -0 12 He 10 g

= T 225

110 1 T <270

O pen Loop Amplitude
- 130 COpen Loop Phase T =1
- 180 260

Frequency [Hz]
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Stability

" Phase Margin

" How much can the phase change before the system
becomes unstable?

" <45° of phase margin exhibits ringing (under damped)

" Gain Margin
" How much can the gain change before Az > 1 and the
system becomes unstable.
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Stability

" Phase Margin
" Design for at least 45° of phase margin.

" Gain Margin
" Design for a gain margin of at least 3dB (gain of 2x)
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Compensators for Analog PSUs

" |n order to meet the stability criteria, analog PSU designers add a
controller/compensator circuit to the system

" For Analog PSUs we typically only use two different types of compensators:

Type Il & Type Il
" The transfer function for these is represented as Hc(s) in the block diagram of the
overall system

" The component values set the poles and zeros of Hc(s)

" Analog designers select these values such that they meet the criteria in the
previous slide

mpen T psu vout )
|l |l |l ]
| | MA—|

C1 R2 C1 R2 R3 C2
w— 3w W SR

1T— ! : !
EAOUT <+ RE Zhe EAOUT <+ REF Zro

\ / \ EAOUT = Error Amplifier Output /

Slide 35

N MlCRDCHlp © 2016 Microchip Technology Incorporated. All Rights Reserved.



Type Il Compensator

Vin_u:_ Yout
= Typelll: M
" 2poles &1 zero _/_ ____________ I_ -
" Most commonly used for /" i 6
current mode control : C1" o :
= Not suitable for voltage i v SR
mode Buck converters V|7 :
(need type IlI) | " \ e %Rb:
" Transfer function: \__ Typell Compensator  ° =W

" Where:
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Type lll Compensator

. Type lll: /Vl_j\ I
o 3 poles & 2 zeros /

« Used for voltage mode Buck 4 c3 \
« Transfer function: l | WA—| 1
l
l
l
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Compensator Summary

" Analog Type Il / Digital 2P2Z
" Required Phase boost up to 90°

= System-Plant dominant pole is of first order (Example: Rload x
Cout)

" Current-mode converters
" Analog Type Il / Digital 3P3Z
" Required Phase boost greater than 90°

" System-Plant dominant pole is of second order (Example: Lout *
Cout)

" Voltage-mode buck or boost-derived converters

" Proportional Integral Derivative (PID)

" Most common compensator type in industrial control
applications, although not ideal for SMPS applications

" Only uses three coefficients and is possible to boost phase > 90°
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Analog Compensator Design Example

o Type lll controller: quick and simple but not exact
o You typically get ~70° of phase margin

® Place two zeros at
" Frie @ 1617Hz 0

" Place one pole at F,
" j.e. 11668.25 Hz |

-100
" Place second pole at F,/2 J(
" i.e. 100 kHz —

" Place pole at origin at: -200
10Hz 100Hz
V. xF

__ Vramp X

foo= v

In

" le. foraVg,y,,of 1V, V,, =12 and F, of
10kHz - f, = 833Hz

Important: If you need more phase margin, say ~75° (e.g. a digital PSU) then reduce one of the zeros and
the pole@ origin by 25%; i.e. one of the zero @ 1617x0.75 = 1.2kHz, & pole @ origin = 833x0.75 = 625Hz

—]
/
P

e

\ N/

1.0KHz 10KHz 100KHz 1.0MHz
Frequency (Hz)
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A Generic Buck Converter

In Analog World

error HC(S)
PWM
Ref @— (controller) (plant) Vout

4
L
©
—_
wn
~

Y

N
7w t o
I |
: c1  R2 R3 C2 :
L ——WA—¢ R1 |
1

' |
1

! / ® :
— |
| +

l \ REF -
9 Type lll Compensator )
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Measurement of Power Supply

Stability — Network Analyzer

Loop Gain(dB) = 20log amp(CH?2) - S—
amp(CH1)

Loop Phase(®) = phase(CH 2) — phase(CH1)

Network Analyzer Input

— CH1
Channels
- — CH2: Loop response signal
J.K: CH1: Injected signal
. ~N - [
’ Ij 5 5 . Network Analyzer
20 s11| 2P ~.) Variable Frequency
C> u + ° ] P CD Source

B 1

Signal injection
VO_ADC transformer

N

M MiCROCHIP © 2016 Microchip Technology Incorporated. All Rights Reserved. Slide 41



Analog Injection Example

" Measure the voltage loop
V= | rwv]L R«_.m'-j,(" l
s A= WNV I
HS -— »< _["1_Clock (fs) _‘ AR., —“_'W\H
LS -5 " g e /‘
=] -
/W Ramp

" Buck converter using averagte CMC
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Analog Injection Example

" Measure the current loop

HS —»
L
T L
. £n
LS —» A= VN = C § Rioan .?
- = T = = ° The loop gain T, is:
———+ Vg |
AC @H{ Roamp ’—'“l VB
T T —__2
3 VA
Cii
|| o
G I Il
——“—'VW—* Gl R
Hs «—a s |_[ |_Clock(fs) Ry '_”_'W""

4 A |
LS <—a ~ & = \-‘1
= Veer

/W1 Ramp :l;

" Buck converter using average CMC
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A Generic Buck Converter

iIn Analog World

" Red (dotted) Trace = Original power stage without compensation

=  Blue (solid) Trace = Open loop gain after compensation

. Using the transfer function
and component values our
analog type Il compensator 80

poles and zeros are selected e —
such that: T = S
. . . 3 T~
= 20 axds
p g . .:f::.:-hhh
o Fx=10kHz as desired 20 T
M =75 ““’ -
[ ] (I) = (0] 0 -ﬁ.
o Slope of gain plot at Fx = 10 100 1000 10000 100000
20dB/decade . T T THH
o GM better than 40dB 40
@ 60 '-'-.\'
& 80 \
- 0 . -100 \ _ Jhsoee e o ol e o
. This power supply is 12 A g —k
stable = All we need to do is 140 AL
to convert our He(s) from 160 \s.‘_\
analog (continuous time) to 180 EiTd
digital (discrete time) 10 100 1000 10000 100000
Frequency (Hz)
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Analog Compensator

Time Domain Operation

Ra R, — V
Z .._,C'_@ EA VEA decreases to react to load
L vm,oj> VEA increases to react to load drop —decreasing VEA decreases
2 : : . duty cycle
] step —Iincreasing VEA increases
= duty cycle /
4
. 1.55 \\ |
= 15 ﬁﬁﬁ—%’—
145
> 1.4 VEA /
1.35 | f
1.2
< 1
= 0.8
S s lout
= 0.4
° 0.2
0
334 | A
> 332 -~ Vout l! \\
:; 3.3 R
= 328 / \S
3.26 Wi
v
1 15 2 25 3 3.5
time/mms 500ums/div
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Analog Compensator

Time Domain Response

RED - Lower loop BW

0.5 Optimized loop, fast o Vv ¢
0 transient response,

! stable (GOLD)\
sanl N\ P A Al A A AN

oaut £ W)
(%]

3.26 Stable, lower A
i bandwidth loop v \‘ .

0.9 | (RED) Unstable loop, load step —

085~ lout triggers oscillation

0.7 (BROWN) - inadequate
stability margin

Load Current / (&)

0.6 0.8 1 1.2 14 1.6

time/mSecs
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" Analog control vs. full digital control

M MICROCHIP
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Basic SMPS Controllers

—— -

SMPS drive

Vout/lout
_

- Output control
Control lcoil P
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SMPS drive

It generates one or more square waves to
drive the power converter

" One single PWM for Buck, Boost, Flyback,
Sepic ...

" Two PWMs for synchronous Buck, half bridge

" Four PWMs for full bridge...
" Dead times/blanking
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Control

" Measure the output
" Compare it with a reference value

" Interact with PWM In order to bring the
output as close as possible to the
reference
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Protection Functions

" Qver-voltage shutdown
Monitors V,,and V_ & shuts down PWM if over voltage

" Under-voltage lockout
Monitors V,, & holds PWM off until V

" Current Limit
Limits output current/inductor current to |

" Thermal Shutdown
Monitor temperature and shutdown PWMs if over temp

B Soft-Start

At start-up it slowly bring to output to the reference
value

in-min

max
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Additional Functions

" Slope Compensation (external transistor +

RC)

" Continuous/Discontinuous switching

" Programmab
" Programmab
" Programmab

e output voltage/current
e current limit
e max duty cycle limit

" Over-temperature current limit/derating
" Power-up/down sequencing
" Switching Frequency dithering
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ASIC vs. MCU

" ASIC

" ASICs provide the basic functions

" Most levels/timing are set with external
components

" Qutput modes were on-chip

® Special functions used a mix of on chip and
external
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ASIC vs. MCU

" MCU + Core independent peripherals

" Core Independent Peripherals (CIP) provide all
control functions

" Qutput modes are programmable via CIPs

" Configuration are under real time control via
software

® Special functions use a mix of CIPs and software
for complex, intelligent automated functions

" MCU only - Full digital
= All the application is implemented in software
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Additional functions

with a Microcontroller

" Monitoring/Protections

" Measurement of current, voltage,
efficiency measurement & user interface

" Communications
" Talking to a controlling host
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Full digital Controllers

SMPS drive

/'Y\) s Vout/lout
Compensator A, ~ | Apc E lcoil  Output control
firmware
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Resources for full digital control

" High resolution PWM — Output accuracy

" Fast ADC converter —» Closed loop
performances

" CPU speed — Closed loop performances

M MICROCHIP



Processing Delay

Delay from sample time to actuation tends to Ts

Period as system is pushed to its limits
Start
Next
Period
Fixed delay Start

Reduced as loop speed

IS increased
<
ADC T \
Sampling PWM PWM
Update Rate
Delay
Fcrossover = Fcontrol/20 Rule of thumb
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Additional challenges

" Phase margin loss:

AD, .. = —360°x ot
DEG T

Ccrossover

" Max PWM resolution iIs:

PWM _ fosc (8 bit with 32MHz and 100 kHz PWM)

pwm

" No digital current mode
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Analog Design Review

Analog World: Buck Converter - Voltage Mode

1T

POWER STAGE (PLANT)

out
/ T
/ K VO =D VdC Where D = ON []RLOAD
T
- —-
COMPENSATOR (ERROR AMPLIFIER) —>1 - -
|
PWM GENERATOR I
M D : /
O R 1 : I
S | R Vg \t
F vTl® : |EA N e
E E S VRAMP
T R
OSC

Slide 60

M MICROCHIP

© 2016 Microchip Technology Incorporated. All Rights Reserved.



Core Independent Peripherals

SR RINNIE== R 7%
J [T

. CwWeG/CoG /' PSMC  / SlopeComp. /.  SMT /' HLT % ZCD
: | () | —ral
PWM j
| . 100mMA | Angular Tmr | MAC
« CRC-WWDT A Y %
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" Different topologies and control strategies
using the core independent peripherals
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SMPS Modes of Operation

Voltage Mode

" Uses error voltage to control duty cycle

" Current Mode
" Uses error voltage to control inductor current

" Hysteretic Control
" On/Off control of fixed PWM based on output voltage

" Proportional Control

" Proportional control of variable PWM based on output
voltage and an active feedback filter (compensator)
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Voltage Mode Hysteretic

" Control Blocks required
for feedback control
" A fixed duty cycle PWM
" Reference Voltage
" Comparator

" Gating for control of on/off
PWM

M MICROCHIP



CIP Solution

PIC Microcontroller Power Supply

L

___ D
10-bit
PWM
j Inductor
Current
Feedback

ON/OFF

ol FVR
Comp_ Output Voltage Feedback
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CCP

CCPxCON<5:4>

1 O' b | t PW M Duty Cycle Registers ~ —

CCPRxL

" Uses TMR2,4,6 %

CCPRxH@ (Slave)

" 8-bit period register T

= 8 bit duty cycle in =[]
CCPRXxL T |

- 2 blt dUty CyCIe In 4 ?)'ggll;a%n&(g;(pinand
CCPxCON —

Note 1: The 8-bit timer TMRXx register is concatenated
with the 2-bit internal system clock (FOsc), or
two bits of the prescaler, to create the 10-bit
time base.

2: In PWM mode, CCPRXxH is a read-only register.
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MCC - CCP

MPLAE® Code Configurator 22 | E E @

[Generate Code (4) ] << Resources ] [ Fin Manager = ]
5| B TMRZis used in: PWM1
E 403 | Initialize - x
e
% Enable Timer
= - -
hiij Prescaler: L1 - PR Match Value: w00 = OxFF = OxFF
':;] Postscaler: :1: 1 - Timer Period: 8.0us = 2.048 ms = 2.048 ms
i)
[] Enable Timer Interrupt Callbad: Function Rate: x Timer Period =
MPLAE® Code Configurator 22 | lIJ E @
[Generate Code (4) ] < < Resources ] [ Fin Manager == ]

= PWM1 is using: TMR.2
::-E;:': Initialize - x

Please refer to the Timer2 tab to adjust the PWM frequency

& [ E) pwM1:PwWM

Enable PWM PWM Polarity: () inverted @ notinverted
| Select a imer: | Timer2 PWM Period: 2.04800 ms

Duty Cycle: | 50 | % PWM Freguency: 488.2812 Hz

CCPR Value: 511 PWM Resolution: 10 bits

Enable PWM Pin Qutput
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HS Comparators

" Programmable input selection
" Programmable output polarity
" Programmable speed/power/Hyst

" Programmable and fixed voltage
references

" |Internal connections to PWM/COG/
PRG/CLC/Op Amp/TMRs/DSM

" Interrupt on change
" External output

M MICROCHIP



Comparators

CxNCH<2:0>
CxON(
3 X |nten'upt CxINTP—
_)‘_ det
cxino- Do Set CxIF
CxIN1- 1
CxlN2-|E—2 MUX Interrupt CxINTN—
@
CxIN3- @_ 3 TN det
\ CxPOL
Reserved 4 CxVN|
to CMXCONO (CxOUT)
] p= D Q
Reserved 5 Cx ! ™ and CM2CON1 (MCXOUT)
FVR Buffer2 6 e b
Q1—{EN
LI
AGND == / CxHYS EaiE
\ ¢ async_CxOUT o 70.COG, DSM
cxino+[X—o
CxIN1+(3’®— 1
CXSYNC
i RErs TRIS bit
: |
Reserved ® | pMUX 0 Cxout
[ ] (2) PPS
—7 L 1o a 1
PRG1_outp(L;; —18 From Timer1
PRG2_output'®) ——g — tmrl clk > _\_
DAC1_output — 10 - M»
DAC2_output® — 111 To ADC, PRG, CLC
DAC3_output —— 12 Timer1/3/5 Gate
DAC4_output(3) —13 Timer2/4/6 Reset
FVR Buffer2 — 14
T
AGND == CxON
CxPCH<3:0>
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M MICROCHIP

MCC -

MPLAB® Code Configurator 22 |

Comparator

L=

[Generate Code {7) ] << Resaurces ] [ Pin Manager > ]
% 1:; Initialize - X
o
= Enable Comparator Positive Input: | C1IND+ -
3 : .
L_: [] Enable Synchronous Made Megative Input: |CIND- -
(]| | [C]Enable Comparator Hysteresis Output Polarity: (7) Inverted (@) Non Inverted
—
L1, [ Enable Comparator Zero Latency Filter Interrupt Flag Set On: [ rising edge [ faling edge
[ Enable Comparator Interrupt

© 2016 Microchip Technology Incorporated. All Rights Reserved.
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Configurable Logic Cells CLC

" Com

" AN
XO

oinational logic
D/NAND/AND-OR/AND-OR-INVERT/OR-

R/OR-XNOR

" | atches
" J-K w/RST, S-R, D latch w/SR, D Flop w/SR

" 38 selectable inputs

® Connections to CIPs, Clocks, Timers,
GPIO, COGs, & each other

® Can be used for debug purposes
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MCC - CLC

u MPLAB X IDE v3.10 - MCC : default | S

Q. Search (Ctrl+1)

File Edit View MNavigate Source Refactor Run Debug Team Tools Window Help

EF_‘I EI E % : :dEf‘clLﬂt v: I:[Er' = Bé:; - M 2l ¥ :PC: 0x0| |zdcc : W:0x0 : bank 0 ﬁ“r How do I?

& | MPLAB® Code Configurator $| EARA E @ =2
i =
% Generate Code (3) << Resources ] [ Pin Manager == ] I
= S
] 3 warnings (Hover for more information) o
@ : o7 |Initialize - x &
o g
K] =] Enable CLC  [| Enable Rising Interrupt ~ [| Enable Falling Interrupt =
=4
& s
FL Graphical | Manual 2
o= =
= & =
] =]
N e anD-0R | or-%oR [ AnD | 5 | o-Flop | or-D [ 34| D Ltch =
4 1)
= ¢ :
(=}
@ @
I :
3
o
i}
I3
5
"
3
=g
“E‘ s -
a CLCIND (CLCINOPPS) -
o L d
=3
3 ‘ S
@
3 GATE 2 D Q
g
CLCIND (CLCINOPPS) -
CLCIND {CLCINOPPS) -
[ Enable CLC Interrupt
w2} E Cutput Q Search Results  Program Memory @

= Ny
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DAC & Fixed Voltage Reference (FVR)

| DACxREFHI DACXREFL |

P write 1 to
Reserved — 10:biLatch | o— o ary e
FVR buffer2 (not visible to user)
VDD —
10
VREF+ IZ}— ADFVR<1:0> —
x1
— X2 FVR BUFFER1
PSS<1:0> x4 (To ADC Module)
CDAFVR<1:0> —57—
X1
EN — x2 FVR BUFFER2
x4 (To Comparators, DAC)
HFINTOSC Enable
§ — HFINTOSC
! =
1024 [ . DACx_output :
Steps 1 52 ) =t aphon t————— B ToBOR.LDO
]
<
S EVIEN FVRRDY
R =
Any peripheral requiring the
Fixed Reference =
i —|_’—@ DACXOUT1
T
R
VREF- \/SOURCE- /
Vss
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Voltage/Current Mode

" PWM is turned on by a timer and turned of by a
comparator - same duty cycle resolution of an
analog PWM

" Control loop is implemented using the internal
opamp with an external compensation network — no
need for high performance MCU for high speed
calculations, and for high speed ADC

" Slope compensation for current mode uses an
Internal ramp generator + comparator - no external
components

" Comparator measures the instantaneous current —»
no need for high speed ADC or fast CPU for digital
slope compensation

" With an analog controller the crossover frequency
my be in the range of Fsw/10
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M MICROCHIP

Voltage mode implementation

PIC Microcontroller Power Supply

Rising
DCmax

I_”_” Falling

Output Voltage
Feedback

Qype lIl compensator /

© 2016 Microchip Technology Incorporated. All Rights Reserved.
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M MICROCHIP

Voltage mode implementation

PIC Microcontroller Power Supply

Rising

(11

Output Voltage
Feedback

Qype lIl compensator /

© 2016 Microchip Technology Incorporated. All Rights Reserved.
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" | ow leakage inputs
" 2 MHz GBWP, CMRR 70dB typ

" Programmable inverting & non-inverting
Input selection

" Unity gain & output tristate over-ride
" Multiple over-ride sources

M MICROCHIP



OPAXINO+ ™

OPAXxIN1+ OPAXx_out

OPAXOUT

Internal analog sources

PCH<1:0> —V,

OPAXINO- ™

OPAXxIN1-

Internal analog sources

NCH<1:0> —\/’/

uG

ORM1 —

Internal override sources

ORS<1:0>

ORMO——— /
ORPOL
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MCC - OPA

MPLAB® Code Configurator 32 | lIJ E @
Gernerate Code (9) ] <« Resources ] [ PFin Manager = ]
<
n s
2 503 |Initialize - x
-
<
% Enable Op-Amp [ Unity Gain Configuration
h:"‘ Megative Channel: | OPALIMND-  » Override Control
&5 Positive Channel: |OPALIND+ Mode: | tri-stated -
|
OPA1IMO+ - r 1
Source:
OPAIINI+ _CCF‘ 1_out -
DACL out [] Inverted Source Polarity
DACZ_out =
DACS _out
DACS out
FYR_Bufferz
PRG1 OUT =
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Programmable Ramp Generator (PRG)

" Linear positive & negative ramp

" Programmable current source/sink
" Int/ext reference voltage select

" Int/ext timing source select

" 3 modes
" Falling voltage (slope compensation)
" Rising voltage (for voltage mode)
® Alternating rising/falling voltage
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Programmable Ramp Generator (PRG)

VDD

RTSS<3:0> ISET<4:0>

RPOL v

SW2
Set_rising D—ﬂ f _é\
Timing Sources ] / Pt s
" peripherals
PRGxR PPS GO
REDG
PRGXRPPS — - 2 | SW1 ’
— S -
Switch N ) 1
FTSS<3:0> Control > pumm——
R l—o
FEDG | J
i oS
Set_fallin — N voltage_ref
Timing Sgurces D } A MODE<1:0> Voltage Sources
PRGxF PPS SW3 PRGxIN
FPOL
PRGxFPPS INS<3:0>
ISET<4:0> Q
v
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MCC - PRG

W MPLAS XIDE V310 - MCC - defaut = | or [fmesw]
File Eda View Navigate Source Refpctee Run Debug Team Tools Window Help Qe Ze i
) &r"-_ - defmt v § "8 s Ml A Bp * Poodl [2dcc :w:os0:barko| | B Howdal
5 | MPLAB® Code Confguratr  ® =g B
l;i Generate Code (7) << Resouroes P Manages >> g
- : =
5 § 22\, The Ramp Raisng and Faling iming Sources and their Event polanties are same. ‘[ 6.
< 4= PRG & using: OW1 ‘ ¥
A1 Tritiakae vil® I { E
gl S &
; ¥ Enatie Ramp Generstor ‘ | &
]
S | W | oamo Generater Mode  1eng TR ENerAt - Enatle Ore Shat 7
5 4
; 0 vollage Input Source PRG1INDOPA XOUT - SopeRate 0.2VAs = 0.20 Y)us S25VA= ‘ g
'E Ranp Rany Timing Source Ramp Fallng Timng Source g
~
B TIming Source syne_C10UT - Timing Source -
d
s
o Inout Sengitnity 0 Edge Level Input Serstivity
Rsing Event Polarity @ Hgh Low Faling Event Polanty
& [ Output ( Search Results  Program Memory £}
[ — o —— - =~ = gir g T || p— n 0 w : | E—— T N SO R ———— |
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Complimentary output generator

® Six mode:

1. Steered mode

2. Synced steered mode
3. Half Bridge

4. Full Bridge (for/rev)
5. Push Pull

" Independent rise/fall events with
edgel/level select

" Phase delay, Dead time, Blanking

" Auto-shutdown with pin override, high,
low, or high- Z

M MICROCHIP




reserved —

ASDAC<1:0>

11
HFINTOSC —10 COG_clock
Fosc —01
Fosc/4 — 00 ’:)) >
CS=10> Rising Input Block POLA L ASDBD<1:0>
Rising Dead-Band Block
clock |« ‘1'—11
src15 clock .
Reset Dominates sl ‘0 10
ignal_out High- 01
Rising event sources rising_event s Q signal_in g &3
src0 —R QF— \D
count_en | ’—)
| POLB ~ ASDAC<1:0>
Falling Input Block Falling Dead-Band Block
1'—11
clock |-e— L{clock ‘o'—10
— qsrcid signal_out High-Z—{01
signal_in 00
Falling event sources 1
falling_event|——— M 3~ I COGxC
—{src0 —— ) ) . 0
count_en|-e
POLC — ASDBD<1:0>
1 11
‘0’ 10
EN D g
Source 7 High-Z- g(l)
ASTE “ﬁ COGxD
Shutdown sources Auto-shutdown source ’:)D ljJO
POLD
Source 0
ASOE
S Q . ASE
Write ASE High ARSEN S
Write ASE Low ) R D Q
Set Dominates s

M MICROCHIP
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MCC - COG

u MPLAB X IDE v3.10 - MCC: default ||

[~ Enable Auto-Restart
[ Enable the pin selected via PPS as an Auto-Shutdown Source

[~ Enable the CMP1 output as an Auto-Shutdown Source

Eile Edit View Mavigate Source Refactor Run Debug Team Tools Window Help Q- Search (Ctrl+])
= 1 ER KR =
E 8 E P— % : default - [:f = E‘f - = = MY * PC: 0x0| |zdcc : W:0x0 : bank 0 & HowdoI?
P | MPLAB® Code Configurator $| EAR A B @ =3
i =
., Generate Code (8) << Resources Fin Manager == =
=
£ &
LTj g 4 warnings (Hover for more information) 2|l o
=] ™ A
™ Initialize - @
— 0
=g : : g
2|0 Enable COG COG Mode: | synchronous steered PWM mode - =)
5@ : : g
% - Clock Source:  |FOSC/4 Maximum Cumulative Uncertainty: 8.0 us =
= {_] . . =
= =
‘_% 1] | Output Pins Configuration I Rising Events | Falling Events | Auto-Shutdown g
) a
L o
= [:]
(=]
5]
o
o
o
5]
@
5]
a
T
=

[~ Enable the CMP2 output as an Auto-Shutdown Source
[ Enable the CLC2 output as an Auto-Shutdown Source

[~ Enable the TMR2 output as an Auto-Shutdown Source

m

[~ Enable the TMR4 output as an Auto-Shutdown Source

Qutputs A and C Auto-Shutdown State: :inacﬁve state »

Qutputs B and D Auto-Shutdown State: ;'Lnacﬁve state »

inactive state

w2} LT':, Cutput Q Search Results  Program Memory @
— — T T E— m— m = = = — B ESS—— ]
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Current Mode

In addition to Voltage mode:

" A inner current loop need to
be added

" Slope compensation is
needed because the current
loop iIs instable if the DC is
greater than 50%

" Ramp generator to implement @

slope compensation

N MlCRDCHlp © 2016 Microchip Technology Incorporated. All Rights Reserved.



Current mode implementation

PIC Microcontroller
Power Supply

D

Rising
DCmax

[T

Falling L2

Current
Feedback

Output Voltage
/ Feedback

Qype Il compensator ‘//
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Sub Harmonic Oscillations
INn the Time Domain

mm DAC Reference
mm Inductor Current

Output Voltage
mm Duty Cycle

CURRENT FEEDBACK

PWM OUTPUT

Fy
) RO (L DT Thase  -10.4 pis
2.00 V/div 1.00 Widiv 500 m\/idiv 5.00 ps/div||Stop 710 mV
7,900V 1890V 940 mV/ 500kS 10 GSis Edge Positive

6.00 V/|--—- 940 mVi|---- 465 mV
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M MICROCHIP

Sub Harmonic Oscillation Phenomenon

" During steady state operation the average
output voltage/current still looks constant

from outside and no/very little regulation iIs
available

PWM
T
o
|w)
O
T
o

Switch
Current

© 2016 Microchip Technology Incorporated. All Rights Reserved
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Determining Slope Factors

" The slopes of the perturbed current waveform can

be considered to be parallel to the expected, ideal
waveform

" So the ratios between Al, and Al,, Toy and Toee
and m, and m, can be set in fixed relations

Tsw
AN H
0 — Ton « Torr - I
T e T T A T T T T T T T PK
1 N\m
m Ao |
AL e NN I
i } Al
: ! S At
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Determining Slope Factors

— Inductor Current —

" |deally balanced " |n Steady State:
waveform:

IPK=m1XTON+IDC =

IPK = mZXTOFF + IDC

" Perturbed waveform:
with

Ton = DxTg,

TOFF =(1_ D)XTSW

| ok :Alo"'le(TON _ATON)+ | oc
| ok _mZX(TOFF +ATON):AI1+ | oc

with Al __m
Al m,
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Determining Slope Factors

— Compensation Ramp —

" To bring the current back in balance, the reference
voltage will be decreased over time (subtractive
compensation)

" Therequired Vgee de-rating slope —-mg. has to be
derived from the rising and falling current slopes m,

and —m,
A Sw
— Ton >« ToFF - Mgc
Bttt :N; i S I*PK
— —
I \ m, :
AT 5 i
m ON ' i
Al { ' e e e
P S B e
: : : l Al
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Determining Slope Factors

— Compensation Ramp —

" The number of cycles N required to reach its maximum amplitude
can be determined by

" By introducing the compensation ramp —-mg., we get

n
m, —m
Al =] ——2—3SC | Al
m, + Mg
Design Target

N _ : for maximum
" Critical compensation can be achieved, w d;nama}c raL:]ge

mz B msc
m, + mSC

<1l andsowede
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Determining Slope Factors

" Assuming a constant inductance L, the
slopes are proportional to the voltage
across the inductor

" For different types of converters we can
therefore determine the following slope
ratios

Converter Type m,L mgcL
Buck Vin - Vour Vour > Vour - 0.5 Vi

Buck-Boost Vin Vour > 0.5 (Vour— Vin)
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Sub Harmonic Oscillations in the

Freqguency Domain

" Control to Output Transfer Function:
R 1

<

> = Fo (S)F, (s)
A ' p h
Voo Rigy RLTS m,D' —0.5]
Where
1 1+sCR,
)= FO)="y
1+ + 1+—
a)nQ Wy a)p

A New, Continuous-Time Model For Current-Mode Control (Raymond B. Ridley)
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Sub Harmonic Oscillation

20 T T T T T T 11T T T T T T T 11T T T 1T T T T 1T

Vpp =0.15V, Qc=6.35, DeltaRamp =-0.6
Vpp =020V, Qc = 4.01, DeltaRamp =-0.8
Vpp =025V, Qc = 2.93, DeltaRamp =-1.0
Vpp =031V, Qc=2.31, DeltaRamp =-1.2
Vpp =036V, Qc=1.91, DeltaRamp =-1.4
Vpp =041V, Oc=1.62, DeltaRamp =-1.6
Vpp =046V, Oc = 1.41, DeltaRamp =-1.8
Vpp =051V, Qc=1.25, DeltaRamp =-2.0
Vpp =056V, Oc=1.12, DeltaRamp =-2.2
Vpp =061V, Qc=1.02, DeltaRamp =-2.4

A Uncompensated
Peak Current Mode Controlled = Sub_h.QFmQ_r.‘!QS ENRNEY
systems develop asignificant >~

double pole at

fSW

shoar compensaed | 1
When this peak exceeds -20dB, sub harmcamcs

sub harmonic oscillationswill '\
occur at/around this peak
frequency

1 I S N I

10"
Frequency (Hz)
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Real Case Study

Froquency TRI1: MagDB TR2: Phase Information |iv Trace 1 (TR1) ]
1,222 kHz 0.190 4B 74.647°  Please select at least 1x QTg!
# AV Name
] CF Memory |
2 &N Memory 2
L 1 ]
60
40
20 —==x=ooo_ .
fos) i e =
2 o—— — \
E 20 ! Data <> Memory 2 I ’
/ Mam Advanced Memory
-40
[# Trace 2 1R2) |
60 £ AV Name
1 & ¥ Memory |
102 103 10+ 105 2 CF Mamory 2
fiHz
— TR1 MAG(GAIN)  — e Memory 1 Mag(Gain) m— e Memory 2 : Mag(Gain)
200 |
| M A
150 ; : ?\'<=~:_/Jﬁ
100 __ \ lfj
50 ! | |
°N l . | ! Data -> Memory | I
0 — - =
g : \_\_ N ! ; I Mm Memory |—_~
50 i \: i 1
. \ '
-100 1‘ %, N \\ i Il Diagram Setup
‘ T ST : " T Auto
150 l V‘\ 1 " @ Always Two Diagrams
K
-200 153 o | T o Export Traces Data... ]
flHz
— TR2 Phase(Gain) s s Memory 1. Phase(Gain) e e Memory 2 - Phase(Gain)
Source: Ao | == 2015/9/21
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Real Case Study

Open Loop Transfer Function

60 180
150
40 — — —_— ———— 120
Phase Margin r 90
R > 72
20 - mEK 60
_ 30
@ (2
— <1}
g — ° 8
(] =
(L] o
-30
-20 — — -60
34 le - - - GainMargin—— 1111 i 0
-40 — — -120
-150
-60 -180
100 1000 10000 100000

Frequency [Hz]

TR 1: Mag(Gain)/dB s TR2: Unwrapped Phase(Gain)/-
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Interleaved topology

PIC Microcontroller

' 3 - i)
Timer

' . J. ' . Phase2
\VES T :

I ' 16-bit PWM COoG1 . l l

l . OF1_match . ' Q L

l ' Currentl F

f:’*'zc.:omp
] S )

Current2 Feedback

- g hl

<" Comp
L seere HO LT
l ' Verr - . l

: Output Voltage

- e | Feedback
' ' = OPA |

[

Type Il compensator | <
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16-bit PWM

" 16-bit PMW with Phase, duty cycle, period,
and offset event controls
" Four modes of operation

" Standard, Set on Match, Toggle on Match,
Center Aligned

® Four offset modes

" Independent, Slave run on Sync start, One-
shot with Sync Start, Continuous run with
Sync start & TMR reset
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16-bit PWM

MOD$<1:0>
EN
PHx_match PWM Control
DCx_match Unit ) > D a}—PWMxOUT
A
Q4 —CK
PWMxP OL
OF6_match'"— 1 OF match N T6 Peripherals
= Offset
OF5_match'"— ¢ PRx_match Conkial
OFS OFM'<1:0> —‘ — PPS PWMx
E R UD
PWM_clock—  pPWMxTMR RxyPPS TRIS Control
] 1
PRx_match PHx_match OFx_match DCx_match
Comparator |——» Comparator W Comparator f———» Comparator f——»
se

r set PRIF ﬂ r set OFIF ~ set DCIF

16-bt Latch J-DXMM99ET | 46 bt Latch LOXI9Er | q6.pt | atch {LDXIMO9ET | q6.pt Latch | LOXIrigger

T kil T T

PWMxPR PWMxOF PWMxDC
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Operation Mode

® Standard

4 P enod -

-+ Dty Cycle -

k- Phase -
PWMCLEK —I I_I
PR | 10 |
PP H | 4 |
PWHEDC | g |
e (0 X 1 X 2 X s X & X s X o X 7 X s X o XX o X+ Xz2Xs X3 X5 Xe)
PWKEOUT

Slide 102
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Operation Mode
" Set on Match

P‘Mu'l:ELK; T " L
LR ED G €D &5 €D €5 G 65 € € € € G €5 &5 & & &

PWkOUT
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Operation Mode

" Toggle on Match

IS €5 €5 €8 €8 @D D &5 €5 €5 €3 €5 &5 €5 € €5 €5 €5
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Operation Mode

" Center Alighed

LS G € €5 €5 €3 &3 € & € & & &5 €3 G &b & &5
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Offset Mode

" Independent Run Mode

Penod -

S O o A

r‘“‘”“MH(M(X)(XX)(XX)(XX)(XX)(XX)

LT ] -
S ] [
S ] ]
S [
ey (o X X2 Xe X Ko X X2 Xs X X oo X X e Xos X e X X2 )

PWMyPR [

|
PWMyPH | [{ |
|

PWMyTC |

et [ ] ] 1

Mate: PWMx = Master, WMy = Slave
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Offset Mode
ave Run Mode with Sync Start

- Penod L

- Dty Cyde -
[—— Phase ————————=

[——— Offgd ———

PWMxOF | 2 |
FWM::MH{QX1X2X3X4X5XEX?XaX@.XmXaX-leXaXdXsXa)
- I G5 €3 &5 &5 & G5 & &) &5 &5 &b &3 &5 &5 &5

Mote: Master= PWM, Slave = PAMy
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Offset Mode
" One-Shot Slave Mode With Sync Start

) Penad -
- Dty Cyde L

[—— Phase ——————————

[—— Orffaat —————-

PWMLK
FWhMxPR | 0 |
PWMxPH | 3 |
PWMDC | |
PWMxOF | 2 |
PWMxTMR ( ] X 1 X 2 X 3 X 4 X ] X [ X 7 X g X g X 10 X il X 1 X 2 X 3 X 4 X E X & )
PWMOUT

OFx_maich

T ) XX 2 X s X+ X . EDENE D
PWMyPR | 4 |
FliMyFH | i |
PAWMyDC | |
PAMyOLT

MWaote: Master = PWMx, Slave = PAWMy

M MiCROCHIP © 2016 Microchip Technology Incorporated. All Rights Reserved. Slide 108



Offset Mode

" Con. Run Slave Mode With Sync Start And
Timer Reset

-t Duty Cycle -

s gigiigigigiigigs
PWMxPH [ 3 |
iy : I
PWHKxTMR < [i] X 1 X 2 X 3 X 4 X 5 X & X T X ] X o X 10 X Li] X 1 X 2 X 3 X 4 X 5 X & )

PWM=OUT I—I ’—I—
o o ] ]
T €D €D G5 €D €3 G G &) &5 @ b &b &5 &5 &

FWMyPR |

PliMyPH |

PlMyDC | z

— ] ] 1

Note: Master= FWMx, Slawe=FWhy
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MCC - 16bit PWM

B PLAE XI0E v3.30 - MCE - default

DRy g g ntuuo) w00 Gavidd

File Edit Yiew Navigate Scurce Refpctor 8un Debog Team Iocks Window Help Q-
™ ¥ S defaut » - v o e §0 - Poondl sdce iwodibako| W sowdop
5 | MRLAES Code Configuratr = ==
£ | | Generate Code {9) | <« Aesources P Manager >>
[
| § %, The pin & not assigned to the PAM module
- Invhaiee v i®
> | @
z s Enable PWM
e PAM Clock
:Q
s I Oock Seurce  FOSC -
1“ J Output Polerity Actve Low @ Active High
= 0 Preacaler Ho_Prescala -
; Mode  alanded PWM -
'3 :ﬂ - : atch
“ on match
e v S 2V Rena:
® ) Mmo;k _on_manch -
§ ke plged Load tuffer
Perd 2000w = 3,000 us € 131072 m Mate Odeg = 0 € 350 deg
Penod Count : 1 Fhase Count: 0
Offeet 4000w 5 4,000 us £ 131072 m Duty Cycke 0 .
OffsetCount 1 1 Duty Cycle Count : ©
Eratie Al Intermpt
P L outmue (L SearchResuts  Frogram Memory 2
e 1z | T _ Qum— L] _JE— .

M MICROCHIP




The Power of Peripheral Pin Select

’1‘3\ (Q.C
" Move functions
" For improved layout

" For improved noise isolation

" Switch drive peripherals on the fly
" Add new digital connections
" Generation of virtual test points
" Swap output drivers for topology change
" Move resources between SMPS channels
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" Protection functions examples
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Output Over Voltage

PIC Microcontroller

Rising

m DCmax

11

Power Supply
D

Falling SHDN

L2

Current
Feedback

Output Voltage
/ Feedback

o

Qype Il compensator /
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Max Current Limit Voltage Mode

PIC Microcontroller
Power Supply

Rising
DCmax

Output Voltage
edback

I_”_” Falling

- -

*—W—
o

Qype lIl compensator /
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Over Temperature Shutdown

N . .-

I_”_” Falling

PIC Microcontroller

Rising
DCmax

Power Supply

PRG
Stop

—

* PWM

temperature

> Tmax
Verr . + i Temperature
Q:EPA PAC ﬂ:/- sensor

Output Voltage
Feedback

*—W—
o

M MICROCHIP

Qype lIl compensator /

© 2016 Microchip Technology Incorporated. All Rights Reserved.
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Over Temperature Derating

PIC Microcontroller

Rising Power Supply
DCmax

Output Voltage
Feedback

Falling

Comp =
+

>

temperature
> Tmax

Temperature
sensor

s T s B s B e M
5

*—W—
o

Qype lIl compensator /
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Over Temperature Derating

PIC Microcontroller

Rising Power Supply
DCmax

Output Voltage
Feedback

I_”_” Falling

10-bit Vref Temperature
f;;gpA sensor

- .-

*—W—
o

Qype lIl compensator /
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Soft-Start — Power sequencing

" DAC Is set to a value
very close to O =
" The control loop Is
turned on "

" Using a timer or just a
for loop, DAC is slowly )

Increased up to the 1 /

reference value //
>

Time
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Soft-Start — LED Current

§
i
:
;
|

A-@ED Frequency xaxanxanx  xxxxexssex (Max) =xssxexws (Min)
- Duty Cycle xxxxxxxx sxeexxxsx(Max) s=Exsxexxs Min)
xanxxxx xxuxxxxxx(Max) Exxexxxxx Min)

15. 8Y 15, BV (Max) mlﬁ. BY(Min)

: 8. 8oV
oY HW 4:270. OmV

Mm&-

i Slide 119
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Dimming Control

"\‘ TELEDYNE LECROY

Everywhereyoulook™
Y Y

c3 Timebase 0.00s
5.00 Vidiv 50.0 mA/div Roll 1.000 sidiv Stop 101.5 mA
-15.05 V ofst! -150.5 mA 100kS 10.0kS/s Edge Negative
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Frequency Dithering

" Timer 0 generates a periodic interrupt

" On the interrupt a pseudo random number
IS generated

" The random number 1s loaded into the
OSCTUNE reqister
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Frequency Dithering

On Board Testing without PWM Dithering

A LILE T — e s O T T T I

5 | - 1
1 4123

LI:ﬁ ClLirre TELEDYNE LECROY
LEU e

Jacim ase -500psf Trigger EEES

10.0 mA/div 5.00 msfdiv Stop 41.0mA

0.0 mA offset iv 100kS 200MS/s Edge Negative
528 mA| --—-

20.80 mA; Ay
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Frequency Dithering

On Board Testing with PWM Dithering

aoant TELEDYNE LECROY
oliie ——— _ PP Everywhereyoulook™

L. ED.CLLrr
— L-LJ \vull

S e B L

v fdyldl J'a. 2

1+
—— FFET of LED Current
R S S e A [ T S T R S T T B T | B T
{41 ) Bl Timebase -500 ps§ Trigger ECEES
10.0 mA/div : 5,00 msfdiv Stop 41.0mA
0.0 mA offset 100kS 200MS/s Edge MNegative

528 mA ----
13.04 mA
7.68 mA, Ay
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Frequency Dithering

20.n B

FiLl)

G0

a0

41

30

20

10

-40.0

Limit:

0.15%0

0.5

6.20

MHz

M MICROCHIP
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Monitoring Performance

® 10-bit ADC with connections to all of the
analog signals

" Comparator interrupts on change

" Timer 1 gate for measuring pulse width,
duty cycle, event timing

" 8-bit processor with advanced
PIC16F1XXX processor

" Enhanced instruction set for data
manipulation
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User interface - Communication

PIC Microcontroller .' Power Supply

Q. L
~A%p o

|IOs/UART/I2C-PMBus...
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User interface - Communication

PIC Microcontroller .' Power Supply

rrrrrrrr

M MiCROCHIP © 2016 Microchip Technology Incorporated. All Rights Reserved. Slide 127



1.2.3 and 4 Channel Drive

A

& Slope
Compensation \
————————— 1
| Ramp PWM }__
| Generator Clock | TIMER \
| || | |
NSNS UL
| |
1
[

ccp
| FET Output \

|
DAC
Peak Current Feedback /

Voltage/Current Ra
o—MN—1
Feedback
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Battery Charger Application

A
CC Pre-charge CC Fast Charge . Cv Charge Done |, Recharge o
- Ll L . .-'I"I Eail
Battery Regulation Voltage i
Fast Charge Curren)/ M
Termination Current :
VBAT=3.0V 10% Fast Charge Current
Prefcharge to fast charge threshold ", Charge Completed
|
| 1
Pre-charge Cdrrent=10% Fast Current v |
-——————
] - - tf
Fast Charge Timer
p > 4= g
CHG#=L CHG==H
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DR —
iCdn) B [=RVTY
: WML

i Mo
i
M &
752
‘
}
1A A+
= J
|
~ ™
= ‘
‘
; |
pan—— S
Lo

CIP Block Diagram

“Yal A

—
| Irp
T
|
| - -
= 1 - . A
=K
S L
- -
<l 7
- |=t=—m= =
| A CACY ,E.'\J
4l ALL
e = W)
v oY
= 5, < ey A AT|
A2
1 - 3
\
-~ Jd | 2T
= =y
| AL

M MICROCHIP
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Charger Test Waveform

Voltage (V]

U

CCto VMOV

Voltage (V]

N MICROCHIP © 2016 Microchip Technology Incorporated. All Rights Reserved. Slide 131



Features & Memory

Multi Channel SMPS with LED Dimming Engine

Samples: Now
Production: Now

PIC16F1765
14KB / HEF / 1KB

PIC16F1764
7KB / HEF / 512B
8x10b ADC, 5b DAC,
10b DAC, 2xHSComp,
OPA, PRG, 3xHLT,
3x16bTMR, DSM, CCP,
PWM, 16b PWM, ZCD,
COG, 3xCLC, PPS,
2x100mA I/O, TEMP,
SPI/I2C, EUSART

14 Pin

PIC16F1769
14KB / HEF / 1KB

PIC16F1768
7KB / HEF / 512B
12x10b ADC, 2x5b DAC,
2x10b DAC, 4xHSComp,
2XOPA, 2xPRG, 3xHLT,
3x16bTMR, 2xDSM,
2XCCP, 2xPWM, 2x16b
PWM, ZCD, 2xCOG,
3XCLC, PPS, TEMP,
2x100mA I/0O, SPI/I12C,
EUSART

20 Pin

PIC16(L)F176X/7X

Samples: Now
Production: Now

PIC16F1778
28KB / HEF / 2KB

PIC16F1776
14KB / HEF / 1KB

PIC16F1773
7KB / HEF / 512B
17x10b ADC, 3x5b DAC,
3x10b DAC, 6xHSComp,
3XOPA, 3xPRG, 4xHLT,
3x16bTMR, 3xDSM,
3xCCP, 3xPWM,
3x16b PWM, ZCD,
3xCOG, 4xCLC, PPS,
2x100mA I/O, TEMP,
SPI/I?C, EUSART

28 Pin

PIC16F1779
28KB / HEF / 2KB

PIC16F1777
14KB / HEF / 1KB
28x10b ADC, 4x5b DAC,
4x10b DAC, 8xHSComp,
4xXOPA, 4xPRG, 4xHLT,
3x16bTMR, 4xDSM,
AXCCP, 4XPWM,
4x16b PWM, ZCD,
4xCOG, 4xCLC, PPS,
2x100mA I/O, TEMP,
SPI/I2C, EUSART

40 Pin

M MICROCHIP
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Core Independent Peripherals Integration

Quick Reference Guide

Peripheral Function Focus
Timing and O

) M " and
l; easurements  Math
§ i 2
s B 7| : S8l : 5 .| S
x -~ =1 “
3 s ESPIENES 2| [Eleiz|g e2ici=lSitiotel - |2(2] B[22 2 S|5lel S
c 2 HHEBEIREEHHEREREEEH R S B R EREE L EHEEEE
o a EUIEIOEU}SOHHIQ.OOZDEIO.;&%U)G&'OEE0I§uJ"_D:EI‘SI&QOX
PICLO(L)F3XX 6 384-8968B| 8 | | ' v v|v ' | | I«lv] | v ‘
PIC16F527/570 | 2028 153 | 8 | v| v ' ' v
PIC1X(L)F150X 820 17514 |10 v| | 5 v v|v v v v v v 2 v
PIC16(L)F151X/2X | 28-64 3.5-28 | 10 v v 2 2 v v v v
PIC12LF1552 8 35 10 v v 77z P2 '
PIC16LF1554/9 | 14-20  7-14 01“3‘ v v 4| v v v v
PICI6(LF145X | 1420 14 |10 v | | [ | lv] | |v| v v | v v | v
PICIX(L)FI57X | 8-20 1.75-14 | 10 v 5 ' v v | v 7 v Az '
PICAX(HV)F752/53 | 814 17535 |10 |v 5/ 50 v |v| |v| | | |v| | | vl | ' v v | ’
PIC16(L)F182X/4X | 8-20 35-14 |10 ¥ v v ‘ v v v |v v
PICAX(L)F1612/3 | 8-14 35 |10|v| | 8 [v]v] v lv| | E; slelvl || v 7| [ v
PIC16(LIF161X | 14-20 7-14 |10 v 8 100 v|vlv v v v | vl [l v v v+ v|v v|v v
PIC16(LF170X/1X | 1440 3528 |10 | |v | s8] |v v|v|v | v ’ v v ' AN v 7] v
PICI6(LFA76X/7X 1440 7-28 |10 |v |5/10(100|v v| |v|v v v| |v o[ [« |v v|v v v | v v v v v v
PIC16(L)F178X | 28-40 3528 |12 | |v | 5/8 v v | v 7] v v | v v v ' v
PICI6(LF183XX | 820 | 3514 |10 v| | 5 | | v| v|v|v | | [+ L[ v] v|2] [«]|v v|vlv|v
PIC16(L)F188XX 28-40 7-56 10% /‘ 5 vi|v viv v v v v v iviv|vy 2 Vi v v v iviviv
PIC16(LF193X/4X 28-64 7-28 |10 | | [ 2 [« e [v
PIC18(L)FXXK20 28-40 8-64 10 | v v v v v v | v v v
PICI8(L)FXXK22 | 20-80 8128 |10 v| | & 7| 7] v 22 v |%l 7] [+
PICAB(LIFXXK4O | 28-64 16-128 |10* v| | 5 v|vlv v| v |v | |wl# 2]+ [+ vlv v v viv|v
PICI8(LFXXK42 | 28-64 16-128 |10* v | | 5 || v 7 IR | 22722 | B Az
PICIS(LFXXI94 | 64-100 32-128 | 12 v | v| ' v v | a2 |v|v|v| [v] |v|vl |v
PICI8(L)FXXK50 | 20-40 832 | 10 | v| 5 7| ' v 7| v |7 |7 EB [T [
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o InberTach JIL.L

ignal Canditicnin

ADC: wwu&gm» Conmvarter
| ADC with MATHPAK: Acvarosd Andlcg
to-0gial Comvrntar with Math Package |

| Genetal wpose 8/10-/126 ADC
(ae'ucra.l papose 10,1261t ADC with auu:r'areu wog :cmm anw..s |
(e oRrSampling, aviragog, o1c,)

CC /0: C(mswxwmmt}(o
Compe Comparator

oac: D@tatwwsogcmer
| HC lIO Mw\Cur':ntlfU

| Constant-curent source |/0 with nwo SUIRUT UP 10 10 MA

| Genenst prpose rull tocuil comparstor

ngwmm rehun:e with muttipie nternar and em:md corrections |
Lo 1o 50 mA or 100 mA current drive on select 1/0 pns

HSCamgr Hrghﬁoeed(‘” 0

Ganarsl purpose raik0+all cor comp with < S0 ng ES00nse time

OPA: Operatona Amglinier
PRG: Programmable Bamp Genaretor

| General purpose o aMp for internal ang extemral Siral SOUICH CONTR0NNE
| Analog ramp genarsnor (with s1pe campansation) fa Curant/ volagn mooe

|
|
DOWer SLEDINS '

| StopeComgr Slope Compensation
| VREF: Vorags Referonce

| ZCD: Zero Cross Detect

| Slepe compensanton for Peak Current Mode power Supplies
| Statdo Sxed viltags (6%emnce 0 use wih integrated nalog perphens [

AC highvotage zero crossing detection for simpitfying TRIACS control,
Sy rOniz0g swiching contaol s0d timing |

WAVEFORM CONTROL: PFWM Drive and Waveform Generation

CCP/ECCP:
\ (Enhanced; Cagture Compate PWM

COG:
cc*da'wnar, Output Generator

DSM: Dath Signa! Modulator

NCO: Numeeicaly Controliod
Oscifiotor and 20-bit Timer Counter

1. CCP/ECCE: 1002 PWM controd with 16-bit captune and comgssre

| 2. ECCP: Acation of Su10 SPA00wWn Lontndl \
Autormaied compiementary outout with corrro 01 kn mramc'ers A.ch as
programmable fsing/failing egge events, poarity, phase, cression ‘
cwadband, blanking ang auto shutdown

compiementary outout with cortrod of key cernmeters such as
desddand anc auto shutdown
\odulates a carrer sagr\ul with dsitnl dats 1o croaie custom cimer
Syheonized oulput sinnfonrs N
1. Precisian linear frequency generstor (8 S0% duty oycie) with 0.0001%
100 S0 of SOLr0R INDUT Clock Trequency
2. Generl purpose 200X timer/counter

PSMC: Prograrmable Switch Mode
Controtier and 28bit Timer,/Counter

PWM. Puize Widih Modulaton

| : 3 Go'_[cn: pdrpose 1608 tmey/counter

1. 1608 PWM with dadicated B4 MHz clock source and event trgRererg

2. Autormatec complomentary outpt with control of key perameters such
as programmabie fsng/faling evge events, polatity, phase, precison deas
band, bianking ang a0 shuadown

! prpose 10 b2 FWM contro!

| 16-bit PWM: Standalone 16-bit PWM
and 1601

Timer/Counter

TIMING AND MEASUREMENTS: Signal Measurement with Timing and Counter Ccrlrol

1. Hghtesontion 16-bit PWM with edge- ang conteralignad modes |
2. General parpose 1608 tmer/oounter |

Phash argie tier 1or measurment and control of Totational and parodc
«unmmmm&m

| CTMU:
| (.hurg: lne Mezsurement Unit

Time measurement unit that Drovices memod for LeengeraIune sensing, tne |
measurements (down to I na) and micuch® sersing

Timer/Gourter.

meiww mmwh_gm
2 Generat parpose B.bit timer/counter with extemal reset capabilties |

NCO: Numericaly Controliar OsciHator
and 2008 Nimer/Counter

1. Precimion lincar frequency generstor (& S0% duty oycie) with 3.0001%
100 Si20 OF SOLFOR INDUT SIOCK Traquency
2. Genenyl purpose 2008 timer/counter

mwmm

| ATCC: ReaiTime Clo cuoaveamar

twmwmum#ﬂgm%“
10 mmmmm

d0aisoand, blanking and e
3. Generet parpose uﬁ!mu

Mantans am.rate l:l:r.k and cubndr timing with nmni .!2 !63 h;cz‘crf'ul

s mmm
Timue ana 24-bt Tener/Counter

1. Accurate m :
tme of Bight; Iratantareous va. aarmge |
2. Benera! purpose 24D Uimer/counti:

TEMP: Yemgcratan: Indicator

Provices rtatie mm:rr.‘um measurements atiiizing the ADC

8265t Timer [

16-bit PWM: Standalcne 16bit PWM
and 16-D% Timar/Coumer

M MICROCHIP

1. Hightesontion 16-bit PWM W 20ge- 8N canteralignad mooes |

| 2. General purgess 1601 tmer/countes

CLC: Configurabie Logic Cal
MULT: Hardware Mutprer

MathACC: Math Aoceleratce

| CAC/SCAN:

|- Oyodicsl Redunaancy Check

| with Memory Scan
HLT:
Hardware Limit Timer and 8-0it
Tinar/Counter

LOGIC AND MATH: Customizadie Logic and Math Functions

rtogray
| 2, Genenl purpess 16-0% CAC 100 Use With memary S0 COMMUnCRTons asta

L. Integrated combinational and sequerttial lagic

2. Customes mtarconnaction and me-routing of Jighal pergneals

MULTIPLY functicn of two S bit vitlues with 1651 result

1. MULTPO, ADD, ACCUMULATE functions of 8/18.9% vulves wih 35 bit resut
2. Culouiates & 160t PIC function based on configumbie K., K, K
CONSIANtS with & 34-bit result

mecammmmdwmsnmm
N

2. Hacdwere monftorrg ‘or missed pericdic events and fault detection of
ex‘.ema! hardwsee
2. Gereral purpose 802 trmer/counter with extemal reset capablites

I

i WWOT: Windowest Watch Dog Timer

SySTeM SUPOrVISOry Circult That generates 4 resot whan softaare timing
sromules are detected within @ copfigurable oritioa! wirkdaw

| COMMUNICATIONS: Genersl, nousira, LIghting arc Automative

ACT:
Agtive Clock Tuming %or Crystal-fioe US3

CAN_ Cortrolier Area ‘u:twk

LIN: Local Interoonnest Neswork

L. Aouning of intermal 0SCilBror when connectad 16 USE host eliminates
necd for extemeas! crystal)

2. Tunes imternal pscitator to match aocurary of external clodk source
Ind:.sf.'ml nnd stomotive ccﬂ'nc co'nrrurcaton bus

L, INCUSLTiah 00 SUTCTOTVOLBNINC COMMAAGAtOn Hus
2. Suppoet for LIN when usrg the EUSART

ELSART/ALSART:
Enhancec/ Addressabie Universal
Asyrchronous Reoewer frunsceher

Z. Gereral porpose seria! communications
2. Support for LIN whan usng the SUSART

Geresal purpose. 2 wire seral communcations

rqa w«p&wal Intestace
USB: Universal Seral Bus

Gerseal purpose 4wire soral cammunications
Support for fullspeed USE 2.0 device profiles

gemontation and mouces ovathead of

Simpifes
miouch senuing apptications

LCO: Lyic Cystal Disolay il

miTouch: Micrechip Proprietary
Casactve Touch Techroiogy

Highly integrated segmantad LCD controller
4. Capacitive “or toach buttors ang shders
2, cmmmmmmmmmmm(u.m

| DOZE: Power Suving Mode
HEF. High Endurance Fiash |
IDLE: Power Saving Moce
PMD: Porgharnl Module Disable
PPS: Pargtwral Pn Sewct

XLP: eXvama Low Fower Tochnalogy

hbmytomn!thPUcnmsw-crmmmm:rnclndwunbyme
intemal perighera’s

1288 Nonvolatile cata stonge ¢ v.w.n mghmd.rarcc "D‘Jk L; w cycle'

“Abfity to put the CPU core to sieep whike the internal perphersls continue
to operate from the system cicck
Pergheral power disabie hartware o mnmze powsr consumpten af

urwsed pencherals

1/0 pir: remapprg of digital periphere’s %ot grenter design flexbiity ant
Impeoved EMI board layout
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PDF version available for download at www.microchip.com/8bitguickreference.
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LEGAL NOTICE

You may use Microchip software exclusively with Microchip products. Further, use of Microchip software is subject to the copyright notices, disclaimers,
and any license terms accompanying such software, whether set forth at the install of each program or posted in a header or text file.

Notwithstanding the above, certain components of software offered by Microchip and 3™ parties may be covered by “open source” software licenses —
which include licenses that require that the distributor make the software available in source code format. To the extent required by such open source
software licenses, the terms of such license will govern.

NOTICE & DISCLAIMER:

These materials and accompanying information (including, for example, any software, and references to 3™ party companies and 3™ party websites) are for
informational purposes only and provided “AS IS.” Microchip assumes no responsibility for statements made by 3 party companies, or materials or
information that such 3™ parties may provide.

MICROCHIP DISCLAIMS ALL WARRANTIES, WHETHER EXPRESS, IMPLIED, OR STATUTORY, INCLUDING ANY IMPLIED WARRANTIES OF
NONINFRINGEMENT, MERCHANTABILITY, AND FITNESS FOR A PARTICULAR PURPOSE. IN NO EVENT WILL MICROCHIP BE LIABLE FOR ANY
DIRECT OR INDIRECT, SPECIAL, PUNITIVE, INCIDENTAL, OR CONSEQUENTIAL LOSS, DAMAGE, COST, OR EXPENSE OF ANY KIND RELATED
TO THESE MATERIALS OR ACCOMPANYING INFORMATION PROVIDED TO YOU BY MICROCHIP OR OTHER THIRD PARTIES, EVEN IF
MICROCHIP HAS BEEN ADVISED OF THE POSSIBLITY OF SUCH DAMAGES OR THE DAMAGES ARE FORESEEABLE. PLEASE BE AWARE THAT
IMPLEMENTATION OF INTELLECTUAL PROPERTY PRESENTED HERE MAY REQUIRE A LICENSE FROM THIRD PARTIES.

TRADEMARKS:

The Microchip name and logo, the Microchip logo, dsPIC, FlashFlex, flexPWR, JukeBlox, KEELOQ, KEELOQ logo, Kleer, LANCheck, MediaLB, MOST,
MOST logo, MPLAB, OptoLyzer, PIC, PICSTART, PIC32 logo, RightTouch, SpyNIC, SST, SST Logo, SuperFlash and UNI/O are registered trademarks of
Microchip Technology Incorporated in the U.S.A. and other countries.

The Embedded Control Solutions Company and mTouch are registered trademarks of Microchip Technology Incorporated in the U.S.A.

Analog-for-the-Digital Age, BodyCom, chipKIT, chipKIT logo, CodeGuard, dsPICDEM, dsPICDEM.net, ECAN, In-Circuit Serial Programming, ICSP, Inter-
Chip Connectivity, KleerNet, KleerNet logo, MiWi, MPASM, MPF, MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach, Omniscient Code
Generation, PICDEM, PICDEM.net, PICKit, PICtail, RightTouch logo, REAL ICE, SQI, Serial Quad /O, Total Endurance, TSHARC, USBCheck, VariSense,
ViewSpan, WiperLock, Wireless DNA, and ZENA are trademarks of Microchip Technology Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated in the U.S.A.

Silicon Storage Technology is a registered trademark of Microchip Technology Inc. in other countries.

GestIC is a registered trademarks of Microchip Technology Germany Il GmbH & Co. KG, a subsidiary of Microchip Technology Inc., in other countries.
All other trademarks mentioned herein are property of their respective companies.
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