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For more information on appropriate
analog Type Il compensator design rules
and best practices, please refer to class

23094 PC2: Fundamentals of Switch-
Mode Power Supply Control
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" Digital Compensator ke -2
Design Path g

First we select a well fitting, known He(s)

prototype-filter transfer function . (wi + 1) (wi / 1)
(here type lll lead-lag compensator) PO \®Wz1 72

s (S S
1) (o + 1)
((Upl Wp2
Then the s-Domain transfer function <
of this prototype filter is mapped : z-Transform
into the z-domain NN

MICROCHIP

Bi-linear-Transform

H _ylzZl B3z + B,z?+ Bz '+ By Th» =
clz] = x[z] —A3z3 —A,z2-A z 1+ 1 € BLI gIves Uus
equations for the

Ordering z along the delay line HE RS J L
then gives us the linear difference

equation in time domain

un = Alun_l + Azun_z + Agun_g + Boen + Blen_l + Bzen_z + Bgen_g 47

{ Coefficient Equations
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MASTERS 2019 - The Bilinear Transform (BLT) - ~

f/w (_\ Desired Filter

Laplace-Transform o 11
the prototype filter |Hc(s) = H(2) Bilinear Transform (BLT)
where a = 2/Tq

’S-
N

MICROCHIP

Im(s) Tim@)
+ o0
Re(s) Re(z)
> >
F — 1
Frequency warping
using
. =
z=e /¥
ties in the sampling
- L frequency )

© 2019 Microchip Technology Incorporated. All Rights Reserved. . 23095 PC3 Slide 3




= T e D P i - e n 3R « ‘ s
| B QA - - e AT L E\CKA TS R s .« 9

k.

MICROCHIP D|g|ta| F||ter DeSlgn jﬁ
Q

MASTERs 2019

A w
a tan —
+ oo 2

By considering the sampling
frequency of the digital filter, we
now can prove, that the digital
frequency response of the
desired filter matches the
frequency response of the
analog prototype filter

Hp(w) = H(e™®) = Hc(s
-TC

Hp(w) = Hy (a tan%))

This is important as this is the
prove that we can map an infinite
frequency space from -o to o onto
a digital frequency space bounded
between -t and &

Ol determines the
effective frequency
range limit which can
be covered by our real-
world z-domain system
- © i
!
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System
X(s) == H(s) > Y(s) . Tustin or Trapezoidal
Feedback wqntrel It converts an analog transfer
H(s) = }@ function in s domain into an
(s) equivalent digital transfer function
Y(s) = H(s) x X(s) in z domain

* Itis an approximation (!!!)

« The lower the cross over frequency
with respect to your sampling
frequency the better the

All we need to do is to replace s
operators in H(s) with:

(" R approximation
2 1 -2z  For conservative design f, < f. / 10
$ —_—
T T A+ z Y
- Y,
System
Where T = sampling inter\\m% F >ZE)Z) k_> H(2) 9(:YEZ)I
Y

Y(z) = H(z) X X(2)
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Type lll lead-lag

H.(s) =
compensator S (L+1) (L+1>
Wpq P2
i . 2 (1 — z7H
R A A
/ N
We get
1 1
2(1-3) 2(1-3) :
1 Twpg 1 +1 1 +1 (E + 1)
H
1
T(7+1) 2(1—%) 2(1_5) .
2 T + 1 T + 1 (1 — E)
T(A)pl ( + 1) T(l)pz ( + 1)
\This term now needs to be factorized to get us to the desired polynomial form/
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... and this is when things start to get a bit messy for a while ...

2TwpOwplwp2z?
((T2wp1 + 2T)wp2 + 2Twpl + 4)wzlwz2z3 + ((T2wpl — 2T)wp2 — 2Twpl — 12)wzlwz2z2 + ((—T2wpl — 2T)wp2 — 2Twpl + 12)wzlwz2z + ((2T — T2wp1)wp2 + 2Twpl — 4)wzlwz2
2TwpOwplwp2z?
((T2wp1 + 2T)wp2 + 2Twp1 + 4)wzlwz2z2 + ((T2wpl — 2T)wp2 — 2Twpl — 12)wzlwz2z2 + ((~T2wpl — 2T)wp2 — 2Twpl + 12)wzlwz2z + ((2T — T2wp1)wp2 + 2Twpl — 4)wzlwz2
2TwpOwplwp2z
((T2wp1 + 2T)wp2 + 2Twpl + 4)wzlwz2z2 + ((T2wpl — 2T)wp2 — 2Twpl — 12)wzlwz2z2 + ((~T2wpl — 2T)wp2 — 2Twpl + 12)wzlwz2z + ((2T — T2wp1)wp2 + 2Twpl — 4)wzlwz2
4 2TwpOwplwp2
((T2wp1 + 2T)wp2 + 2Twpl + 4)wzlwz2z2 + ((T2wpl — 2T)wp2 — 2Twpl — 12)wzlwz2z2 + ((—T2wpl — 2T)wp2 — 2Twpl + 12)wzlwz2z + ((2T — T2wp1)wp2 + 2Twpl — 4)wzlwz2
T2wpOwplwp2z?
+ wpOwplwp2z
((T2wp1 + 2T)wp2 + 2Twp1l + 4)wz2z3 + ((T2wpl — 2T)wp2 — 2Twpl — 12)wz2z2 + ((—T2wpl — 2T)wp2 — 2Twpl + 12)wz2z + ((2T — T2wp1)wp2 + 2Twpl — 4)wz2
N T2wpOwplwp2z?
((T2wp1 + 2Twp2 + 2Twpl + 4)wz2z3 + ((T2wpl — 2T)wp2 — 2Twpl — 12)wz2z2 + ((—=T2wpl — 2T)wp2 — 2Twpl + 12)wz2z + (2T — T2wplwp2 + 2Twpl — 4)wz2
_ T2wpOwplwp2z
((r2wpl + 20wp2 + 2Twpl + 4)wz2z?® + ((T2wpl — 27wp2 — 2Twpl — 12)wz2z2 + ((—T2wpl — 2T7)wp2 — 2Twpl + 12)wz2z + ((2T — T?wpl)wp2 + 2Twpl — 4)wz2
_ T2wpOwplwp2
((T2wp1 + 2T)wp2 + 2Twpl + 4)wz2z3 + ((T2wpl — 2T)wp2 — 2Twpl — 12)wz2z2 + ((—T2wpl — 2T)wp2 — 2Twpl + 12)wz2z + ((2T — T2wp1)wp2 + 2Twpl — 4)wz2
. T?wpOwplwp2z?
((T2wp1 + 2T)wp2 + 2Twpl + 4)wzlz? + ((T2wpl — 2T)wp2 — 2Twpl — 12)wzlz? + ((—=T2wpl — 2T)wp2 — 2Twpl + 12)wzlz + ((2T — T?wp1)wp2 + 2Twpl — 4)wzl
L TZwpOwplwp2z?
((r?wpl + 2Mwp2 + 2Twpl + 4)wzlz?® + ((T2wpl — 27)wp2 — 2T'wpl — 12)wzlz? + ((—T?wpl — 2T)wp2 — 2Twpl + 12)wzlz + ((2T — T?wpL)wp2 + 2T'wpl — 4)wzl
& T2wpOwplwp2z
((T2wp1 + 2T)wp2 + 2Twpl + 4)wzlz3 + ((T2wpl — 2T)wp2 — 2Twpl — 12)wzlz2 + ((—T2wpl — 2T)wp2 — 2Twpl + 12)wzlz + ((2T — T2wp1)wp2 + 2Twpl — 4)wzl
B T2wpOwplwp2
((T2wp1 + 2Twp2 + 2Twpl + 4)wzl1z3 + ((T2wpl — 2T)wp2 — 2Twpl — 12)wzlz2 + ((—=T2wpl — 2T)wp2 — 2Twpl + 12)wzlz + (2T — T2wp)wp2 + 2Twpl — 4)wzl
T3wpOwplwp2z?
+ 2T2wplwp2z? + 4Twp2z3 + 4Twplz® + 823 + 2T2wplwp2z2 — 4Twp2z? — 4Twplz? — 2422 — 2T2wplwp2z — 4Twp2z — 4Twplz + 24z — 2T2wplwp2 + 4Twp2 + 4Twpl — 8
3T3wpOwplwp2z?
* 2T2wplwp2z? + 4Twp2z2 + 4Twplz?® + 823 + 2T2wplwp2z2 — 4Twp2z? — 4Twplz? — 2422 — 2T2wplwp2z — 4Twp2z — 4Twplz + 24z — 2T2wplwp2 + 4Twp2 + 4Twpl — 8
3T3wpOwplwp2z
+ 2T2wplwp2z? + 4Twp2z3 + 4Twplz?® + 823 + 2T2wplwp2z2 — 4Twp2z? — 4Twplz? — 2422 — 2T2wplwp2z — 4Twp2z — 4Twplz + 24z — 2T2wplwp2 + 4Twp2 + 4Twpl — 8
N T*wpOwplwp2

2T2wplwp2z? + 4Twp2z3 + 4Twplz?® + 823 + 2T2wplwp2z2 — 4Twp2z? — 4Twplz? — 2422 — 2T2wplwp2z — 4Twp2z — 4Twplz + 24z — 2T2wplwp2 + 4Twp2 + 4Twpl — 8

Luckily symbolic equation solvers like Mathematica/WolframAlpha

Online, Maple, Reduce, Maxima, etc... can help (!!!)

© 2019 Microchip Technology Incorporated. All Rights Reserved. ‘ - 23095 PC3 Slide 7
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After factorizing the term, we now start to see the finish line...

wpowp1Wpy ((T3wzq + 2THwy, + 2T? w4 + 4T) 23+
(l)po(,()pla)pz( (3T3(l)21 + ZTZ)(UZZ + 2T20)Z1 e 4T) Z2 +

a)poa)pl(i)pz((STS(UZl — ZTZ)Q)ZZ — ZTza)Zl — 4T) Z1+

wpoWp1Wpz (TPwzy — 2T*)wzy — 2T* Wz + 4T ) 2°

wz1072((2T?wpy + 4T)wpy + 4Twpy + 8) 23+

lewzz((ZTzwpl — 4T)(1)p2 _, 4T(1)p1 — 24‘) Zz+

a)lezz((_ZTz(Upl e 4T)wpz _, 4‘pr1 —+ 24‘) Z1+
wz10z2((4T — 2T?wp1)wpy + 4Twpy — 8) 2°

Slide 8
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It is almost in the right form, leaving us with two remaining problems to

solve...
Problem #1:
Wpowp1wpy ((T3wzq + 2T?) Wz, + 2T? w54y + 4T)I z3+
Relocating the
(1)p0(1)p1(1)p2( (3T3(L)Zl ol ZTZ)(UZZ ol ZTZa)Zl — 4T) Z2 + delay |il’?€.
wpowplwpz((3T3w21 — ZTZ)(,UZZ — ZTZa)Zl — 4T) Zl+ This term is
(UPO(UP1(UP2((T3(021 _ ZTZ)(UZZ _ 2T2w21 + 4T)ZO pmnt}ilrj?u:glt.o the
Hclz] =
wz1072((2T?wpy + 4T)wp, + 4Twpy +8) Z3+ Therefore the entre
wz1072((2T?wpy — 4T)wpy — 4Twp, — 24) 2%+  shifted three ticks
“into the past”
a)lezz((—ZTza)Pl — 4‘T)(UP2 — 4‘T(UP1 il 24) Z1+‘
‘ 0«3
wz1wz2((4T — 2T?wp1)wp, + 4Twp, — 8) 2° / T 12
<: 3¢0
bl LBzt Bzt Bt B HHT T
clzl = - - —
—A37z7° —Ayz7¢ —A; 777+ 1 4-32-1/012 34 55

“Slide 9
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Step 1:
Moving delay line by 3-clicks “into the past” synchronizes equation and
our target transfer function form

Wpowp1wpy ((T3wzq + 2T?) Wz, + 2T? w54y + 4T)I z0+

WpoWp1Wpy (BT wzq1 + 2T*)wzy + 2T? w5z —4T) 271 +

a)poa)pla)pz((BTs(UZl — ZTZ)(UZZ — 2T2(1)Z1 — 4T) Z_2+

WpoWp1Wpy (TPwz — 2T*)wzy — 2T?wzy +4T) 273

wz10z2((2T?wpy + 4T)wpy + 4Twpy + 8) 2%+
w7107, (2T wpy — 4T)wpy — 4Twpy — 24) 271+
lewzz((_ZTz(Dpl — 4‘T)(,()P2 - 4‘T(Up1 + 24‘) Z_Z‘
‘ 0«3
wz10z;((4T — 2T?wpq)wpy + 4Twpy — 8) 273 12

%(}: 2o

T

34 n->

ferrareean Rit
—A3 2783 —A,z72—-A;,z71+4+ 1 b 1

© 2019 Microchip Technology Incorporated. All Rights Reserved. . 23095 PC3 Slide 10
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Step 2:
The entire term needs to be normalized to make coefficient A, = 1
0~ WpogWp1Wp> ((TB(UZl sl ZTZ)(,()ZZ sl ZTZ(UZl + 4‘T) ZO+
1= (l)po(l)pl(,()pz( (3T3(,()Zl + ZTZ)(,()ZZ als ZTZ(,()Zl — 4T) Z_1 +

(Upo(l)pl(,()pz((BTS(UZl — ZTZ)(UZZ — ZTZ(,l)Zl — 4T) Z_2

WpoWp1Wpy (T3wz1 — 2T?)wzy — 2T?wzq +4T) 273
NOT
YET! e
wz1Wz2((2T?wpy + AT)wpy + 4Twpy + 8) %4 x>
1 lewZZ((ZT wp1 — 4T)wpy — 4T wpy — 24) z 1+ \
A2 lewzz((_ZTza)pl — 4‘T)(1)P2 — 4‘T(UP1 + 24) Z_2+ Problem #2:
A wz10z2((4T — 2T%wp1)wps + 4Twpy —8) 273 | o
needs to become
B; zZ 3 >4 B, z %+ B4 z71+ B ~const. 1,
H-|z] = which it is clearly
_A3 Z_3 _Az Z_2 _Al Z_1 ~+ 1 not

© 2019 Microchip Technology Incorporated. All Rights Reserved. ‘ - 23095 PC3 Slide 11
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Step 2:
The entire term needs to be normalized to make coefficient A, = 1

So we perform the following multiplication

1

wz10z2(2T2wpy + 4T)wpy + 4T wp, + 8)
HC [Z] X 1

 wz1072((2T2wpy + 4T)wpy + 4Twp; + 8)

and we get...

-

© 2019 Microchip Technology Incorporated. All Rights Reserved. - 23095 PC3 Slide 12
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B. = Twpowp1Wpa(Twzy + 2)(Twzy + 2) 204
0 2(Twpy + 2)(Twpy + 2)wz1wz;
B — T(L)Powpla)pz(—4+3T2(1)Z]_C()ZZ+2T(C()Z]_+(l)zz) Z—l n
CHECKLIST ! 2(Twp1+2)(Twpz+2) w710 72
. T —4+3T? —2T(wz1+wzo)
MDelay-Lme correct? B, = wpowp1pa( wz107;~2T(Wz1+072)) 22 1
2wz1Wz2(Twp1+2)(Twpz+2)
MAO =1°? B. = (Twpowmwpz(Twm —2)(Twz, — 2)) I
3 2(Twpy + 2)(Twpy + 2)wz1wz;
M Sign of A-Coefficients
correct? A, = 1 204+

—-12 + Tza)pl(,()pz — ZT(wpl + (l)pz) -1 +
A= (Twps + 2)Twp, + 2) ‘

That’s it !!!

A _ —-12 + Tz(l)pl(,()pz + ZT((Upl + (,l)pz) _> N
= Z
2 (Twpy + 2)(Twp, + 2)

(Twpy — 2)(Twpy — 2)
(Twpy + 2)(Twp, + 2)

© 2019 Microchip Technology Incorporated. All Rights Reserved. . 23095 PC3 Slide 13
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Now we’ve got a 100% generic compensator equation which can
up

be set by applying common s-domain design rules and
techniques!
Hiz] = y[z] B3z + B,z *+ Bz '+ By
x[z] —A;3 273 —A,z72—-A;z71+ 1
with
(124 T wpiwpy = 2Ts(wpy + wpy)) B — (Tswpowpwpz (2 + Tswz1) (2 + Tswz,))
! (2 + Tswp1) (2 + Tswpy) o (2wz1072(2 + Tswpy) (2 + Tswpy))
, = (712 + T¢wp1wpp + 2Ts(wp1 + @p2)) <TSwP0wP1(UP2 (—4 +3T¢ Wz Wz + 2Ts(wzq + wzz)))
(@7 a2 qiTswea) % (260216022 (2 + Tswp)(2 + Tswpz))
= (22 + Tswp1) (=2 + Tswp) (TS(UPOO)Pl‘UPz (_4 +3T¢ wz w7z — 2Ts(wzq + wzz)))
’ (2 + Tswp1) (2 + Tswpy) B, =

(2wz1022(2 + Tswp1) (2 + Tswpy))

_ (Tswpowp1wpy (=2 + Tswz1) (=2 + Tswy,))

(2wz1wz2(2 + Tswpy) (2 + Tswpy))

© 2019 Microchip Technology Incorporated. All Rights Reserved. ‘ - 23095 PC3 — Slide 14
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y[z]xB3z'3 + B,z7?+ B;z"1 + B,
—A3Z_3 — A2Z_2 - Alz_l +1

x[z] X (B3z73 + Byz 2+ Bz '+ By) = y[z] X (43273 — A,z7%2 — A;z71 + 1)
(B3Xp-3 + Baxp oy + BixXp_1 + Boxyp) = (—A3Yn-3 — A2Vn-2 — A1Yn-1 @

Here is our next control —
output!

Yn =>+A3J’n—3 + Ayyn—2 + A1Yn—1 + Bsxp_3 + Byxp_p + B1xy_q + Boxy

g —

This LDE
can now run on the DSP core
most efficiently

-

© 2019 Microchip Technology Incorporated. All Rights Reserved. 23095 PC3 Slide 15
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Type I Output (I:?
Voltage | i S 1
A ST / H(S)=wpo<w_21+ ) /
Feedback ¢ S S
%' ] ?A' G
H Output
Type llI utpu I
ell i b i— (2 +1)(Z=+1)
v Hio \/ He(s) = 2000
Feedback +— S (i ) (i )
o ap " ara
H Output
Type IV
S S S
= +1)(= A/
@ H.(s) = @Wpro (a)21 i ) (a)zz * 1) (“)23 i 1)
: O )
Wp1 Wp2 Wp3
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MASTERS 2019 — Basic Implementation — <

* This is the block diagram of the common, fully
generic 3p3z compensator we just designed

* Its output is normalized to provide a PWM duty
cycle, phase-shift, switching period, reference
current, amplitude modulation factor, etc.

ZO Z—l Z—l Z-l

Accumulator =1 U(n) NORM | PWM

octre HX]  PWM Output

Voltage / Average
Current Feedback

NORM ADC

-

© 2019 Microchip Technology Incorporated. All Rights Reserved. - 23095 PC3 Slide 17
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fr(c))rrnRI;Ij\l/'ISh Coefficients Variables from RAM

Y-RAM X-RAM

Coefficient BO =®<— e(n)

Coefficient B1 »(X)- e(n-1) | Error

Coefficient B2 »X)- e(n-2) History

Coefficient B3 =®: e(n-3) )

Coefficient Al =®: u(n-1)

Coefficient A2 ——(X)- u(n-2) ; Cg'?;':gllyer

\ Coefficient A3 —>®<| u(n-3) J
MAC -Unit Instructions: 7

u(n) {l Al u(n-1) + A2 u(n-2) + A3u(n-3) + BOe(n) + Bl e(n-1) + B2 e(n-2) + B3 e(n-3) l D

Accumulator R

Linear difference equation of the digital type Il (3p3z) compensator
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