Design Example - 1

Step 1: Determine the plant transfer function

R L
N e
L=0.9 pH
R, C= 471 ]JF
Vi Rs 1Yo R, =2.2mQ
C — R, =0.6 mQ
+ - R,=1Q

The switching frequency is 1 MHz.

In Continuous Conduction Mode (CCM) the buck output stage has transfer function

B sCR,R; + R,
s’LC(R, +R,)+s(CR (R, +R,)+CR,R, + L)+ (R, +R,)

G(s)

Inserting the passive component values for the workshop board, we obtain

2.826x107"s+1

G(s) =
(5) 4.252%x107"°s? +2.219%x10°°s+1.002
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Double pole from LC filter

Design Example - 1a

Zero from ESR
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The plant frequency response exhibits a well-defined peak in the magnitude curve from the LC filter,

and a high-frequency zero from ESR of the output capacitor.



Design Example - 2

Step 2: Design the analog compensator

Ri

e G
F(s)= Rl + Rs R2C2 (Rl + R3 )Cs

RRC, [, C+C Y, !
R,C,C, R,C,

Pole & zero frequencies are selected using any of the established design techniques.

(s+w,)(s+a,)
s(s+ @, \s+o,,)

F(s)=A



=-1
HF poles

70.1

PM =
deg. @

87.2 kHz

10

/ Complex - / SIOpe at cross-over

Integrator

Design Example - 2a

T

I e e e S, 1 &
N I B
A A A N

10°

60

0
45— —
90—

135 —— -

(8op) aseyq

-180

Frequency (rad/s)

57

Frequency response plot of open loop with analogue compensator.



Design Example - 3

Step 3: Transform the compensator into discrete time

(s+w, )s+w,,)
s(s+@, \s+o,,)

F(s)=A

2z-1
The digital transfer function can be formed using a Tustin transformation: S <~ ———

T z+1
2z7-1 2z2-1
T 241 o \T 201 @2
F(2)=A

27z-1(21z-1 2z7-1
— + o + @,
Tz+1(T Z+1 j(T Z+1 j

The OHz gains of the transfer functions must be matched: |F(s)|S:0 = |F(Z)|Z:1

After some algebra, we arrive at the third order digital transfer function

b, +bz'+b,z7 +b,z”
l+az"'+a,27° +a,2”

F(z)=
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Design Example - 3a

Using the Tustin method, we have transformed a transfer function in s to one in z.

S S
Wy, (0)1+lj w2+1j b, +bz"'+b,z? +b,z”
F(s)=—22— : )  Fo-tl o

s S S l+az'+a,z*+a,z2”
N | ! ? :
@, W3

After a lot of algebra, the coefficients turn out to be:

- Tw,0,,0,,2+To, 2+Taw,)

b, =

8, = —12+T 2(()pza)p3 -2T (a)p2 + a)p3) 260216022(2 +Tw,, X2 +Ta)p3)

(2 +Tw,, X2 +Ta)p3) o Tw, 0,0, (— 4+3T 0, 0,, + 2T (0, + ®,, ))
N __12+T2a)p2a)p3 —2T(a)p2 +a)p3) 1 260216022(2+Ta)p2XZ +Ta)p3)
2 24Tw,, J2+T
( + Cf)pzx + Cl)pS) ) Ta)p1a)pza)p3 (—4+3T 2(021(022 T (a)z1 N 6022))
. (-2+Tw, f-2+Tw,,) 2 20,0,,2+Tw, 2+Tw,,)
’ (2+Ta)p2x2 +Ta)p3)

o _ T0,0,,0,,(-2+To, N -2+Ta,,)
’ 2a)zla)22(2+Ta)p2x2 +Ta)p3)
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Design Example - 3b
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Frequency response comparison of analogue (blue) and digital (green) compensators. f, = 1IMHz.



Design Example - 4

Step 4: Determine the difference equation for the compensator

Normalizing to the highest power of z in the denominator

u(z) by+bz"'+b,z?+b,z”
e(z) 1+az'+a,z”°+az”

F(2) =

uz) =bye(z) +b,z-'e(z) + byz?e(z) + byz3e(z) - a,z7'u(z) - a,z72u(z) - 8,23 U(2)

To find the difference equation, we simply apply the shifting property of the z transform

Z{f(k-n)}=z2"f(2)

uk) =by,ek) + b,e(k-1)+b,e(k—2) + bye(k-3) -a,uk-1) -a,uk —2) - a;u(k — 3)

All that remains is to code and test the controller algorithm.
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