ELEC-E8417 Switched-Mode Power Supplies  Exercises 3

Exercise 1

The voltages and current in the boost converter of figure 1 are Uy = 12V, U, = 24V, I, = 1A
and the value of the components are L = 150uH, C' = 470uF and the switching frequency is
fs = 20kHz. Calculate the variation in the output voltage AU,.

Figure 1: Boost converter.

Solution

In the exercise 3 of the previous session, we got the result that at the limit of the continuous
and discontinuous conduction mode we have an average output current of

TsU,
Ly—=
B~ oL

In this exercise the average of the output current is I, = 1A which means that the circuit is
working in CCM.
With the figure 2, we can calculate the value of AQ) that is need to obtain AU,,.
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Figure 2: Diode current ¢p and output voltage u, in CCM in a boost converter.
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In the CCM, we have the duty ratio being

Uq
D=1-—=0,5 3
Uo ? ( )
and we obtain with equation 2, AU, ~ 53,2mV.
With simulation we can obtain the following waveforms: In the figure 4, the voltage variation
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Figure 3: Output voltage u, as a function of time x0, 1ms.

0 0.5 1 15 2 2.5
Figure 4: Choke current 77, as a function of time x0, 1ms.

is AU, = 56, 16mV which is close to the theoretical value.

Exercise 2

The voltages and current in the boost converter of figure 1 are Uy = 12V, U, = 24V, I, = 1A
with a capacitor of C' = 470uF and a switching frequency of f, = 20kHz. Calculate the
choke peak current iy, peqr, Which is also the peak value of the switch current i peqr,

a) when the choke value is L = 150pH. What happens is the value of the choke is higher?
b) when the choke value is L = 50pH.

Calculate the ratio of the peak current of the choke with its average values, i.e. if pear/IL,
as a function of L,g/L. L,p the minimal value of the choke L to keep the circuit working in
the continuous conduction mode (CCM).

Solution

Part a

For . = 150uH we have the exact same case as in the previous exercise. The circuit is
working in CCM because the average output current I, is higher than I,3.
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Using the equation 1, we can also find the minimum value of L for which the system remains
in CCM. This values is L ~ 75uH. Under this value, the circuit works in DCM.

In this case, the circuit is in CCM and we can use the figure 5 to calculate the peak current
i1 peak- Lhe calculation is the same as in the exercise 3 of the previous exercise session. The
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Figure 5: Choke current iy (¢)and voltage up(t).

peak value of 7, is

. . U,
UL.peak = VL,min + deTs (4)
the average value of iy, is
l eak ? min . U IO
IL - iL,min + Lopeak L = UL, min + _dDTs =T 5 (5)

2 2L 1-D

Because the circuit does not have any loss we can write Uyl;, = U,I, and with equationb, we
get that the minimum current in L is

. I, U I, U(1-D)
= — DT, = — DT 6
°L, 1-D 2L 1-D 2L (6)

and its peak value is

I, U,(1-D)

L opeak = DT, ~ 3A 7
"pek =775 T T op (M)
If the value of the choke is increasing, we get
i i pous = —2— = 0,5A (8)
L;H;o UL peak = 1-D — Y

The peak value of the current in the choke reduces if the choke value increases.

Part b

Like shown in part a, the minimum value of the choke that keeps the circuit in CCM is
75pH. With a value of 50uH the circuit enters in discontinuous conduction mode (DCM). In
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up, i

Ud

Figure 6: The current and the voltage in the choke,uy(t) and iz (t) in DCM.

- DCM, we can use the figure 6 to compute iy, peqr The average voltage over a choke is zero.
So, we can write

I 1
?/ UL(t)dt - T (UdDTS —|— (Ud — UO)AlTS + 0A2T5> — O (9)
s JO S
From the equation 9, we get
U, D+A
Zo_Zto (10)
Uyg Aq

Because there is no loss in the circuit we can write

U, D+A, I
-2 — == 11
Uq AN 1, (11)

. The average current in the choke is

1 , 1 .
IL = ﬁ(DTs + A11—15)7'L,peak = §(D + A1)ZL,peak (12)
The voltage of the choke is
di(t)
t) = [—~ 13
ur(t) = 12 (13)

Over the time interval DT's the current rise monotonically so we can rewrite the equation
13 as

up At = LAiT = UgAt (14)
with Ai = ip, pear — 0 and At = DT — 0. We obtain
. Ud TS
UL peak = I, (15)
Using equation 15 in equation 12, we obtain
U,DT
I, = d2L “(D+A)) (16)
=
and using equation 11, we get the average output current
UdDTS
I, = A 1
DY (17)
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The time duration A; is then

2L1,
Ay = 2 18
' U,DT, (18)
Using equation 11 and equation 18, we obtain
U, 2L1, (U
D=22A— A = 21 =2 —1) =~ 0,408 19
u, ! \/Ude (Ud ) ’ (19)

From equation 15, we obtain iy, pear ~ 4,899A. The peak current is higher than in part a.
The following waveform were obtained with simulation The figure 9 represents the values
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Figure 7: Output voltage u, as a function of time x0, 1ms.
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Figure 8: Choke current 77, as a function of time x0, lms.

of the current in the choke as a function of its value L. The value L = 75uH is the limit

200,

Log =75 uH

Figure 9: Choke current i, as a function of its value L when U,/U; = 0,5

between CCM and DCM. We can see that the peak current in the DCM region the current
rises faster than the inductance decreases. As the value of the choke increase the value of
the peak current converges to 2A. The use of the boost converter in the DCM region is not
practical.
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In the following question, we must obtain iy, pe.k. It is already calculated in equation 7.
- With the equation 1 of exercise 1, we obtain,

I, n U,(1 — D) L,p

) = DT, =1 I 2
UL peak 1-D 9], s d+ L d ( O)
and then I
UL peak oB
=1 21
I, +— (21)

Variable I; in this case is an input current. By combining equations 15 and 19 we obtain,

Z, _ Uy 21D, (Us Y\ _ |2TudUs (U, ~Us (22)
Lipeak =1\ U1, \ U, - L U,

the minimal inductance to keep the circuit in CCM (from (1)) is,

T,
B 2[oB

T,U,
21

Los D(1 - D)? = D(1— D) (23)

with D =1 — Uy/U, because we are at the limit of CCM and DCM. We get

Ts Ud
L, = 1—— 24
B o1, ( U0> Ua (24)

inserting the equation 24 in the equation 22, we obtain

, 271, 41, ( L,gU,l,
UL peak = \/ I (Uo - Ud) = \/ I (%) (25)

Using the fact that the circuit is lossless (U,I, = Uyl,) we get

Z-L peak LoB
: ) 26
The equation 26 is draw on the figure 10.
ineak I |
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Figure 10: Ratio iy, peqr/Ia as a function of the choke value L when U,/Uy = 0,5
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Exercise 3

Using figure 1, calculate the rms-value of the current ip (figure 11) which is also the current
in capacitor C, i¢, rms-value. The characteristic of the circuit are:

8 < Uy <16V, U, =24V, I, = 1A, the output power P, > 5W, C = 470ukF, L = 427uH,
fs = 20kHz and the duty ratio D = 0, 5.
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Figure 11: Diode current ip(t).

Solution

When the switch is conducting the current in the diode is zero. When it is not conducting,
the current is passing through the diode and the inductance. Let’s calculate first the choke
current maximal (I, peqr) and "minimal” (I ,:,) values. In the exercise 2 the peak value
I}, pear (equation 7) and the minimum Iy ,,;, (equation 6) are already calculated. In the
figure 11, we see that the variation of current follow the equation Aip = kAt where k is a
gradient of ip slope.

Aip =i min — iLpeak = KTs(1 — D) (27)
using equations 6 and 7, we get,
U,D
E=_—=2 28
2 (28)
The form of ip(t) is therefore,
ZD(t) - iL,peak: = k(t - DTs)v (29)
ip(t) = kt + con, (30)
U,D*T, .
con = 7 =+ 0L peak- (31)
The rms-value of id is
1 Ts 1 Ts
Topms = 1|~ / 2 (1)t = |~ / (kt + con)2dt, (32)
s JDrs TS Drs
1 Ts
=4/ = / (k22 + 2.con.kt + con?)* dt, (33)
s JDrs
1 [k23 e
Ipyms = \| = | —— + con.kt? + con?®.t : (34)
’ T, | 3 Drs
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1 [k?
Ipms = \/IT (3 (T3 — D3T3) + con.k (T2 — D*T2) + con? (Ts — DTS)>. (35)

Combining equation 7, 28 and 31, leads to,

P \/U0D2T2 {(1 D)y -y (L=D)0 _Da)] __UDh ey,

2 e 3 2 (1-D)L"*®
(36)
Uu,DT, I, U,(1-D) ?
/\—{ T+ 5+ DL (1-D). (37)

With the numerical values we get Ip s = 1,422 A, I1 i = 1.649 A and I, pear = 2.351 A
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