6.622 Power Electronics Prof. David Perreault

Lecture 31 - Switched-Capacitor Converters 1

Switched-capacitor converters are a class of switching power converter that use only switches and capacitors
to provide energy and charge transfer from one voltage level to another.

To understand “SC” converters and their characteristics, it is useful to start from an example. Consider

a classu: “2:17 SC step-down converter:
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The switch sets “1” and “2” are operated in a complementary fashion (typically at 50% duty ratio). To
understand operation, assume that Cj,, is so large that its voltage variation in a switching cycle is negligible:
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1 “Slow switching limit”

We first consider operation of the circuit in the “slow swtiching limit” (SSL), in which the energy transfer
capacitor C fully charges/discharges to its limiting voltages in the circuit:

e During State 1 v, charges to V;,, —

out

e During State 2 v, discharges to Vi,



We can model the charge transfers in SSL as follows:

State 1:
ch(l) = CAUC = C(V;n - Q%ut) = Charge into cap
AqZ'n(l) = *OAUC = 70(‘/zn — 2Vout> = —qc(1) Charge m input
Agour(1) = CAve = C(Vin — 2Vout) = qeq1) charge into output
State 2:

ch(Z) = CAUC = C(2V0ut - ‘/zn)
Agin(z) =0
AQOut(Q) =—-CAvy, = C(‘/;n - 2Vout)

Over a cycle:

Ag. = ch(l) + ch(g) =01in P.S.S.

Agin = Ain) + Agin2) = —C(Vin — 2Vous)

Aqout = Aqout(l) =+ A‘]out(2) =2C(Vin — 2Vout) = —2Aq4n

By charge balance: Tout| = 2|Tin|*

SC converters preserve current conversion ratios precisely by charge balance!

We can ComPUte: |Iout| = Aqoutfsw = 2C(Mn - 2Vout)fsw
We can rearrange this to show the voltage conversion relation:

1 1
We can compute: Vout = =Vin — ———
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A DC equivaleqt circuit model for this SC converter in SSL is:
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The efficiency of the converter (considering only charge transfer loss) is

— Wout — ‘/outAQOut — 2Vout — Vout

Which is equivalent to our dc model efficiency

from *, **
Lout 1 . 1
—1-2 . ——since Reg = ———
Iou Re .
n=1- 2# Efficiency depends on Req, Vout
o Vin

e We thurs get a perfect current conversion ratio I,,; = 2I;, as determined by the charge balance on the
energy transfer capacitor(s)

e The voltage conversion ratio depends upon the load current I,,; and is near perfect Vou ~ %Vm at
low load current and/or high switching frequency, but drops from this unloaded conversion ratio with
higher load current. We can reduce the drop with higher energy transfer capacitance and/or switching
frequency. More generally, for a particular SC topology and operation we get an exact rational current
conversion into A/B A, B+ I + approx voltage ratio



When the converter is unloaded, we get an “open circuit” voltage conversion ratio that is the inverse of
the current conversion ratio. As current increases, the output voltage drops and efficiency declines.

e Efficiency + loss behavior that is just that of a series output resistance [in this case, represented by

Req = ﬁlnSSI;]

_ Vout _ RL
Vg Rp + Ry

e In other topologies, both the open circuit voltage (ratio from Vi,) and R, are different.

e This only accounts for capacitor charge/discharge loss (switching, gating loss, etc., are additional loss
mechanisms).

e One can use the Req to provide regulation (like a linear regulator) but only at the efficiency penalty
described above

e Switched-capacitor (SC) converters are excellent for voltage transfer operation but terrible for efficient
regulation

2 Fast Switching Limit (FSL)

e The above analysis (particularly for the Req value) assumed the slow switching limit where the energy
transfer capacitor charges/discharges to its limits.

e As we increase fsw or C (e.g., to reduce Req and increase efficiency), we eventually reach a regime
where the charge/discharge of the energy transfer capacitor is limited by circuit resistances, { and we
can neglect ripple voltage on C' }. This is the “Fast Switching Limit” (FSL).

Let’s analyze the FSL for our “2:1” SC, assuming 50% switch duty ratio (for sets 1, 2) and ignoring ripple
in ve: (R, is parasitic resistance)

State 1: v v
Agey = “r—p—<(0.5T)
A(h’n = _AQC,l
Aqoui&,l = 7ch,1
State 2:

ch,2 = —7VCQ_R‘:°”t (05T)
Agin2 =0
AQOut,Q = AQC,Q

By charge balance on C: Ag.y = —Age2

V;'n - Vout - VC VC - Vout
——————(0.57) = ————(0.5T
1 Also, by charge flow (as with
‘/c = 5‘/171 SSL) |Iout| = 2|Izn‘




Vin — Vour — Vo %Vm — Vout N 1

Iou =——(0.5T) =
t 2Rp ( ) 2Rp Vout = §Vm _ 2RpIout

In FSL, we get a similar model to SSL, but with a different R.q, Req = 2R,, where R, is parasitic
resistance. (We could also include capacitor Esr — R, = 2R, + Rgsr)

A

e The open-circuit voltage is the same in FSL, SSL, and is proportional to V;,, by a rational factor &

that depends on topology

e The equivalent output resistance is a function of frequency
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e at full load, we often operate near the intersection of SSL, FSL as we want to switch fast enough to
get low R.q, but continuing to increase frequency much past the SSL/FSL boundary doesn’t reduce
R, but never increased loss (e.g. capacitive switching, gating loss, etc)
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