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Current Programmed Control

So far, we have discussed duty ratio control of PWM converters, in which the converter output is con-
trolled by direct choice of the duty ratio d(r). We have therefore developed expressions and small-signal
transfer functions that relate the converter waveforms and output voltage to the duty ratio.

Another control scheme, which finds wide application, is current programmed control [1-13],
in which the converter output is controlled by choice of the peak transistor switch current peak(i (¢)). The
control input signal is a current i (¢), and a simple control network switches the transistor on and off, such
that the peak transistor current follows i (f). The transistor duty cycle d(z) is not directly controlled, but
depends on i(¢) as well as on the converter inductor currents, capacitor voltages, and power input volt-
age. Converters controlled via current programming are said to operate in the current programmed mode
(CPM).

The block diagram of a simple current programmed controller is illustrated in Fig. 12.1. Control
signal i () and switch current i (¢) waveforms are given in Fig. 12.2. A clock pulse at the Set input of a
latch initiates the switching period, causing the latch output Q to be high and turning on the transistor.
While the transistor conducts, its current i () is equal to the inductor current #,(£); this current increases
with some positive slope m, that depends on the value of inductance and the converter voltages. In more
complicated converters, i () may follow the sum of several inductor currents. Eventually, the switch cur-
rent i (f) becomes equal to the control signal i (f). At this point, the controller turns the transistor switch
off, and the inductor current decreases for the remainder of the switching period. The controller must
measure the switch current i(z) with some current sensor circuit, and compare (¥) to i (f) using an ana-
log comparator. In practice, voltages proportional to i (f) and i (f) are compared, with constant of propor-
tionality R,. When i(2) 2 i (t), the comparator resets the latch, turning the transistor off for the remainder
of the switching period.

As usual, a feedback loop can be constructed for regulation of the output voltage. The output
voltage (1) is compared to a reference voltage v, ., to generate an error signal. This error signal is applied
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Fig. 12.1 Current-programmed control of a buck converter. The peak transistor current replaces the duty cycle as

the control input.

Fig. 12.2 Switch current i(¢) and
control input i (f) waveforms, for the
current-programmed system  ofFig.
12.1.
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to the input of a compensation network, and the output of the compensator drives the control signal
i (DR, To design such a feedback system, we need to model how variations in the control signal i (¢) and
in the line input voltage v (r) affect the output voltage v(z).

The chief advantage of the current programmed mode is its simpler dynamics. To first order, the
small-signal control-to-output transfer function $(s)/Z,(s) contains one less pole than B(s)d(s). Actually,
this pole is moved to a high frequency, near the converter switching frequency. Nonetheless, simple
robust wide-bandwidth output voltage control can usually be obtained, without the use of compensator
lead networks. It is true that the current programmed controller requires a circuit for measurement of the
switch current i(f); however, in practice such a circuit is also required in duty ratio controlled systems,
for protection of the transistor against excessive currents during transients and fault conditions. Current
programmed control makes use of the available current sensor information during normal operation of
the converter, to obtain simpler system dynamics. Transistor failures due to excessive switch current can
then be prevented simply by limiting the maximum value of i (#). This ensures that the transistor will turn
off whenever the switch current becomes too large, on a cycle-by-cycle basis.

An added benefit is the reduction or elimination of transformer saturation problems in full-
bridge or push—pull isolated converters. In these converters, small voltage imbalances induce a dc bias in
the transformer magnetizing current; if sufficiently large, this dc bias can saturate the transformer. The dc
current bias increases or decreases the transistor switch currents. In response, the current programmed
controller alters the transistor duty cycles, such that transformer volt-second balance tends to be main-
tained. Current-programmed full-bridge isolated buck converters should be operated without a capacitor
in series with the transformer primary winding; this capacitor tends to destabilize the system. For the
same reason, current-programmed control of half-bridge isolated buck converters is generally avoided.

A disadvantage of current programmed control is its susceptibility to noise in the i(f) or i (£)
signals. This noise can prematurely reset the latch, disrupting the operation of the controller. In particu-
lar, a small amount of filtering of the sensed switch current waveform is necessary, to remove the turn-on
current spike caused by the diode stored charge. Addition of an artificial ramp to the current-programmed
controller, as discussed in Section 12.1, can also improve the noise immunity of the circuit.

Commercial integrated circuits that implement current programmed conirol are widely avail-
able, and operation of converters in the current programmed mode is quite popular. In this chapter, con-
verters operating in the current programmed mode are modeled. In Section 12.1, the stability of the
current programmed coutroller and its inner switch-current-sensing loop is examined. It is found that this
controller is unstable whenever converter steady-state duty cycle D is greater than 0.5. The current pro-
grammed controller can be stabilized by addition of an artificial ramp signal to the sensed switch current
waveform. In Section 12.2, the system small-signal transfer functions are described, using a simple first-
order model. The averaged terminal waveforms of the switch network can be described by a simple cur-
rent source, in conjunction with a power source element. Perturbation and linearization leads to a simple
small-signal model. Although this first-order model yields a great deal of insight into the control-to-out-
put transfer function and converter output impedance, it does not predict the line-to-output transfer func-
tion Gvg(s) of current-programmed buck converters. Hence, the model is refined in Section 12.3. Section
12.4 extends the modeling of current programmed converters to the discontinuous conduction mode.

121  OSCILLATIONFORD > 0.5

The current programmed controller of Fig. 12.1 is unstable whenever the steady-state duty cycle is
greater than 0.5. To avoid this stability problem, the control scheme is usually modified, by addition of an
artificial ramp to the sensed switch current waveform. In this section, the stability of the current pro-
grammed controller, with its inner switch-current-sensing loop, is analyzed. The effects of the addition of
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Fig. 12.3 Inductor current waveform of i
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the artificial ramp are explained, using a simple first-order discrete-time analysis. Effects of the artificial
ramp on controller noise susceptibility is also discussed.

Figure 12.3 illustrates a generic inductor current waveform of a switching converter operating
in the continuous conduction mode. The inductor current changes with a slope m, during the first sub-
interval, and a slope — m, during the second subinterval. For the basic nonisolated converters, the slopes
my and — m, are given by

Buck converter
v, =V
__8 Y
m=—7 —ME-T
Boost converter
v v~V (12.1)
ml = T - m2 = I
Buck-boost converter
v
__8 _V
m, = f —Mmy= "E

With knowledge of the slopes m, and — m,, we can determine the general relationships between i;(0), i,
i,(T,), and dT..

During the first subinterval, the inductor current i,(¢) increases with slope m,, until i,(¢) reaches
the control signal i.. Hence,

i,(dT) =i, =i,(0) +m,dT, (12.2)
Solution for the duty cycle d leads to
d=Lem i (12.3)
mlT.v

In a similar manner, for the second subinterval we can write

i(T)=1i,(dT) —mdT, (12.4)
=i,(0) + mdT,—m,d'T,

In steady-state, i,(0) = i,(T,), d= D, m; = M,, and m, = M,_ Insertion of these relationships into Eq. (12.4)
yields
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Steady-state Eq. (12.6) coincides with the requirement for steady-state volt-second balance on the induc-
tor.
Consider now a small perturbation in i,(0):

i,00) =15+ 7,(0) 12.7)

1,, is a steady-state value of ,(0), which satisfies Eqs. (12.4) and (12.5), while 7,(0) is a small perturba-
tion such that

|7.0)| < |11 (12.8)

It is desired to assess the stability of the current-programmed controller, by determining whether this
small perturbation eventually decays to zero. To do so, let us solve for the perturbation after n switching
periods, I,(nT,), and determine whether 7, (nT,) tends to zero for large n.

The steady-state and perturbed inductor current waveforms are illustrated in Fig. 12.4. For clar-
ity, the size of the inductor current perturbation 7,(0) is exaggerated. It is assumed that the converter
operates near steady-state, such that the slopes m, and m, are essentially unchanged. Figure 12.4 is
drawn for a positive 7,(0); the quantity (fT: is then negative. Since the slopes of the steady-state and per-
turbed waveforms are essentially equal over the interval 0 < ¢ < (D + cf)Ts, the difference between the
waveforms is equal to 7, (0) for this entire interval. Likewise, the difference between the two waveforms
is a constant 1,(T,) over the interval DT, < ¢ < T,, since both waveforms then have the slope — m,. Note
that 7, (T is a negative quantity, as sketched in Fig. 12.4. Hence, we can solve for (T in terms of { 1(0),
by considering only the interval (D + J)TS <t< DT, as illustrated in Fig. 12.5.

Fig. 12.5 Expanded view of the steady-state and ‘e . ~m,
perturbed inductor current waveforms, near the peak < i 1(0) "lL(TS) Steady-state
of i, (1). 1 | \waveform
m, ar —m, “Perturbed
f— waveform
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From Fig. 12.5, we can use the steady-state waveform to express ,(0) as the slope m,, multi-
plied by the interval length — dATs. Hence,
{(0y=-mdT (12.9)

K

Likewise, we can use the perturbed waveform to express 7,(T,) as the slope — m,, multiplied by the inter-
val length — dT;:

[T =m,dT, (12.10)

Elimination of the intermediate variable d from Eqgs. (12.9) and (12.10) leads to

FUTY=1,0) (— %) (12.11)

1

If the converter operating point is sufficiently close to the quiescent operating point, then m,/m, is given
approximately by Eq. (12.6). Equation (12.11) then becomes

- - D
- _D 12.12
PUT)=1,(0) ( D.) (12.12)
A similar analysis can be performed during the next switching period, to show that
~ ~ ~ 2
8,(2T) =1 (T) (— %) =1,(0) (- _[%) (12.13)
After n switching periods, the perturbation becomes
D

1Ty =1 (1 DT (~ g) =70 (— P-)" (12.14)

Note that, as # tends to infinity, the perturbation #,(nT,) tends to zero provided that the characteristic
value — D/D’ has magnitude less than one. Conversely, the perturbation i,(1nT,) becomes large in magni-
tude when the characteristic value o. = — D/D’ has magnitude greater than one:

0  when

(12.15)

|7 nT)| -

>1

SV

'<1

oo when‘-

Therefore, for stable operation of the current programmed controller, we need | o | = D/D’ < 1, or

D<0.5 (12.16)

As an example, consider the operation of the boost converter with the steady-state terminal volt-
ages V, =20V, V=350 V. Since VIV, = 1/D’, the boost converter should operate with D = 0.6. We there-
fore expect the current programmed controller to be unstable. The characteristic value will be
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Fig. 12.6 Unstable oscillation for D = 0.6.

a=—2,=(-%):_ L5 (12.17)

As given by Eq. (12.14), a perturbation in the inductor current will increase by a factor of — 1.5 over
every switching period. As illustrated in Fig. 12.6, the perturbation grows to — 1.57,(0) after one switch-
ing period, to + 2.251,(0) after two switching periods, and to ~ 3.3757,(0) after three switching periods.
For the particular initial conditions illustrated in Fig. 12.6, this growing oscillation saturates the current
programmed controller after three switching periods. The transistor remains on for the entire duration of
the fourth switching period. The inductor current and controller waveforms may eventually become
oscillatory and periodic in nature, with period equal to an integral number of switching periods. Alterna-
tively, the waveforms may become chaotic. In either event, the controller does not operate as intended.

Figure 12.7 illustrates the inductor current waveforms when the output voltage is decreased to V
= 30 V. The boost converter then operates with D = 1/3, and the characteristic value becomes

a=-5=(-13)--0s (12.18)
Perturbations now decrease in magnitude by a factor of 0.5 over each switching period. A disturbance in
the inductor current becomes small in magnitude after a few switching periods.

The instability for D > 0.5 is a well-known problem of current programmed control, which is
not dependent on the converter topology. The controller can be rendered stable for all duty cycles by
addition of an artificial ramp to the sensed switch current waveform, as illustrated in Fig. 12.8. This arti-

i(%) 4

iL‘

Y

1,(0)

1z yl:

1% Y 7 10 . 16 10
B -3 1O - 10f

0 T, o, 3T, AT, ¢

Fig. 12.7 A stable transient with D = 1/3.
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Fig. 12.8 Stabilization of the current programmed controller by addition of an artificial ramp to the measured
switch current waveform: (a) block diagram, (b) artificial ramp waveform.

ficial ramp has the qualitative effect of reducing the gain of the inner switch-current-sensing discrete
feedback loop. The artificial ramp has slope m, as shown. The controller now switches the transistor off
when

i(dT)+i,(dT) =i, (12.19)

where i (¢) is the artificial ramp waveform. Therefore, the transistor is switched off when the inductor
current i,(f) is given by

idT) =i, - i(dT) (12.20)

Figure 12.9 illustrates the analog comparison of the inductor current waveform #;(f) with the quantity

i, — £,(0).
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We can again determine the stability of the current programmed controller by analyzing the
change in a perturbation of the inductor current waveform over a complete switching period. Figure
12.10 illustrates steady-state and perturbed inductor current waveforms, in the presence of the artificial
ramp. Again, the magnitude of the perturbation Z,(0) is exaggerated, The perturbed waveform is sketched
for a positive value of ,(0); this causes d, and usually also #,(T)), to be negative. If the perturbed wave-
forms are sufficiently close to the quiescent operating point, then the slopes m; and m, are essentially
unchanged, and the relationship between £,(0) and 7,(T,) can be determined solely by consideration of the
interval (D + J)TS <t < DT,. The perturbations i 1(0) and [,(T,) are expressed in terms of the slopes my, My,
and m,, and the interval length — dT, as follows:

1(0y=—dT,(m, +m,) (12.21)
1T =-dT (m,~m,) (12.22)

Elimination of d yields
(1) =1,0) (— Zf - ’,Z) (12.23)

A similar analysis can be applied to the n™ switching period, leading to

0T =10 -0T) (- ) =10 (- e =i o (1224)

The evolution of inductor current perturbations are now determined by the characteristic value
A

(ORI A0)
i \

Fig. 12.10 Steady-state and perturbed ¢ g__\—r‘na\
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_ my-m,
0= (12.25)

For large n, the perturbation magnitude tends to

0 when|o|<1 (12.26)

—

|iL(nTx) o when|o|>1

Therefore, for stability of the current programmed controller, we need to choose the slope of the artificial
ramp m, such that the characteristic value o has magnitude less than one. The artificial ramp gives us an
additional degree of freedom, which we can use to stabilize the system for duty cycles greater than 0.5.
Note that increasing the value of m, causes the numerator of Eq. (12.25) to decrease, while the denomi-
nator increases. Therefore, the characteristic value ¢ attains magnitude less than one for sufficiently large
m,

In the conventional voltage regulator application, the output voltage v(¢) is well regulated by the
converter control system, while the input voltage v,(#) is unknown. Equation (12.1) then predicts that the
value of the slope m, is constant and known with a high degree of accuracy, for the buck and buck-boost
converters. Therefore, let us use Eq. (12.6) to eliminate the slope m, from Eq. (12.25), and thereby
express the characteristic value o as a function of the known slope m, and the steady-state duty cycle D:

1- e
L m
o= (12.27)
D~ my
One common choice of artificial ramp slope is
my=Lm, (12.28)

It can be verified, by substitution of Eq. (12.28) into (12.27), that this choice leads to =~ 1atD =1,
and to | o | < 1 for 0 < D < 1. This is the minimum value of m, that leads to stability for all duty cycles.
We will see in Section 12.3 that this choice of m, has the added benefit of causing the ideal line-to-output
transfer function G, (s) of the buck converter to become zero.

Another common choice of m, is

S (12.29)
This causes the characteristic value o to become zero for all D. As a result, 7 (1) is zero for any I ;(0) that
does not saturate the controller. The system removes any error after one switching period T.. This behav-
ior is known as deadbeat control, or finite settling time.

It should be noted that the above stability analysis employs a quasi-static approximation, in
which the slopes m, and m, of the perturbed inductor current waveforms are assumed to be identical to
the steady-state case. In the most general case, the stability and transient response of a complete system
employing current programmed control must be assessed using a system-wide discrete time or sampled-
data analysis. Nonetheless, in practice the above arguments are found to be sufficient for selection of the
artificial ramp slope m,.

Current-programmed controller circuits exhibit significant sensitivity to noise. The reason for
this is illustrated in Fig. 12.11(a), in which the control signal i (¢) is perturbed by a small amount of noise
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represented by .. It can be seen that, when there is no artificial ramp and when the inductor current rip-
ple is small, then a small perturbation in i, leads to a large perturbation in the duty cycle: the controller
has high gain. When noise is present in the controller circuit, then significant jitter in the duty cycle
waveforms may be observed. A solution is to reduce the gain of the controller by introduction of an arti-
ficial ramp. As illustrated in Fig. 12.11(b), the same perturbation in i, now leads to a reduced variation in
the duty cycle. When the layout and grounding of the controller circuit introduce significant noise into
the duty cycle waveform, it may be necessary to add an artificial ramp whose amplitude is substantially
greater than the inductor current ripple.

12.2 A SIMPLE FIRST-ORDER MODEL

Once the current programmed controller has been constructed, and stabilized using an artificial ramp,
then it is desired to design a feedback loop for regulation of the output voltage. As usual, this voltage
feedback loop must be designed to meet specifications regarding line disturbance rejection, transient
response, output impedance, etc. A block diagram of a typical system is illustrated in Fig. 12.12, contain-
ing an inner current programmed controller, with an outer voltage feedback loop.

To design the outer voltage feedback loop, an ac equivalent circuit model of the switching con-
verter operating in the current programmed mode is needed. In Chapter 7, averaging was employed to
develop small-signal ac equivalent circuit models for converters operating with duty ratio control. These
models predict the circuit behavior in terms of variations d in the duty cycle. If we could find the rela-
tionship between the control signal i (f) and the duty cycle d(t) for the current programmed controller,
then we could adapt the models of Chapter 7, to apply to the current programmed mode as well. In gen-
eral, the duty cycle depends not only on i (z), but also on the converter voltages and currents; hence, the
current programmed controller incorporates multiple effective feedback loops as indicated in Fig. 12.12.
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Fig. 12.12 Block diagram of a converter system incorporating current programmed control.

In this section, the averaging approach is extended, as described above, to treat current pro-
grammed converters. A simple first-order approximation is employed, in which it is assumed that the cur-
rent programmed controller operates ideally, and hence causes the average inductor current (i L(t))TS to be
identical to the control i (£). This approximation is justified whenever the inductor current ripple and arti-
ficial ramp have negligible magnitudes. The inductor current then is no longer an independent state of the
system, and no longer contributes a pole to the converter small-signal transfer functions.

This first-order model is derived in Section 12.2.1, using a simple algebraic approach. In Sec-
tion 12.2.2, a simple physical interpretation is obtained via the averaged switch modeling technique. A
more accurate, but more complicated, model is described in Section 12.3.

12.2.1 Simple Model via Algebraic Approach: Buck-Boost Example

The power stage of a simple buck-boost converter operating in the continuous conduction mode is illus-
trated in Fig. 12.13(a), and its inductor current waveform is given in Fig. 12.13(b). The small-signal aver-
aged equations for this converter, under duty cycle control, were derived in Section 7.2. The result,
Eq. (7.43), is reproduced below:

di (1)

L—==Di () + Do) + (vg - v)ci(z)
db R .
c 2(;)=—D'1L—%+1Ld(t) (12.30)

1 (t)=Di +1,d@)

The Laplace transforms of these equations, with initial conditions set to zero, are
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Fig. 12.13 Buck-boost converter example: (a) power stage, (b) inductor current waveform.

SLE () = D (s) + D'¥(s) + (vg - v)d‘(s)
$C9(5) =~ D'i (5) - " 4 1,d() (12.31)

1 (8)=Di (s)+1,d(s)

We now make the assumption that the inductor current ,(s) is identical to the programmed control cur-
rent 7 (s). This is valid to the extent that the controller is stable, and that the magnitudes of the inductor
current ripple and artificial ramp waveform are sufficiently small:

F () =1 (5) (12.32)

This approximation, in conjunction with the inductor current equation of (12.31), can now be used to find
the relationship between the control current i:(s) and the duty cycle d(s), as follows:

SLE (s) = Dby(s) + D'9(s) + (vg - v)ci(s) (12.33)
Solution for d(s) yields

X sLi (s) - DV (s) — D'¥(s)
d(s) = —= £
© (ve-v)

(12.34)

This small-signal expression describes how the current programmed controller varies the duty cycle, in
response to a given control input variation fc(s). Tt can be seen that d(s) depends not only on z'l_(s), but also
on the converter output voltage and input voltage variations. Equation (12.34) can now be substituted
into the second and third lines of Eq. (12.31), thereby eliminating d(s). One obtains
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Fig. 12.14 Construction of CPM CCM buck-boost converter equivalent circuit: (a) input port model, correspond-
ing to Eq. (12.38); (b) output port model, corresponding to Eq. (12.37).
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SCo(s) = — D (s) - V_(SZ ‘1, SLi (5) = DV(s) - D'¥(s)
(V=)

(12.35)
SLE (5) — D¥(s) — D'0(s)

V=)

Ts)=Di(s)+1,

These equations can be simplified by collecting terms, and by use of the steady-state relationships

=_D
AC (12.36)
[:—_‘L: D 1%
L DR ™ p2R ¢
Equation (12.35) then becomes
SCi(s) = (SLR? D')l() (% SILCE ( )v(s) (1237)
(5) = (sLD+D)l(s) ( )v(s) ( )v(s) (12.38)

These are the basic ac small-signal equations for the simplified first-order model of the current-pro-
grammed buck-boost converter. These equations can now be used to construct small-signal ac circuit
models that represent the behavior of the converter input and output ports. In Eq. (12.37), the quantity
sC(s) is the output capacitor current. The Z,(s) term is represented in Fig. 12.14(b) by an independent
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Fig. 12.15 Two-port equivalent circuit used to model the current-programmed CCM buck, boost, and buck—boost
converters.

current source, while the (s) term is represented by a dependent current source. 9(s)/R is the current
through the load resistor, and v(s) D/R is the current through an effective ac resistor of value R/D.

Equation (12.38) describes the current 7, .(5) drawn by the converter input port, out of the source
v (8). The { .(s) term is again represented in Fig. 12.14(a) by an independent current source, and the ¥(s)
term is represented by a dependent current source. The quantity — ,(s) D?/D'R is modeled by an effective
ac resistor having the negative value — D'R/ID?,

Figures 12.14(a) and (b) can now be combined into the small-signal two-port model of Fig.
12.15. The current programmed buck and boost converters can also be modeled by a two-port equivalent
circuit, of the same form. Table 12.1 lists the model parameters for the basic buck, boost, and buck-boost
converters.

The two-port equivalent circuit can now be solved, to find the converter transfer functions and
output impedance. The control-to-output transfer function is found by setting v, to zero. Solution for the
output voltage then leads to the transfer function G, (s):

= V)
Gvc(s)“ i.\c(s) .
g

=5 (RIS (12.39)

=0

Substitution of the model parameters for the buck-boost converter yields

(24
i DR
G (s)=—R-L_ D / (12.40)
1+D 1+ -RC
ST+D
Table 12.1 Current programmed mode small-signal equivalent circuit parameters, simple model
Converter 81 A r 8 h )
R
Buck b D(l + %) -7 0 1 w
B " 1 D1~k
oost 0 1 DR ( DR R
] _D sL _DR D? _ryly_sDL R
Buck-boost R D(1+D,R) D? DR D(I D'2R) D
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It can be seen that this transfer function contains only one pole; the pole due to the inductor has been lost.
The dc gain is now directly dependent on the load resistance R. In addition, the transfer function contains
a right half-plane zero whose corner frequency is unchanged from the duty-cycle-controlled case. In gen-
eral, introduction of current programming alters the transfer function poles and dc gain, but not the
ZEroes.

The line-to-output transfer function G, (s) is found by setting the control input i, to zero, and
then solving for the output voltage. The result is

G 5= 2

- 1
S0= 0 =a(nlIRI) (1241

Substitution of the parameters for the buck-boost converter leads to

___D? 1
Gul) =~ 12 L. &C (12.42)
1+D

Again, the inductor pole is lost. The output impedance is
Zul9) =12 | RIl 25 (12.43)
For the buck-boost converter, one obtains

-_R 1
Zout(s)_ 1+D (1+S RC ) (1244)

1+D

12.2.2 Averaged Switch Modeling

Additional physical insight into the properties of current programmed converters can be obtained by use
of the averaged switch modeling approach developed in Section 7.4. Consider the buck converter of Fig.
12.16. We can define the terminal voltages and currents of the switch network as shown. When the buck
converter operates in the continuous conduction mode, the switch network average terminal waveforms
are related as follows:

i) L) L 40
> 1 61 > —T50 —» +
vg(t) V() vy(®) C R s v(t)
_Switch network

Fig. 12.16 Averaged switch modeling of a current-programmed converter: CCM buck example.
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(1) = d0) (W) .

(12.45)
(i) =d) (1,0),

We again invoke the approximation in which the inductor current exactly follows the control current. In
terms of the switch network terminal current i,, we can therefore write

(i0), =(i0) . (12.46)

The duty cycle d(¢) can now be eliminated from Eq. (12.45), as follows:

A . {m®)y,
<ll(t)>TS=d(t) (lc(t)>TS= <v1(t)>z <lf([)>rs (12.47)
This equation can be written in the alternative form
{10y, (m0);, = (10); (0) = (p0)y, (1248)

Equations (12.46) and (12.48) are the desired result, which describes the average terminal relations of the
CCM current-programmed buck switch network. Equation (12.46) states that the average terminal cur-
rent {iy()). is equal to the control current (i (#)),. Equation (12.48) states that the input port of the
switch network consumes average power <P(’)>n equal to the average power flowing out of the switch
output port. The averaged equivalent circuit of Fig. 12.17 is obtained.

Figure 12.17 describes the behavior of the current programmed buck converter switch network,
in a simple and straightforward manner. The switch network output port behaves as a current source of
value (ic(t))Ts - The input port follows a power sink characteristic, drawing power from the source v, equal
to the power supplied by the i, current source. Properties of the power source and power sink elements
are described in Chapters 11 and 8.

Similar arguments lead to the averaged switch models of the current programmed boost and
buck-boost converters, illustrated in Fig. 12.18. In both cases, the switch network averaged terminal
waveforms can be represented by a current source of value (ic(t))rs , in conjunction with a dependent
power source or power sink.

A small-signal ac model of the current-programmed buck converter can now be constructed by
perturbation and linearization of the switch network averaged terminal waveforms. Let

<i](=t)>7'I <l2(Q>T; L <iL=(t)>TS
+ + +
(p@®)r,
e
O v, [ AOREON C:|: RS 00,
Averaged switch network

Fig. 12.17 Averaged model of CPM buck converter.
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@ o, L
+
(P(I»T_‘_
o0, ) awoe ) C== RS 6O
Averaged switch network
(b Averaged switch network
X
<p(t)>>s\- (P GOy, .
o, ) C == RSO

(i),

Fig. 12.18 Averaged models of CPM boost (a) and CPM buck-boost (b} converters, derived via averaged switch
modeling.

(@), =V, +9(0

s

(i), =1,+1,0

5

)
)
(o)) = Vo +9(2) (12.49)
)
)

K

(i), =L, +1,0)

K

(i0), =1, +1 0

s

Perturbation and linearization of the (i (1) )TX current source of Fig. 12.17 simply leads to a current source
of value fc(t). Perturbation of the power source characteristic, Eq. (12.48), leads to

(Vi +90,0)(1,+1,0)) = (1.4 2.0) (V2 + 5,0)) (12.50)
Upon equating the dc terms on both sides of this equation, we obtain
Vil =1.V, = I,=DI, (12.51)

The linear small-signal ac terms of Eq. (12.50) are



12.2 A Simple First-Order Model 457

\ 4
+y S

5
a
<

1) : V vV ~ IC »
5 + Vv 2 1 L
i ‘ ’ 1 i, \?__ IV
‘\& v, 1, El : v, fe

Switch network small-signal ac model

3

Fig. 12.19 Small-signal model of the CCM CPM buck converter, derived by perturbation and linearization of the
switch network in Fig. 12.17.

PO+ VL (D=1 0OV, + T 9,(1) (12.52)

Solution for the small-signal switch network input current 7 (B yields

. N ST PN

L) =1 1) 71 + 95(8) K/—l -,(0 Vl (12.53)
The small-signal ac model of Fig. 12.19 can now be GOy 4
constructed. The switch network output port is again a s Power source
current source, of value fc(t). The switch network input character'ls ne
port model is obtained by linearization of the power <v‘(t)>Ts <ll(t)>7.s ={p (I»TS
sink characteristic, as given by Eq. (12.53). The input }
port current 7,(7) is composed of three terms. The /() Quiescent
term is modeled by an independent current source, the op e;?:lltng
,(f) term is modeled by a dependent current source, P
and the 9,(f) term is modeled by an effective ac resistor (\/
having the negative value — V//I,. As illustrated in Fig. I rl =— ~IVL
12.20, this incremental resistance is determined by the ! !
slope of the power sink input port characteristic, evalu-
ated at the quiescent operating point. The power sink >
leads to a negative incremental resistance because an Vi <Vl(t)>TS
increase in <V1(I)>TS causes a decrease in <i1(f)>n.’ such Fig. 12.20 Origin of the input port negative
that constant (p(t))n 1s maintained. incremental resistance r,: the slope of the power

The equivalent circuit of Fig. 12.19 can now sink characteristic, evaluated at the quiescent oper-
be simplified by use of the dc relations V,=DV,, atingpoint.
L=VyR, I, = DL, I, = I. Equation (12.53) then
becomes

7,0 =Di )+ % Py - %2— 0 (12.54)

Finally, we can eliminate the quantities ¥, and ¥, in favor of the converter terminal voltages ¥, and ¥, as
follows. The quantity ¥, is sirrAlply equal to ¥,. The quantity , is equal to the output voltage ¥ plus the
voltage across the inductor, sLi (s). Hence,



458 Current Programmed Control

A N
-

%, C) ch(1+%)¢_§ [l]%ﬁ i (‘) C= Rg

Fig. 12.21 Simplification of the CPM buck converter model of Fig. 12.19, with dependent source expressed in
terms of the output voltage variations.

D,(s) = D(s) + sLi (s) (12.55)

With these substitutions, Eq. (12.54) becomes
- » A 2 ~
P (s)=D (1 +s-1%) FORELORIO (12.56)

The equivalent circuit of Fig. 12.21 is now obtained. It can be verified that this equivalent circuit coin-
cides with the model of Fig. 12.15 and the buck converter parameters of Table 12.1.

The approximate small-signal properties of the current programmed buck converter can now be
explained. Since the inductor is in series with the current source fc, the inductor does not contribute to the
control-to-output transfer function. The control-to-output transfer function is determined simply by the
relation

Gyl = 7

= 1L
T, Ly (R I sc) (12.57)

So current programming transforms the output characteristic of the buck converter into a current source.
The power sink input characteristic of the current programmed buck converter leads to a negative incre-
mental input resistance, as described above. Finally, Fig. 12.21 predicts that the buck converter line-to-
output transfer function is zero:

_ -
G,(8) = o). =0_0 (12.58)

Disturbances in v, do not influence the output voltage, since the inductor current depends only on i.. The
current programmed controller adjusts the duty cycle as necessary to maintain constant inductor current,
regardless of variations in Ve The more accurate models of Section 12.3 predict that Gvg(s) is not zero,
but is nonetheless small in magnitude.

Similar arguments lead to the boost converter small-signal equivalent circuit of Fig. 12.22. Der-
ivation of this equivalent circuit is left as a homework problem. In the case of the boost converter, the
switch network input port behaves as a current source, of value i, while the output port is a dependent
power source, equal to the power apparently consumed by the current source i.. In the small-signal
model, the current source fc appears in series with the inductor L, and hence the converter transfer func-
tions cannot contain poles arising from the inductor. The switch network power source output character-
istic leads to an ac resistance of value r, = R. The line-to-output transfer function Gvg(s) is nonzero in the
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<

O o) e [ e s

Fig. 12.22 Small-signal model of the CCM CPM boost converter, derived via averaged switch modeling and
the approximation i, =~ i..

boost converter, since the magnitude of the power source depends directly on the value of v,. The con-
trol-to-output transfer function G, (s) contains a right half-plane zero, identical to the right half-plane
zero of the duty-cycle-controlled boost converter.

123 A MORE ACCURATE MODEL

The simple models discussed in the previous section yield much insight into the low-frequency behavior
of current-programmed converters. Unfortunately, they do not always describe everything that we need
to know. For example, the simple model of the buck converter predicts that the line-to-output transfer
function G, (s) is zero. While it is true that this transfer function is usually small in magnitude, the trans-
fer function is not equal to zero. To predict the effect of input voltage disturbances on the output voltage,
we need to compute the actual Gvg(s).

In this section, a more accurate analysis is performed which does not rely on the approximation
(iL(t))TY = i(t). The analytical approach of [5,6] is combined with the controller model of [7]. A func-
tional block diagram of the current programmed controller is constructed, which accounts for the pres-
ence of the artificial ramp and for the inductor current ripple. This block diagram is appended to the
averaged converter models derived in Chapter 7, leading to a complete converter CPM model. Models
for the CPM buck, boost, and buck~boost converters are listed, and the buck converter model is analyzed
in detail.

12.3.1 Current Programmed Controller Model

Rather than using the approximation (i (1)), = (i,()), let us derive a more accurate expression relating
the average inductor current (iL(t))TX to the control input i (f). The inductor current waveform is illus-
trated in Fig. 12.23. It can be seen that the peak value of i,(¢) differs from i (¢), by the magnitude of the
artificial ramp waveform at time ¢ = dT, that is, by m dT,. The peak and average values of the inductor
current waveform differ by the average value of the inductor current ripple. Under transient conditions,
in which i,(0) is not equal to i,(T ), the magnitudes of the inductor current ripples during the dT, and d'T,
subintervals are m,dT /2 and m,d'T /2, respectively. Hence, the average value of the inductor current rip-
ple is d(m,dT,/2) + d'(m,d'T /2). We can express the average inductor current as

mdT,  mydT

LN =00y, —mdT,—d— "5 g 228

(L(>>TS (L(>>TS o7 2 2 (12.59)
d*T, d’T,

<ic(t)>T -mdT ~m —5*-m,

2 2
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Fig. 12.23 Accurate determination of = N (-1 )
the relationship between the average ¢ 4
inductor current (i,(r)}; and i.

TN

G O,

<iL(t)>T: = d<iL(z)>de + d'(i,‘(t»dlr_r
0 dr, T t

5

This is the more accurate relationship which is employed in this section.
A small-signal current programmed controller model is found by perturbation and linearization
of Eq. (12.59). Let

(iL(t)>TS =1,+1,0

(i), =1.+1.0)

Aty =D +d@)
m) =M+ )
mat) = M, + fuyt)

(12.60)

Note that it is necessary to perturb the slopes m, and m,, since the inductor current slope depends on the
converter voltages according to Eq. (12.1). For the basic buck, boost, and buck-boost converters, the
slope variations are given by

Buck converter

~ A
v,—Vv

firy = _‘“gL fhy = %

Boost converter
oD, -, (12.61)
my= T My = L

Buck-boost converter

b"of)
=

m = ny=-

It is assumed that m, does not vary: 72, = M,. Substitution of Eq. (12.60) into Eq. (12.59) leads to

(1,4 80) = {1+ 10) - M,T{D+ d(n) - %(Ml +i0)(D+do) - %(Mz sy -do) (1262

The first-order ac terms are

DT, DT, (12.63)
2

fL(t)=fc(t)—(MaTS+DM1TS—D'M2TS)J(t)— iy (0) = =52 fglt)

With use of the equilibrium relationship DM, = D’M,, Eq. (12.63) can be further simplified:
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Table 12.2 Current programmed controller gains for basic converters

Converter F F

8 v

2

2L 2L
Boost (2D B I)TS DVZTS

2L 2L

2 '
Buck--boost M _ D zT.v

2L 2L

2. 92

. 5 g DT 5 - .
P =0 = M T () = =5 (1) o () (12.64)
Finally, solution for d(z) yields
. . . DT, DT, |
40 = g7 10 =10 = =5 )~ =5 gl (1265)

This is the actual relationship that the current programmed controller follows, to determine d(z) as a func-
tion of fc(t), i (1), (1), and A(¢). Since the quantities /2, (¢), and 7i1,(¢) depend on ¥ (1) and (1), according
to Eq. (12.61), we can express Eq. (12.65) in the following form:

dQ@)=F, |l () -1 ,(t) - F,9,() - Fvﬁ(t)} (12.66)

where F, = 1/MT,. Expressions for the gains F, and F,, for the basic buck, boost, and buck-boost con-
verters, are listed in Table 12.2. A functional block diagram of the current programmed controller, corre-
sponding to Eq. (12.66), is constructed in Fig. 12.24.

Current programmed converter models can now be obtained, by combining the controller block

Fig. 12.24 Functional block diagram of the current
programmed controller.

>

<
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diagram of Fig. 12.24 with the averaged converter models derived in Chapter 7. Figure 12.25 illustrates
the CPM converter models obtained by combination of Fig. 12.24 with the buck, boost, and buck-boost
models of Fig. 7.17. For each converter, the current programmed controller contains effective feedback
of the inductor current f,(#) and the output voltage (z), as well as effective feedforward of the input volt-
age fzg(t).

12.3.2 Solution of the CPM Transfer Functions

Next, let us solve the models of Fig. 12.25, to determine more accurate expressions for the control-to-
output and line-to-output transfer functions of current-programmed buck, boost, and buck-boost convert-
ers. As discussed in Chapter 8, the converter output voltage ¥ can be expressed as a function of the duty-
cycle d and input voltage ¥, variations, using the transfer functions G, (s) and G, (s):

0(5) = G (5)d(5) + G, ()P ,(s) (12.67)

In a similar manner, the inductor current variation 7 can be expressed as a function of the duty-cycle d
and input voltage Gg variations, by defining the transfer functions G, (s) and Gig(s):

11(8) = G f)d(s) + Gi(s)9 (5) (12.68)

where the transfer functions G, (s) and G, (s) are given by:

(a) Buck

S,

T

Fm
¢ Jln
> F, >0+ -
lL‘

Fig. 12.25 More accurate models of current-programmed converters: (a) buck, (b) boost, (c) buck-boost.

<>
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(b) Boost
Vd
l nroL'b’\_C% D
I+ 7
6]

og(t)Cj) %“E 1dtry C== ) RS

Qs

(c) Buck-boost

og(t)c) 1&(:)() %\é | : ()I‘i(’) %C o) R%

A
os
A 4

Fig. 12.25 Continued.
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CPM v Converter transfer functions
controller N
model F, > Cls) N
1Y
4 ¢ A »:1 =
i, d
g E, > G4(5)
1
F,
7 | G,(5) ) .
L
Q-
ol G.
; > G, ()

Fig. 12.26 Block diagram that models the current-programmed converters of Fig. 12.25.

_ 74(s)
GD= G|
g)=0 (12.69)
F(s)
Gls) = -2
! vg(s) ds)=0

Figure 12.26 illustrates replacement of the converter circuit models of Fig. 12.25 with block diagrams
that correspond to Egs. (12.67) and (12.68).

The control-to-output and line-to-output transfer functions can now be found, by manipulation
of the block diagram of Fig. 12.26, or by algebraic elimination of d and 7, from Eqs. (12.66), (12.67), and
(12.68), and solution for ¥. Substitution of Eq. (12.68) into Eq. (12.66) and solution for d leads to
j:J"—[f —(G. +F)13 -Fo] (12.70)

(147G, L7 V8 8

By substituting this expression into Eq. (12.67), one obtains

. FG. |+ N .
v_m{zc—(qgwg)vg-m +G,0, (12.71)
Solution of this equation for ¥ leads to the desired result:
b= Fvad Gvg - EanGvd + Fm(Gngid - GigGvd) o (1272)

¢ g

L+ By G+ FG,)

Therefore, the current-programmed control-to-output transfer function is
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Gs) = 2 S S VI 12.73)
1(s) 949)=0 I+ Fm(Gid + Fvad)
The current-programmed line-to-output transfer function is
G _ "}(s) _ Gvg - FmFgGvd + Fm(Gngid - GigGvd) (1274)

¢ (S ) == =
vg-cpm i
S(s) fp(.\') =0 1+1 m( Gid ! VG vd)

Equations (12.73) and (12.74) are general expressions for the important transfer functions of single-
inductor current-programmed converters operating in the continuous conduction mode.

12.3.3 Discussion

The controller model of Eq. (12.66) and Fig. 12.24 accounts for the differences between i, and i, that
arise by two mechanisms: the inductor current ripple and the artificial ramp. The inductor current ripple
causes the peak and average values of the inductor current to differ; this leads to a deviation between the
average inductor current and i,. Since the magnitude of the inductor current ripple is a function of the
converter input and capacitor voltages, this mechanism introduces ¥, and $ dependencies into the control-
ler small-signal block diagram. Thus, the F, and F, gain blocks of Fig. 12.24 model the small-signal
effects of the inductor current ripple. For operation deep in continuous conduction mode (2L/RT, > 1),
the inductor current ripple is small. The F, and F, gain blocks can then be ignored, and the inductor cur-
rent ripple has negligible effect on the current programmed controller gain.

The artificial ramp also causes the average inductor current to differ from .. This is modeled by
the gain block F,, which depends inversely on the artificial ramp slope M,. With no artificial ramp,

m?

M, =0 and F,, tends to infinity. The current-programmed control systems of Fig. 12.25 then effectively

have infinite loop gain. Since the duty cycle d is finite, the signal at the input to the F, block (d/F,) must
tend to zero. The block diagram then predicts that

=0=7,-i,~Fp,~Fp (12.75)

;1’&)

In the case of negligible inductor current ripple (F, > 0 and F, — 0), this equation further reduces to
0=f.-1, (12.76)

This coincides with the simple approximation employed in Section 12.2. Hence, the transfer functions
predicted in this section reduce to the results of Section 12.2 when there is no artificial ramp and negligi-
ble inductor current ripple. In the limit when F,, — oo, F, — 0, and F, — 0, the control-to-output transfer
function (12.73) reduces to

H — Gvd
Gl =5, 12.77)

Fg—>0

F,—=0

and the line-to-output transfer function reduces to
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G,G,-G,G
. _ —vgid ig-vd
A, GuglS) == (12.78)

Fg—>0

Fy,—0
It can be verified that Egs. (12.77) and (12.78) are equivalent to the transfer functions derived in Section
12.2,

When an artificial ramp is present, then the gain F,, is reduced to a finite value. The current-pro-
grammed controller no longer perfectly regulates the inductor current i;, and the terms on the right-hand
side of Eq. (12.75) do not add to zero. In the extreme case of a very large artificial ramp (large M, and
hence small F, ), the current-programmed controller degenerates to duty-cycle control. The artificial
ramp and analog comparator of Fig. 12.8 then function as a pulse-width modulator similar to Fig. 7.63,
with small-signal gain F,,. For small F,, and for F, = 0, F, = 0, the control-to-output transfer function
(12.73) reduces to

lim G,(s)=F,G,/s)
small Fp, d (1279)

F,—0
Fyg—0

which coincides with conventional duty cycle control. Likewise, Eq. (12.74) reduces to

lim G,,.(8)=G,
Fp = s € (1280)

Fg—)O

F,—0

which is the line-to-output transfer function for conventional duty cycle control.
12.3.4 Current-Programmed Transfer Functions of the CCM Buck Converter

The control-to-output transfer function G,,(s) and line-to-output transfer function G, () of the CCM
buck converter with duty cycle control are tabulated in Chapter 8, by analysis of the equivalent circuit
model in Fig. 7.17(a). The results are:

_V_1
CudS) =5 Zon(s) (12.81)
N = 1
Go8)=D gty (12.82)
where the denominator polynomial is
den(s)=1+s % +$2LC (12.83)

The inductor current transfer functions G, (s) and Gig(s) defined by Egs. (12.68) and (12.69) are also
found by solution of the equivalent circuit model in Fig. 7.17(a), with the following results:

_y (1+3rC) (12.84)
G (s)= DR W
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_p (L*srC] (12.85)
Gigls) = R den(s)
where den(s) is again given by Eq. (12.83).

With no artificial ramp and negligible ripple, the control-to-output transfer function reduces to
the ideal expression (12.77). Substitution of Eqgs. (12.81) and (12.84) yields

H — Gvd(s) — R
M. Gl =5 ) = T+ skC (12.86)
Fg -0
F, -0

Under the same conditions, the line-to-output transfer function reduces to the ideal expression (12.78).
Substitution of Eqs. (12.81) to (12.85) leads to

. G (9)Giy(8) — G, ()G fs)
- vg 1 Vi 18 -
M G ons) = G =0 (12.87)

"
Fe—0
F,—0

Equations (12.86) and (12.87) coincide with the expressions derived in Section 12.2 for the CCM buck
converter.

For arbitrary F,, F, and F, the control-to-output transfer function is given by Eq. (12.73). Sub-
stitution of Egs. (12.81) to (12.85) into Eq. (12.73) yields

FIY L
F.G. ™ D den(s)
Guls) = P P b (12.88)
+m[ id+vvd] Lo p [ LesRCY g [V _1
™ DR den(s) Y1 D den(s)
Simplification leads to
Vv
Fm_—
G, s) = 2 ; (12.89)
den(s) + e (1 +sRC) + F, F, 5
Finally, the control-to-output transfer function can be written in the following normalized form:
Gd)
G, s} = (5 (s (12.90)
Qcmc (DC
where
Y Ey
Gco—EI—FmV—W (12.91)
*DRY D
_ 1 F.V  FFV (12.92)
wc-ﬁ 1+ PR D



468 Current Programmed Control

F FF
R
Q.=R:\/ ¢ (12.93)

A
*T DL

In the above equations, the salient features G, 0, and Q, are expressed as the duty-ratio-control value,
multiplied by a factor that accounts for the effects of current-programmed control.

It can be seen from Eq. (12.93) that current programming tends to reduce the Q-factor of the
poles. For large F,, O, varies as Fm‘”z; consequently, the poles become real and well-separated in mag-

nitude. The low-Q approximation of Section 8.1.7 then predicts that the low-frequency pole becomes

4 Y

1 F‘l” V FIHFV V
*DRT D

_R (12.94)
w. =
Qc < L . R CF,"V
DL
For large F,, and small F,, this expression can be further approximated as
(12.95)

ol
0o~ ge

which coincides with the low-frequency pole predicted by the simple model of Section 12.2. The low-Q
approximation also predicts that the high-frequency pole becomes

O, _ 1 RCF,V 12.96
QC_RC( DL (12.96)

For large F,,, this expression can be further approximated as

%:FD,,_,Z’% DMMZ (12.97)

The high-frequency pole is typically predicted to lie near to or greater than the switching frequency f,. It
should be pointed out that the converter switching and modulator sampling processes lead to discrete-
time phenomena that affect the high-frequency behavior of the converter, and that are not predicted by
the continuous-time averaged analysis employed here. Hence, the averaged model is valid only at fre-
quencies sufficiently less than one-half of the switching frequency.

For arbitrary F,,, F,, and F o the current-programmed line-to-output transfer function G, g_cpm(s)
is given by Eq. (12.74). This equation is most easily evaluated by first finding the ideal transfer function,
Eq. (12.78), and then using the result to simplify Eq. (12.74). In the case of the buck converter, Eq.

(12.87) shows that the quantity (Gngi +— G, dGl.g) is equal to zero. Hence, Eq. (12.74) becomes

_ G, —F,FG,+F,{0)
 1+F,(Gy+FG,)

GrgcpnlS) (12.98)

Substitution of Egs. (12.81) to (12.85) into Eq. (12.98) yields
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_D _ v_i
den(s) s D Tent)

V 1+4sRC Vv _1
1+ F’"( DR den(s) +F, D den(s))

G

vg-cpm(s) =

(12.99)

Simplification leads to

1%
D-F,F %
( " gD) (12.100)

Gvg-cpm(s ) =

EY 1%
den(s) + e (1+3RC)+ F,F, 5

Finally, the current-programmed line-to-output transfer function can be written in the following normal-
ized form:

—_ G&’O

Ggepm(8) = To o (5] (12.101)

Qco‘)c * ((DC)
where

(1_FmFgV (1_ MZ)

2 M
Go=D D - a (12.102)
g 1 F;ll V FI]IFV V 1 Fm V va V
*DRT D *DRY D

The quantities Q, and ®, are given by Eqs. (12.92) and (12.93).

Equation (12.102) shows how current programming reduces the dc gain of the buck converter
line-to-output transfer function. For duty cycle control (F,, = 0), Gg() is equal to D. Nonzero values of F,
reduce the numerator and increase the denominator of Eq. (12.102), which tends to reduce G . We have
already seen that, in the ideal case (F,, = o, F, = 0, F, = 0), G, becomes zero. Equation (12.102)
reveals that nonideal current-programmed buck converters can also exhibit zero G, if the artificial ramp
slope M, is chosen equal to 0.5M,. The current programmed controller then prevents input line voltage
variations from reaching the output. The mechanism that leads to this result is the effective feedforward
of v, inherent in the current programmed controller via the F, 9, term in Eq. (12.66). It can be seen from
Fig. 12.26 that, when F,F, G, (s) = G,(s), then the feedforward path from 9, through F, induces varia-
tions in the output ¥ that exactly cancel the ¥ -induced variations in the direct forward path of the con-
verter through Gvg(s). This cancellation occurs in the buck converter when M, = 0.5M,.

12.3.5 Results for Basic Converters

The transfer functions of the basic buck, boost, and buck-boost converters with current-programmed con-
trol are summarized in Tables 12.3 to 12.5. Control-to-output and line-to-output transfer functions for
both the simple model of Section 12.2 and the more accurate model derived in this section are listed. For
completeness, the transfer functions for duty cycle control are included. In each case, the salient features
are expressed as the corresponding quantity with duty cycle control, multiplied by a factor that accounts
for current-programmed control.
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Table 12.3 Summary of results for the CPM buck converter

Simple model

Duty cycle controlled gains
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Table 12.4 Summary of results for the CPM boost converter

Simple model Duty cycle controlled gains
L L
1 1og—=— RC
? D‘R( SD'ZR) G()_V( D'ZR) )= (1” 2)
2 1k AT Gents) Gl = B ety
2
b1 1 Gul=L L _ G5)= (1+sRC)
by (1 ts E) = D' dens) W= Do g
2
den(s)=1+s mD'liR + 52 lg'c;
More accurate model
5 } F,
2 -6,49)=6, ( Go= At
o 0148 +(mi)z D RV RV
0., B L+ R
1 ZFWV FvaV
D 25,V F,FV e /C DR
W, ==/ 1+ + =DR\/F
(4 /LC DIZR D L (1 F 1% FmF V)
+
L D'
s F.V
5 ( ) G (1 + ('O_gz) o ! m D' R
e cpht S T e 7 o2 Bl i EE——
0, = Cower R (mi)z oD L 2R FvaV)
cre D'ZR D
(1 ~FFV+ F’,"zv )
® DV3R D'“R

2= L FFV

m'g




12.3 A More Accurate Model 471

Table 12.5 Summary of results for the CPM buck—boost converter

Simple model Duty cycle controlled gains
_RC
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The two poles of the line-to-output transfer functions G,, . and control-to-output transfer
functions G, of all three converters typically exhibit low Q-factors in CPM. The low-Q approximation
can be applied, as in Eqs. (12.94) to (12.97), to find the low-frequency pole. The line-to-output transfer
functions of the boost and buck-boost converters exhibit two poles and one zero, with substantial dc
gain.

12.3.6 Quantitative Effects of Current-Programmed Control
on the Converter Transfer Functions

The frequency responses of a CCM buck converter, operating with current-programmed control and with
duty cycle control, are compared in Appendix B, Section B.3.2. The buck converter of Fig. B.25 was
simulated as described in Appendix B, and the resulting plots are reproduced here.

The magnitude and phase of the control-to-output transfer functions are illustrated in Fig.
12.27. It can be seen that, for duty cycle control, the transfer function G,,(s) exhibits a resonant two-pole
response. The substantial damping introduced by current-programmed control leads to essentially a sin-
gle-pole response in the current-programmed control-to-output transfer function G, (s). A second pole
appears in the vicinity of 100 kHz, which is near the 200 kHz switching frequency. Because of this effec-
tive single-pole response, it is relatively easy to design a controller that exhibits a well-behaved response,
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Fig. 12.27 Comparison of CPM control with duty-cycle control, for the control-to-output frequency response of
the buck converter example.
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Fig. 12.28 Comparison of CPM control with duty-cycle control, for the line-to-output frequency response of the
buck converter example.

having ample phase margin over a wide range of operating points. Proportional-plus-integral (PI) con-
trollers are commonly used in current-programmed regulators.

The line-to-output transfer functions of the same example are compared in Fig. 12.28. The line-
to-output transfer function G, (s) for duty-cycle control is characterized by a dc asymptote approxi-
mately equal to the duty cycle D = 0.676. Resonant poles occur at the corner frequency of the L-C filter.
The line-to-output transfer function Ggeom() with current-programmed control is significantly reduced,
and exhibits more than 30 dB of additional attenuation over the frequencies of interest. It should again be



12,4 Discontinuous Conduction Mode 473

20dBQ 1
Iz

out ||

odpq Current programmed mode
v (£) = constant

Duty cycle control
d(t) = constant
-20dBQ 1

—

-40 dBQ t t t +
10 Hz 100 Hz 1kHz 10 kHz 100 kHz

f
Fig. 12.29 Comparison of CPM control with duty-cycle control, for the output impedance of the buck converter
example.

noted that the transfer function G,,, ,,,.(5) in Fig. 12.28 cannot be predicted by the simple models of Sec-
tion 12.2; the more accurate model of Section 12.3 must be employed.

The effect of current-programmed control on the converter output impedance is illustrated in
Fig. 12.29. The output impedance plotted in the figure includes the load resistance of 10 Q. For duty-
cycle control, the dc asymptote of the output impedance is dominated by the inductor winding resistance
of 0.05 Q. The inductor becomes significant in the vicinity of 200 Hz. Above the resonant frequency of
the output filter, the output impedance is dominated by the output filter capacitor. For current-pro-
grammed control, the simple model of Section 12.2 predicts that the inductor branch of the circuit is
driven by a current source; this effectively removes the influence of the inductor on the output imped-
ance. The plot of Fig. 12.29 was generated using the more accurate model of this section; nonetheless,
the output impedance is accurately predicted by the simple model. The dc asymptote is dominated by the
load resistance, and the high-frequency asymptote follows the impedance of the output filter capacitor. It
can be seen that current programming substantially increases the converter output impedance.

124  DISCONTINUOUS CONDUCTION MODE

Current-programmed converters operating in the discontinuous conduction mode can be described using
the averaged switch modeling approaches of Sections 12.3 and 11.1. It is found in this section that the
average transistor voltage and current follow a power sink characteristic, while the average diode voltage
and current obey a power source characteristic. Perturbation and linearization of these characteristics
leads to a small-signal equivalent circuit that models CPM DCM converters. The basic DCM CPM buck,
boost, and buck—boost converters essentially exhibit single-pole transfer functions: the second pole and
the right half-plane zero appear at frequencies near to or greater than the switching frequency, owing to
the small value of L in DCM.

A DCM CPM buck-boost converter example is analyzed here. However, Egs. (12.103) to
(12.120) are written in general form, and apply equally well to DCM CPM buck and boost converters.
The schematic of a buck-boost converter is illustrated in Fig. 12.30. The terminal waveforms of the
switch network are defined as shown: v (#) and 7,(#) are the transistor waveforms, while v,(r) and i,(¢) are
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the diode waveforms. Figure 12.31 illustrates typical DCM waveforms, for current-programmed control
with an artificial ramp having slope — m,. The inductor current is zero at the beginning of each switching
period. By solution of the transistor conduction subinterval, the programmed current i, can be related to
the transistor duty cycle 4, by:

zc=tpk+mad1T_v

(12.103)
= (ml + ma)leS
Solution for d| leads to
dn= 0 (12.104)
(ml + ma)Ts

The average transistor current is found by integrating the i,(r) waveform of Fig. 12.31 over one switching
period:

1 [e+7g
(il(t))n=~T~f[ iﬂ)dr:% (12.105)

The total area g, is equal to one-half of the peak current i, multiplied by the subinterval length d,7.
Hence,

(10) 7 =3 a0 \() (12.106)
Elimination of i, and d,, to express the average transistor current as a function of i, leads to
L2
3 Li Cf;.

N Y
(n(®),. ( 1+ %)

1

(i) = (12.107)

Finally, Eq. (12.107) can be rearranged to obtain the averaged switch network input port relationship:

1,2
7 Lick

(i10)7, (), = W =(p(),. (12.108)
1+ ~—“—)

my



Thus, the average transistor waveforms obey a power sink
characteristic. When m, = 0, then the average power
(p(t))Ts is a function only of L, i, and f,. The presence of
the artificial ramp causes (p(t))TS to additionally depend
on the converter voltages, via m,.

The power sink characteristic can also be
explained via inductor energy arguments. During the first
subinterval, the inductor current increases from 0 to i . In
the process, the inductor stores the following energy:

Ww=lL2, (12.109)

The energy W is transferred from the power input v,
through the switch network input port, to the inductor,
once per switching period. This energy transfer process
accounts for the power flow

(p)), =Wh=5Li%J, (12.110)

The switch network input port, that is, the transistor ter-
minals, can therefore be modeled by a power sink ele-
ment, as in Fig. 12.32.

The average switch network output port current,
that is, the average diode current, is

2 (12.111)
T

s

(10}, = [ e =2

By inspection of Fig. 12.31, the area g, is given by
s =%ipkdsz (12.112)
The duty cycle d, is determined by the time required for
the inductor current to return to zero, during the second

subinterval. By arguments similar to those used to derive
Eq. (11.12), the duty cycle d, can be found as follows:

<V1(1)>TA_
(vZ(t)> T,

dy(t) = d\(t)

124
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Fig. 12.31 Waveforms, CPM DCM buck—boost
example.

(12.113)

Substitution of Eqgs. (12.113), (12.112), and (12.110) into Eq. (12.111) yields

. {p)
O T,
TS

(12.114)

The output port of the averaged switch network is therefore described by the relationship
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Fig. 12.32 CPM DCM buck-boost converter model, derived via averaged switch modeling.

L0 S,
(i) (m0), = W = (p0),. (12.115)
) 1+2

my

In the averaged model, the diode can be replaced by a power source of value {p(z) )T5 , equal to the power
apparently consumed at the switch network input port. During the second subinterval, the inductor
releases all of its stored energy through the diode, to the converter output. This results in an average
power flow of value (p(?)),.

A CPM DCM buck-boost averaged model is therefore as given in Fig. 12.32. In this model, the
transistor is simply replaced by a power sink of value {p() )TX , while the diode is replaced by a power
source also of value (p()),..

The steady-state equivalent circuit model of the CPM DCM buck-boost converter is obtained by
letting the inductor and capacitor tend to short- and open-circuits, respectively. The model of Fig. 12.33
is obtained. The steady-state output voltage V can now be determined by equating the dc load power to
the converter average power { P(’»n- For a resistive load, one obtains

ijzp (12.116)

where the steady state value of (p(#)),, is given by

SLIXD,
P="——01 (12.117)

M\
(1+M1)

and where I_is the steady-state value of the control input i (). Solution for V yields the following result

Fig. 12.33 Steady-state model of the CPM DCM P
<

buck-boost converter.
v, (* v
g — A
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converters: (a) buck, (b) boost. _

(b L

(12.118)

for the case of a resistive load.

Averaged models of the DCM CPM buck, boost, and other converters can be found in a similar
manner. In each case, the average transistor waveforms are shown to follow a power sink characteristic,
while the average diode waveforms follow a power source characteristic. The resulting equivalent cir-
cuits of the CPM DCM buck and boost converters are illustrated in Fig. 12.34. In each case, the average
power is given by

Table 12.6 Steady-state DCM current-programmed characteristics of basic converters

Converter M I, Stability range when m, =0
Buck Puoaa =P s (Le-Mm,T,) 0<M<2
P load
Boost Prowa (Ic - % maTs) 0<D<1
Pioaa =P e
2M

Depends on load characteristic: (1 = M maTS)

Buck-boost
P load = p
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Fig. 12.35 Small-signal models of DCM CPM converters, derived by perturbation and linearization of Figs.
12.32 and 12.34: (a) buck, (b) boost, (c) buck—boost.

S LiX0,
TR (12.119)
&=
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<p(t)> T,

with m, defined as in Eq. (12.1).
Steady-state characteristics of the DCM CPM buck, boost, and buck—boost converters are sum-

marized in Table 12.6. In each case, the dc load power is P,,,, = VI and P is given by Eq. (12.117). The

conditions for operation of a current programmed converter in the discontinuous conduction mode can be
expressed as follows:

|71>]1.| forcCM (12.120)
|I|<|I| forDCM

where [ is the dc load current. The critical load current at the CCM-DCM boundary, I, is expressed as
a function of [, and the voltage conversion ratio M = V/V, in Table 12.6.

In the discontinuous conduction mode, the inductor current is zero at the beginning and end of
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Table 12.7 Current programmed DCM small-signal equivalent circuit parameters: input port

Converter 81 A n
[1-5) 1]
1 M2 I T AL
Buck R(l—M) m 2T R m,
1+‘},ﬁT _m_l
R
1M 2L 2[2-M |, 2mym,
Boost R(M—l) 1 M (M—l . T,
*m,;
1
m
I -R (l +m_(11)
Buck—boost 0 2= =5
I, M m,
(-5

Table 12.8 Current programmed DCM small-signal equivalent circuit parameters: output port

Converter 2 2 r
m, _ my
Buck 1( M )(’"1(2_M]_M) 2L R%
R\T-M m 1, m,
[1+5) 12+ 5]
1{ M L M-1
Boost R(M—l) 2Ic R( i )
()
Buck-boost 2y "™ 2& R
Fogg
my

each switching period. As a result, the current programmed controller does not exhibit the type of insta-
bility described in Section 12.1. The current programmed controllers of DCM boost and buck—boost con-
verters are stable for all duty cycles with no artificial ramp. However, the CPM DCM buck converter
exhibits a different type of low-frequency instability when M > 2/3 and m, = 0, that arises because the dc
output characteristic is nonlinear and can exhibit two equilibrium points when the converter drives a
resistive load. The stability range can be extended to 0 £ D < 1 by addition of an artificial ramp having
slope m, > 0.086 m,, or by addition of output voltage feedback.

Small-signal models of DCM CPM converters can be derived by perturbation and linearization
of the averaged models of Figs. 12.32 and 12.34. The results are given in Fig. 12.35. Parameters of the
small-signal models are listed in Tables 12.7 and 12.8.

The CPM DCM small-signal models of Fig. 12.35 are quite similar to the respective small-sig-
nal models of DCM duty-ratio controlled converters illustrated in Figs. 11.15 and 11.17. The sole differ-
ences are the parameter expressions of Tables 12.7 and 12.8. Transfer functions can be determined in a
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Fig. 12.36 Simplified small-signal model obtained by letting L become zero in Fig. 12.35 (a), (b), or (c).

similar manner. In particular, a simple approximate way to determine the low-frequency small-signal
transfer functions of the CPM DCM buck, boost, and buck-boost converters is to simply let the induc-
tance L tend to zero in the equivalent circuits of Fig. 12.35. This approximation is justified for frequen-
cies sufficiently less than the converter switching frequency, because in the discontinuous conduction
mode the value of L is small, and hence the pole and any RHP zero associated with L occur at frequen-
cies near to or greater than the switching frequency. For all three converters, the equivalent circuit of Fig.
12.36 is obtained.
Figure 12.36 predicts that the control-to-output transfer function G, (s) is

G)=~| = Gcos (12.121)
i, by=0 1+w—p
with
Gyo= fz(R”"z)
1
@, =
" (Riry)c
The line-to-output transfer function is predicted to be
P G
Gys)=—| = o5 L (12.122)
Vg [ .=0 +(.07

with

Ggo:gz(R””z)

If desired, more accurate expressions which account for inductor dynamics can be derived by solution of
the models of Fig. 12.35.

125  SUMMARY OF KEY POINTS

1. In current-programmed control, the peak switch current i(¢) follows the control input i (f). This widely
used control scheme has the advantage of a simpler control-to-output transfer function. The line-to-output
transfer functions of current-programmed buck converters are also reduced.
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The basic current-programmed controller is unstable when D > 0.5, regardless of the converter topology.
The controller can be stabilized by addition of an artificial ramp having slope m,. When m,, > 0.5m,, then
the controller is stable for all duty cycles.

The behavior of current-programmed converters can be modeled in a simple and intuitive manner by the
first-order approximation (i L(t))TS = i (£). The averaged terminal waveforms of the switch network can then
be modeled simply by a current source of value i, in conjunction with a power sink or power source ele-
ment. Perturbation and linearization of these elements leads to the small-signal model. Alternatively, the
small-signal converter equations derived in Chapter 7 can be adapted to cover the current programmed
mode, using the simple approximation i, (r) = i (¢).

The simple model predicts that one pole is eliminated from the converter line-to-output and control-to-out-
put transfer functions. Current programming does not alter the transfer function zeroes. The dc gains
become load-dependent.

The more accurate model of Section 12.3 correctly accounts for the difference between the average induc-
tor current (i L(t»n and the control input i (¢). This model predicts the nonzero line-to-output transfer func-
tion G, (s) of the buck converter. The current-programmed controller behavior is modeled by a block
diagram, which is appended to the small-signal converter models derived in Chapter 7. Analysis of the

resulting multiloop feedback system then leads to the relevant transfer functions.

The more accurate model predicts that the inductor pole occurs at the crossover frequency f, of the effec-
tive current feedback loop gain T(s). The frequency f, typically occurs in the vicinity of the converter
switching frequency f,. The more accurate model also predicts that the line-to-output transfer function
Gvg(s) of the buck converter is nulled when m, = 0.5m,.

Current programmed converters operating in the discontinuous conduction mode are modeled in Section
12.4. The averaged transistor waveforms can be modeled by a power sink, while the averaged diode wave-
forms are modeled by a power source. The power is controlled by i (£). Perturbation and linearization of
these averaged models, as usual, leads to small-signal equivalent circuits.
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PROBLEMS

12.1

12.2

A nonideal buck converter operates in the continuous conduction mode, with the values Vg =10V, f,=
100 kHz, L =4 pH, C =75 pF, and R = 0.25 2. The desired full-load output is 5 V at 20 A. The power
stage contains the following loss elements: MOSFET on-resistance R, = 0.1 €, Schottky diode forward
voltage drop V,, = 0.5 V, inductor winding resistance R; = 0.03 Q.

(a) Steady-state analysis: determine the converter steady-state duty cycle D, the inductor current
ripple slopes m; and m,, and the dimensionless parameter K = 2L/RT,.

) Determine the small-signal equations for this converter, for duty cycle control.

A current-programmed controller is now implemented for this converter. An artificial ramp is used, hav-
ing a fixed slope M, = 0.5M,, where M, is the steady-state slope m, obtained with an output of 5V at 20
A

(c) Over what range of D is the current programmed controller stable? Is it stable at rated output?
Note that the nonidealities affect the stability boundary.

(d) Determine the control-to-output transfer function G, (s), using the simple approximation
(iL(t))TY = i (1). Give analytical expressions for the corner frequency and dc gain. Sketch the
Bode plot of G, (s).

Use the averaged switch modeling approach to model the CCM boost converter with current-pro-

grammed control:

(a) Define the switch network terminal quantities as in Fig. 7.46(a). With the assumption that
<iL(t)>n = i (¢t), determine expressions for the average values of the switch network terminal
waveforms, and hence derive the equivalent circuit of Fig. 12.18(a).
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(b) Perturb and linearize your model of part (a), to obtain the equivalent circuit of Fig. 12.22.

(©) Solve your model of part (b), to derive expressions for the control-to-output transfer function
G, (s) and the line-to-output transfer function G, (s). Express your results in standard normal-
ized form, and give analytical expressions for the corner frequencies and dc gains.

Use the averaged switch modeling approach to model the CCM Cuk converter with current-programmed
control. A Cuk converter is diagrammed in Fig. 2.20.

(a) It is desired to model the switch network with an i_ current source and a dependent power source
or sink, using the approach of Section 12.2.2. How should the switch network terminal voltages
and currents be defined?

(b) Sketch the switch network terminal voltage and current waveforms. With the assumption that
(il(t))n_ - (iz(t))rx = i () (where i| and i, are the inductor currents defined in Fig. 2.20), deter-
mine expressions for the average values of the switch network terminal waveforms, and hence
derive an equivalent circuit similar to the equivalent circuits of Fig. 12.18.

(c) Perturb and linearize your model of part (b), to obtain a small signal equivalent circuit similar to
the model of Fig. 12.19. It is not necessary to solve your model.

The full-bridge converter of Fig. 6.19(a) operates with V, =320V, and supplies 1000 W to a 42V resis-
tive load. Losses can be neglected, the duty cycle is 0.7, and the switching period T, defined in Fig. 6.20
is 10 psec. L =50 pH and C = 100 pF. A current-programmed controller is employed, whose waveforms
are referred to the secondary side of the transformer. In the following calculations, you may neglect the
transformer magnetizing current.

(a) What is the minimum artificial ramp slope m, that will stabilize the controller at the given oper-
ating point? Express your result in terms of m,.

(h) An artificial ramp having the slope m, = m, is employed. Sketch the Bode plot of the current
loop gain T(s), and label numerical values of the corner frequencies and dc gains. It is not neces-
sary to re-derive the analytical expression for 7,. Determine the crossover frequency f..

(c) For m, = m,, sketch the Bode plots of the control-to-output transfer function G, (s) and line-to-
output transfer function Gvg(s), and label numerical values of the corner frequencies and dc
gains. It is not necessary to re-derive analytical expressions for these transfer functions.

In a CCM current-programmed buck converter, it is desired to minimize the line-to-output transfer func-
tion Gvg(s) via the choice m, = 0.5m,. However, because of component tolerances, the value of induc-
tance L can vary by £10% from its nominal value of 100 pH. Hence, m,, is fixed in value while m, varies,
and m_ = 0.5m, is obtained only at the nominal value of L. The switching frequency is 100 kHz, the out-
put voltage is 15V, the load current varies over the range 2 to 4 A, and the input voltage varies over the
range 22 to 32 V. You may neglect losses. Determine the worst-case (maximum) value of the line-to-out-

put dc gain Gvg(O).

The nonideal flyback converter of Fig. 7.18 employs current-programmed control, with artificial ramp
having slope m . MOSFET Q, exhibits on-resistance R ,. All current programmed controller waveforms
are referred to the transformer primary side.

on’

(a) Derive a block diagram which models the current-programmed controller, of form similar to Fig.
12.24. Give analytical expressions for the gains in your block diagram.

(b) Combine your result of part (a) with the converter small-signal model. Derive a new expression
for the control-to-output transfer function G, (s).
A buck converter operates with current-programmed control. The element values are:
V,=120V D=0.6
R=10Q f,=100kHz
L=550 pH C =100 yF
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An artificial ramp is employed, having slope 0.15 A/usec.

(a) Construct the magnitude and phase asymptotes of the control-to-output transfer function G, ,(s)
for duty-cycle control. On the same plot, construct the magnitude and phase asymptotes of the
control-to-output transfer function G, (s) for current-programmed control. Compare.

b) Construct the magnitude asymptotes of the line-to-output transfer function Gvg(s) for duty-cycle
control. On the same plot, construct the magnitude asymptotes of the line-to-output transfer

function Gvg_cpm(s) for current-programmed control. Compare.

A buck-boost converter operates in the discontinuous conduction mode. Its current-programmed control-
ler has no compensating artificial ramp: m, = 0.

(a) Derive an expression for the control-to-output transfer function G, (s), using the approximation
L = 0. Give analytical expressions for the corner frequency and dc gain.

b) Repeat part (a), with the inductor included. Show that, provided the inductor is sufficiently
small, then the inductor merely adds a high-frequency pole and zero to G, (s), and the low-fre-
quency pole derived in part (a) is essentially unchanged.

(c) At the CCM-DCM boundary, what is the minimum value of the RHP zero frequency?

A current-programmed boost converter interfaces a 3 V battery to a small portable 5 V load. The con-
verter operates in the discontinuous conduction mode, with constant transistor on-time ¢/, and variable
off-time; the switching frequency can therefore vary and is used as the control variable. There is no arti-
ficial ramp, and the peak transistor current i, is equal to a fixed value /; in practice, /_ is chosen to mini-
mize the total loss.

(a) Sketch the transistor and diode voltage and current waveforms. Determine expressions for the
waveform average values, and hence derive a large-signal averaged equivalent circuit for this
converter.

(b) Perturb and linearize your model of part (a), to obtain a small-signal equivalent circuit. Note that
the switching frequency f; should be perturbed.

(c) Solve your model of part (b), to derive an expression for the low-frequency control-to-output
transfer function Gvf(s) = D(s)/f(s). Express your results in standard normalized form, and give
analytical expressions for the corner frequencies and dc gains. You may assume that L is small.

A current-programmed boost converter is employed in a low-harmonic rectifier system, in which the
input voltage is a rectified sinusoid: vg(t) =V, | sin(t) |. The dc output voltage is v(r) = V > V,,. The
capacitance C is large, such that the output voltage contains negligible ac variations. It is desired to con-
trol the converter such that the input current ig(t) is proportional to vg(t): ig(t) = vg(t)/R » where R, is a
constant, called the “emulated resistance.” The averaged boost converter model of Fig. 12.18(a) suggests
that this can be accomplished by simply letting i (¢) be proportional to vg(t), according to i (?) = vg(t)/Re.
You may make the simplifying assumption that the converter always operates in the continuous conduc-
tion mode.

(a) Solve the model of Fig. 12.18(a), subject to the assumptions listed above, to determine the
power {p(t) >7:y . Find the average value of {p(£) >Ts , averaged over one cycle of the ac input v g(t)‘

(b) An artificial ramp is necessary to stabilize the current-programmed controller at some operating
points. What is the minimum value of m, that ensures stability at all operating points along the
input rectified sinusoid? Express your result as a function of V and L. Show your work.

(c) The artificial ramp and inductor current ripple cause the average input current to differ from i ().
Derive an algebraic expression for (i (1)), as a function of i (r) and other quantities such as m,,
vg(t), V, L, and T. For this part, you may assume that the inductor dynamics are negligible. Show
your work.

(d) Substitute v, (1) = V, | sin(r) | and i(f) = v, ()/R,, into your result of part (c), to determine an
expression for g(t). How does i g(t) differ from a rectified sinusoid?
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Fig. 12.37 Buck converter with charge controller, Problem 12.11.

Figure 12.37 shows a buck converter with a charge controller [14]. Operation of the charge controller is
similar to operation of the current-programmed controller. At the beginning of each switching period, at
time ¢ = 0, a short clock pulse sets the SR latch. The logic high signal at the Q output of the latch tarns
the power MOSFET on. At the same time, the logic low signal at the O output of the latch turns the
switch §; off. Current K i proportional to the power MOSFET current charges the capacitor C. At
t=dT,, the capacitor voltage v q(t) reaches the control input voltage Ryi,, the comparator output goes
high and resets the latch. The logic low signal at the Q output of the latch turns the power MOSFET off.
At the same time, the logic high signal at the O output of the latch turns the switch §, on, which quickly
discharges the capacitor C| to zero.

In this problem, the converter and controller parameters are: Vg =24V, f, = 1T = 100 kHz,
L=60uH, C=100uF,R=3Q, KT /C = Re=1 Q. You can assume that the converter operates in con-
tinuous conduction mode.

(a) Find expressions for the average values of the switch network terminal waveforms, and hence
derive a large-signal averaged switch model of the buck switch network with charge control. The
control input to the model is the control current . The averaged switch model should consist of
a current source and a power source. The switch duty cycle d should not appear in the model.

(b) Using the averaged switch model derived in part (a), find an expression for the quiescent output
voltage V as a function of Vg, I, and R. Given I =2 A, find numerical values for V, I 1> 15, and the
duty cycle D. For this quiescent operating point, sketch the waveforms i,(t), i,(2), and vq(t) dur-
ing one switching period.

(©) Perturb and linearize the averaged switch model from part (a) to derive a small-signal averaged
switch model for the buck switch network with charge control. Find analytical expressions for
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all parameter values in terms of the converter parameters and the quiescent operating conditions.
Sketch the complete small-signal model of the buck converter with the charge controller.

(d) Solve the model obtained in part (c) to find the control-to-output transfer function G, (s) = ﬁ/fc.
At the quiescent operating point found in part (b), construct the Bode plot for the magnitude of
G, and label all salient features of the magnitude response.

(e) Comment on advantages charge control may have compared to duty-cycle control or current-
programmed control.

Figure 12.38 shows a buck converter with a one-cycle controller [15]. Operation of the one-cycle con-
troller is similar to operation of the current-programmed controller. At the beginning of each switching
period, at time ¢ = 0, a short clock pulse sets the SR latch. The logic high signal at the Q output of the
latch turns the power MOSFET on. At the same time, the logic low signal at the (0 output of the latch
turns the switch S off. Current G v,(#) proportional to the voltage v,(#) charges the capacitor C. At
t =dT, the capacitor voltage v(f) reaches the control input voltage v, the comparator output goes high
and resets the latch. The logic low signal at the Q output of the latch turns the power MOSFET off. At
the same time, the logic high signal at the 0 output of the latch turns the switch S, on, which quickly
discharges the capacitor C, to zero.

In this problem, the converter and controller parameters are: Vg =24V, f. = UT, = 100 kHz,
L=60pH, C=100uF, R=3Q, GT,/C = 1.You can assume that the converter operates in the continu-
ous conduction mode.

(@) Find expressions for the average values of the switch network terminal waveforms, and hence
derive a large-signal averaged switch model of the buck switch network with one-cycle control.
The control input to the model is the control voltage v,. The switch duty cycle d should not
appear in the model.

in
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Fig. 12.38 Buck converter with one-cycle controller, Problem 12.12.
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Using the averaged switch model derived in part (a), find an expression for the quiescent output
voltage V as a function of V. Given V_ = 10V, find the numerical values for V, /,, ,, and the duty
cycle D. For this quiescent operating point, sketch the waveforms ,(#), i,(¢), and v(¢) during one
switching period.

Perturb and linearize the averaged switch model from part (a) to derive a small-signal averaged
switch model for the buck switch network with one-cycle control. Find analytical expressions
for all parameter values in terms of the converter parameters and the quiescent operating condi-
tions. Sketch the complete small-signal model of the buck converter with the one-cycle control-
ler.

Solve the model obtained in part (c) to find the control-to-output transfer function G, (s) = ¥/¥,,
and the line-to-output transfer function G, (s) = V/9,. For the quiescent operating point found in
part (b), sketch the magnitude Bode plots of these transfer functions, and label all salient fea-
tures.

Comment on advantages one-cycle control may have compared to duty-cycle control.



