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I. INTRODUCTION

Average Current Mode Control (ACMC) is a control technique commonly used in
modern DC-DC converters to regulate the output voltage. The control structure comprises
an output voltage and inductor current loops. In the current loop, a current amplifier is
employed to force the inductor current to closely track the reference current, instead of
directly comparing the two quantities using a comparator as in Peak Current Mode
Control (PCMC). Because of this, ACMC has a better noise immunity, higher current
loop gain, and no stability problem when the duty cycle is above 0.5. These good features
have contributed to its widespread usage in today’s DC-DC converters. In [1-2],
modeling and control design of ACMC have been described. The modeling yielded a
small-signal model, from which the transfer functions useful for control loop design can
be derived. Based on these transfer functions, the controllers in the voltage and current
loops are designed so that the converter exhibits the desired output performance, i.e.
having good output.regulati'on and fast dynamic response. However, even with the well
designed controllers, the converter performance still may not meet the stringent
requirements of modern electronic loads, which demands the tightly regulated voltage
and wrde current variations from the current variations from the converter. To enhance
the performance of the conventional ACMC, a novel three-controller ACMC has recently
been proposed [3]. The authors modified the voltage loop to include an auxiliary
controller. The transfer function of the auxiliary controller was carefully selected and
designed to increase the system robustness against variations in the input voltage, load
current and L-C output filter. It was demonstrated experimentally that the three controller
technique yields a faster output voltage response than the conventional ACMC. However,
to implement the three-controller scheme, many additional circuit components are
required. The increased cost and circuit complexity hence may not justify the practicality
of the three-controller technique.- This paper presents a novel Current Feedforward
Average Current Mode Control (CFACMC) technique to improve output dynamic
performance of DC-DC converters. The proposed technique makes use of the inductor
current information readily available in the ACMC scheme as a feedforward signal to
strengthen the corrective action of the output volrage loop. If properly designed, this

current feedforward loop can lead to significant improvement in the output voltage




dynamic response of the converter. The feedforward path consists only of a low-pass
filter circuit. Hence, the implementation of CFACMC is simple and requires just a minor

modification to the standard ACMC circuit.

II. PRINCIPLE OF CFACMC
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Fig. 1. Buck converter with CFACMC

A buck converter with CFACMC is shown in Fig. 1. The circuit block, P.(s),
consisting of a voltage buffer and low-pass filter (Ry1, Ry, and C,), is added into the
conventional ACMC circuit. The inductor current is sensed by a resistor R, and amplified
by a current sensing amplifier (CSA) to give the sensed current signal v;. In the
conventional ACMC, v;;, only serve as a feedback variable to the current controller. But,
in the CFACMC proposed here, v, is also fed forward through P.(s) to sum with the
output signal from a voltage controller, v, to form the control signal, v.. The difference
between v, which represents the desired current, and v;;, which represents the actual
inductor current, is amplified by the current controller. The resulting current error signal,
Vei, is then compared with the sawtooth signal to generate the duty cycle signal, d, to drive
the MOSFET. |

The proposed CFACMC can improve the output voltage response of the converter as

follows. Assume that the output voltage drop is occurred due to a step load change, the




voltage controller will respond by increasing v,. The increase in v, will sequentially
trigger the increase in v, vy, d, i, vy, and vpe,. With the contribution from VecL, Ve,
which is equal to v, + Vpcy, will increase more than that in the conventional ACMC,
which relies on v, to act alone. In effect, CFACMC produces the stronger corrective
action than the conventional ACMC. This paves the way to further improve the output
voltage dynamic response of the converter. However, to achieve the improved dynamic
performance, the feedforward signal, vpc,, must be appropriate; otherwise a poor output
voltage response or even instability can result. Hence, the gain and cut-off frequency of
P(s) must be chosen such that the improved dynamic response of the converter is

attained, while their impacts on system stability are kept to a minimum. .

ITII. MODELING OF Buck CONVERTER WITH CFACMC

- A. Modeling of Power Stage

. A buck converter’s power stage is shown in Fig. 2, where r.is the equivalent series
resistance (ESR) of the capacitor C, R is the standing load, and the current source i,
represents the load current. In Continuous Conduction Mode (CCM), the converter
exhibits the two circuit topologies within one switching period as shown in Fig. 3.

When the MOSFET is turned on (Fig. 3(a)), the state-space equation of the converter -

r - = L4 -

—~Rr —-R 1 Rr
] c ) — _a: ClNA
{'L} L(R+r) L(R+r ) {'L} L L(R+r ) [vm}
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o 'R.rc R iL +' . —R.rc Vig
R+r R+r ||V R+r i
c cll ¢ cll z
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Vin x ¢ R v Gy




Fig. 2. DC-DC Buck Converter
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When the MOSFET is turned off (Fig. 3(b)), the state-space equation of the converter is
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Equations (1) and (2) are weighed average by d and 1-d respectively. The result is state-
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Equation (3) is a nonlinear equation because it contains the product dv;,, where d and v;,
are both independent variables. Small-signal perturbation of (3) yields the small-signal

state-space equation in (4).

—R.rcl —R 2 R.rc Zﬂ 5
2 ) : in
ip|_|LR+r) LR+r) ILJ* L LR+r) L f
vc R -1 Vc 0 —R 0 ;' "
) C(R+r ) C(R+r ) C(R+r ) )
(4 C c
R i R "in
r i —R. :
jo|—e R LI, 1y ¢ o|li
R+r  R+r ||V R+r z
C c C C C}

By applying the Laplace transform to (4), transfer functions of the converter can be found

in a matrix form

’ ’ V. (s)

Pm} {Gw‘(s) i (B (34 } ’m() ©)
=. 1 (S .

V(s) va(s) sz(s) de(s) ;(s)

Since only the duty cycle-to-inductor current and the duty cycle-to-output voltage
transfer functions, Gai(s) and Ga(s), are relevant in the control design, they have been

derived and given in (6) and (7) respectively.

V. l+s(R+r )C
G .(s)==11 c . _ (6)
di LCR 5 — 1
STHS(—+5 ) +—
RC L~ LC
: Vin l+srcC
G (s)= c p : @




B. Modeling of Control Stage

Current Controller

As shown in Fig. 1, a function of the current controller is to force the inductor
current to track its reference value, v.. From Fig. 1, the current controller output, v, is

related to the control signal, v, and the sensed inductor current, vy, as:

=v (1+ )~ )y 8
Vei vc( Gc/ (s)) Gcl (s) Vil ()
V4 1+sR ,.C '
where Gd(s)=zc—[2, Z 5= cl2 cl2 , and Z =Ry The signal v is
cll SR 12 CernCen * Caan * o/

obtained from the Current Sensing Amplifier (CSA) which amplifies the inductor current

sensed across Rs. If A¢y is the gain of the CSA, then vy, is expressed by

v = A, R - A ©)

By lntroduqlng the perturbed signals Vg =V v, =Y a8, and vy =V, +¥, into (8)

L L

and collecting only the small signal terms, the small-signal model of the current
controller is obtained

b =8 (14G () -G ()5, (10)

Voltage Controller

A function of the voltage controller is to force the output voltage to track its
reference value, V... From Fig. 1, the control signal, v, is related to the reference voltage, -

Vies, and the output voltage, v, as:

vc:Vref(]+Gc(s))_Gc(s)v (11)




o l+.s'R02CC2
T Te2 T ot
5(‘SRC2CC2CCI +Cc2 +Ccl)

, and = =R . By introducing the

h Zc2
where Gc(s)=—Z— ol -l

cl

perturbed signalv=r+5, v, =¥+, and V., being constant into (11) and collecting only

the small signal terms, the small-signal model of the voltage controller is obtained.

9]

- _—C_A_— ~
v, = S Gc(s)v (12)
cl

Feedforward Block P.(s)
P(s) in Fig. | consists of the unity gain voltage buffer followed by the first-order low

pass filter. Thus, the transfer function of P.(s) is given by:

ﬁpcl kp ,
P (s)= e 13
‘Cl() v, l1+s/® (13)
iL P
R 1. R +R
where- Kk = P and @ =~
[ FR PR4RC,
PWM Modulator

The transfer function of the PWM modulator is given by:

= F (14)




C. Complete Small-signal Model of Buck Converter with CFACMC
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Fig. 4 Small-signal model of CFACMC




A small-signal model of the buck converter with CFACMC is illustrated in Fig. 4(a).
The power stage is represented by the six transfer functions as given in (5), while the
CFACMC control stage is formed by combining (10), (12), (13), and (14). Since v,, and
i, are independent input variables, they can be assumed to be zero for the control design
purposes. The model in Fig. 4(a) can be.simplified into that in Fig. 4(b). Note that if
Pe(s) is zero, the model will be reduced to that of the conventional ACMC. This is
logical because CFACMC is realised by only adding the feedforward block, P.(s), into
the existing ACMC-based converter. Hence, design of the voltage and current controllers
in CFACMC can be carried out in the same way as in the conventional ACMC. The task
in designing CFACMC, therefore, involves only selection of the gain and cut-off
frequency of P(s) in (13).

For ease of analysis, the model in Fig. 4(b) is further manipulated into Figs. 4(c) and
4(d) respectively, where H,(s), Ke(s) and G,4(s) are given by:

F (G +1
o (G (s)+1) 15)
1+FmRiGCl(s)Qdi(s)
K (s)=R.G .(5)P (s) : (16)
H (s)
G, (5)= cl (17)

]_Kcl(s)Hcl(s)

In the conventional ACMC, P.(s) is equal to zero, so is Kefs), and G,p(s) equal to
H.(s). Hence, it can be seen from (17) that CFACMC has altered the transfer function of
the conventional ACMC by a factor of 1/(1- Ky(s)Hu(s)). From (16), K(s) is directly
proportional to Py(s). At low frequencies, P.(s) should be high so that the product -
Ke(s)Hy(s) in (17) approaches one and therefore G,b(s) as well as the voltage loop gain,
Gc(s)Grs(s)Gav(s), in Fig. 4(d) are increased. The increased voltage loop gain will lead to
the faster output voltage dynamic response of the converter. Above the crossover
frequency of the voltage loop, P,(s) should be low so that the prod-uct Ke(s)Hy(s) in (17)

approaches zero and therefore G,u(s) is converged to Hy(s) to preserve the characteristic



of ACMC. From the preceding observation, it is concluded that the cut-off frequency of
Pa(s) should be selected at the crossover frequency of the voltage loop gain of the
conventional ACMC. In this way, P(s) will serve only to enhance the output voltage
dynamic response, while having a minimum impact on the stability margin specified
earlier during ACMC design stage. .

At DC frequency (s = 0), H.(s), K./(s) and G,4(s) in (15) to (17) can be expressed as:

R

ch(o):ﬂ (16)
ini
VinRi

Kcl(0)=ka (17

H 1(0)
GO TR 0 E 0 (%)
A% Cl() Cl()
Substitution of (16) and (17) into (18) gives
H (0)
_ el
G, (0)=—<L (19)
p

It can be seen from (19) that G(0) is proportional to He(0) which; as seen in (16), is
proportional to R and inversely proportional to Vi, In modern applications, the converter
is normally located close to its electronic load and receives a constant input voltage from
the central power supply unit. Therefore, V,, is assumed to be constant in this analysis.

As aresult, G,4(0) is only proportional to R and equation (19) can be rewritten as

kR
4



where k = 1/V;iR; is a constant of proportionality. Fig. 6 shows the plot of G,,4(0) in (20)
as a function of &, for the two load resistor values, Ruyar and R,.;,. The curve is hyperbolic
and the gain &, can vary between zero and one. It can be seen that when the load current
is changed from minimum to maximum, i.e. the load resistor is changed from R, to
Ruiny Grs(0) is decreased. To prevent the effect of the load change on G,,(0), k, has to be

increased by the amount of k; as shown in Fig. 5. That is

kR .
min. _ pp : (21)
1—k max

Rearranging (21), the gain of the low-pass filter, £, is determined:

R R .
k =k =_max min . (22)

KRmax

kR

min

0

> ko

B T

Fig. 5. Graph of G,(0) as k,, varies



IV. PROTOTYPE CIRCUIT DESIGN
Circuit parameters of a buck converter are listed in Table I.

TABLE I

PARAMETERS OF PROTOTYPE Buck CONVERTER

SV 2V 452H | 1230uF | 0.015Q | 0420

The peak-to-peak voltage of the sawtooth signal is ¥,=1.8V. The value of a sensing
resistor is Rs=0.01Q and the current sensing amplifier’s gain is 4.<7.5. The switching
frequency is £=100 kHz. From the parameters listed in Table I, the transfer functions in

(6), (7), and (14) can be calculated:

-3 :

G (s)=45x107— W) s (23)
L s“ +738.65+1.8x10
7 1.84x10725+1

G, (5)=8.99x10" — A - (24)
N s°+738.65+1.8x10

F =1/V =055 (25)

m P

The current controller and voltage controller are designed in the same way as in the
conventional ACMC. For the current controller design, the crossover frequency of the
current loop is sel'ected at 10kHz. The first pole of Gu(s) is at the origin, the zero is _
placed at w,, = 4.4SZXiO3rad/sec, and the second pole is placed at one-third of the
switching frequency or we,= 188x10%rad/sec. The design yields C.,=500pF, C.»=22nF

R=5609, and R.;;=10kQ2. Substitution of thesé component values into (10) results in



LY

dninneayanan wszeaundiaiansei

7.93x10% 142.2x10 %5 26)
S 144.89x107 0

G(:l(s)=

For the voltage controller design, the crossover frequency of the voltage controller is
selected at SkHz. The first pole of G.(s) is at the origin, the zero is place at
w.=4.3x 10’rad/sec, and the second pole is placed at one-third of the switching frequency
or we,=188x1 0’rad/sec. The design yields C;=500pF, C>=22nF, R;=3.9kQ, and R,=10kQ.

Substitution of these component values into (12) results in

: 4 —4
1L12x107 1+2.2x%10
G, ()=t 2 | @7
s 1+4.89%x10 “s

As shown in the Table [, the maximum and minimum load resistances are 2Q and

0.4€2, respectively. From (22), , can be calculated:

k =028 : . (28)

The cut-off frequency of P.(s) is selected to be equal to the crossover frequency of the
voltage loop gain of the conventional ACMC, which was set at SkHz. Thus, the cut-off
frequency of P.(s) is w,,=31.4><103rad/s. From the values of k, and w,, the low-pass
filter’s componeﬁt are calculated, yielding R,=4kQ, R,=1kQ, and C,=38nF.

Substitution of these component values into (13) results in

P ()= 29)
1+3.04x10" s

The open loop transfer function of the CFACMC in Fig. 4(d) is given by:

116951



T (5)=G ()G, (s)G (s) (30)

Bode plot of (20) is shown by the solid lines in Fig. 6.
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Fig. 6. Open loop frequency responses of CFACMC versus ACMC

I Fig 4(c), if Py(s) = 0, the model will.become that of conventional ACMC, whose open

loop transfer function is given by:

Tv(s)=Gc(s)Hcl(s)de(s) 3D

Bode plot of (31) is also shown in Fig. 6 by the dashed lines. It can be seen that the loop
gain of CFACMC is greater than the loop gain of the conventional ACMC up to the
crossover frequency. Above the crossover frequency, the two plots are converged. This
result confirms that the designed Pcl(s) only serves to improve the dynamic response of

the converter, while keeping its impact on system stability at the minimum.



V. RESULTS

The prototype converter circuit was built in order to verify the performance of
CFACMC against the conventional ACMC. In the prototype circuit board (Fig. 11),
selection between the conventional ACMC (i.e. Py(s) = 0) and CFACMC was made by a
Jumper. The converter was subjected to-a step load current change and an output voltage
response of the converter recorded. Figs. 7 and 8 show the simulated and measured
output voltage responses of the converter with the conventional ACMC and CFACMC
respectively. In Fig. 7, the maximum voltage drop/raise is about 65mV and the settling
time is about 750us. In Fig. 8, they are about 60mV and 200us respectively. It can be
seen that while the maximum voltage drop/raise given by the two control methods is
- roughly the same, the settling time given by CFACMC is faster than the conventional
ACMC by 450ps. This represents a significant improvement in the dynamic response
time of the converter. Fig. 9 compares the results in Fig. 7 and 8 on the same scale, where
the improvement yielded by CFACMC is evident.

Moreover, in Figs. 7 to 9, the simulated results are seen to be in good agreement with
their experimental counterparts. These simulated results were produced by the
SIMULINK models shown in Fig. 10. Good correspondence between the simulated and
experimental results indicates the accuracy and validity of the models in predicting the

converter’s dynamic response.
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V1. CONCLUSION

The novel Current Feedforward Average Current Mode (CFACMC) technique to
improve output dynamic performance of DC-DC converters has been proposed in this
paper. It is based on feedforward of the sensed inductor current, through the low-pass
filter circuit, Pe(s), to sum with the output signal from the voltage controller td produce
the control signal. The feedforward signal helps strengthen the corrective action of the
voltage loop, hence making it possible for the converter’s dynamic response to be further
improved from the conventional ACMC. To achieve the improved output dynamic
performance, the gain and cut-off frequency of P.(s) must be appropriately chosen. The
equation for selecting the low-pass filter gain was derived in (22) and the low pass filter’s
cut-off frequency must be set equal to the crossover frequency of the voltage loop of the
. conventional ACMC. The capability of CFACMC in enhancing the converter’s output
dynamic performance was confirmed by the simulated and experimental results. Due to
its simplicity and capability to significantly improve the converter’s output dynamic

response, the proposed CFACMC technique has a good potential for practical usage.
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Abstract—This  paper proposes a novel Current
Feedforward Average Current Mode Control (CFACMC)
technique to improve output dynamic performance of DC-
DC converters. In this new control scheme, besides its usual
role as a feedback variable to a current controller, the
sensed inductor current is fed forward, through a low-pass
filter circuit, to sum with an output signal from a voltage
controller to form the control signal. In the paper, the
operating principle of CFACMC and its small signal model
are described. From the small-signal model, the expression
for selecting the gain of the low-pass filter to yield the
improved output voltage response is derived. Both
simulated and experimental results are provided to show
that significant improvement in output dynamic response is
achieved with CFACMC.

Index Terms—Average current mode control, DC-DC
converters.

I. INTRODUCTION

Average Current Mode Control (ACMQ) is a control
technique commonly used in modern DC-DC to regulate
the output voltage. The control structure comprises of an
output voltage and inductor current loops. In ACMC, a
current amplifier is employed in the current loop to force
the inductor current to closely track the reference current,
instead of directly comparing the two quantities using a
comparator as in Peak Current Mode Control (PCMCQ).
Because of this, ACMC has a better noise immunity,
higher current loop gain, no stability problem when the
duty cycle is above 0.5. These appealing features have
contributed to its popularity in today’s DC-DC
converters. In [1-3], operating principle, modeling and
control design of ACMC have been described. The small-
signal model of ACMC [2,3], together with the small-
signal model of the converter’s power stage [4], form a
complete converter system, from which transfer functions
for the control design can be derived. Based on these
transfer functions, the controllers in the: voltage and
current loops are designed so that the converter exhibits
the desired output performance, i.e. having good output
regulation and fast dynamic response. However, even
with the well designed controllers, the converter’s
performance still may not meet the stringent requirements
of modern electronic loads, which demands the tightly
regulated voltage and wide current variations from the

This work is supported by JICA under the ANU/SEED-Net Project.
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converter. To enhance the performance of the
conventional ACMC, the novel three-controller ACMC
has recently been proposed [5]. The authors modified the
voltage loop to include an auxiliary controller. The
transfer function of the auxiliary controller was carefully
selected and designed to increase the system robustness
against variations in the input voltage, load current and L-
C output filter. It was demonstrated experimentally that
the three controller technique yields a faster output
voltage response than the conventional ACMC.

This paper presents a novel Current Feedforward
Average Current Mode (CFACMC) technique to improve
output dynamic performance of DC-DC converters. The
sensed inductor current signal, which is readily available
in the conventional ACMC, is used as a feedforward
signal to enhance a corrective action of the voltage loop.
The feedforward path consists only of a low-pass filter
circuit. Hence, the implementation of CFACMC is
simple, which requires just a minor modification to the
standard ACMC circuit.

1. CURRENT FEEDFORWARD A VERAGE CURRENT MODE
CONTROL

L Rs
AL

Vin r
Zk Current Sensing R
Amplifier (CSA) Cc = v

Current
controller .

Vsdd
Sawtooth signal

PvW]
Comparator

Voltage controller

Fig. 1. Buck converter with CFACMC

A buck converter with CFACMC is shown in Fig. 1.
To implement CFACMC, a low-pass filter circuit, P.(s),
is added to the conventional ACMC circuit to provide a
feedforward path to the voltage loop. The inductor
current is sensed by a resistor Ry and amplified by a
current sensing amplifier (CSA) to give the sensed
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current signal V. Besides being fed back to a current
controller, ¥, is also fed forward through P.(s) to sum
with the output signal from a voltage controller, ¥, to
form the control signal, .. The difference between Vi,
which represents the desired current, and ¥, which
represents the actual inductor current, is amplified by the
current controller. The resulting current error signal, 1,
is then compared with the sawtooth voltage, V, to
generate the duty cycle signal, d, to drive the MOSFET.

The proposed CFACMC can improve the output
voltage response of the converter as follows. Assume that
the output voltage drop is occurred due to a step load
change, the voltage controller will respond by increasing
Vv The increase in Fy will trigger the increase in V-,
Ve d, i, Vi, and Ve, respectively. With the
contribution from Fpcy, Ve, which is equal to V- + Py,
will increase more than that in the conventional ACMC,
which relies on [y alone to act. In effect, CFACMC
produces the stronger corrective action than the
conventional ACMC, and enables the possibility to
further improve the converter’s dynamic response. To
achieve the improved performance, the amplitude and
phase of the feedforward signal, Vpe, must be
appropriate as the wrong signal can lead to a poor
response or even instability. The amplitude and phase of
Vper, are dependent on the low-pass filter Pu(s).
Therefore, the gain and cut-off frequency of P./(s) must
be chosen such that the improved dynamic response of
the converter is attained, while their impacts on system
stability are kept to a minimum.

I11. MODELING OF BUCK CONVERTER WITH CFACMC

A. Modeling of Power Stage

e VY
—|II iL L
Vv Y K R v GD iz
C
_l_

Fig. 2. Buck DC-DC Converter
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L
WO =z [ Do
vwic+
(a) transistor on
PV
B S BT
chc==

(b) transistor oft

Fig. 3. Circuit configurations of the CCM buck converter in one
switching period

A buck converter’s power stage is shown in Fig. 2. In
the figure, r.is the equivalent series resistance (ESR) of
the capacitor C, R is the standing load, and the current
source i. models the load current. In Continuous
Conduction Mode (CCM) where the inductor current
flows continuously over one switching period, the
converter exhibits two circuit states as shown in Fig. 3.
During the MOSFET turn-on interval (Fig. 3(a)) the
inductor is charged and its current increases linearly.
During the MOSFET turn-off interval (Fig. 3(b)), the
inductor is discharged and its current decreases linearly.

From Fig. 3, the state-space equation for each circuit
configuration can be written as given by (1) and (2).

( : -Rur, - . 1 -Re
Yo | ke TR || M plr Ry || Vin
N R -1 R ;
v, L v, L

J C(R+r) CR+r,) C(R+r,) (N
i r v;
v= R, R [A +lo R, in
Rir. R+r, v, | R+r, i
) —Rr. R, o R
b eren) nren) || 4 e[| Vin
. R - R ;
v(,' D1\ v(' 0 lz
d C(R+r,) C(R+r,) | C(R+r,)
i v;
v= R, R L +lo Rr, in
Rir. Rer |y Rer |-
The averaged state-space equation of the buck

converter is obtained by weight average of (1) and (2) in
accordance with [4], which gives:

o [ =re A d —Rr
Yooy @) | M | T TReny || Vin
v, R -1 v, b R i
C(R+r,) C(R+r,) C(R+r,)

S i +lo fr Vin

R+r.  Rtr, \ R+r, i.
Linearization of (3) yields the small-signal state-space

equation in (4).

(=]

@

3

[

R ! R 0
el | CR+r) C(R+r) C(R+r,)

v= [rr l]|: EI‘ :|+ r,. i_.
{ v,

By applying the Laplace transform to (4), the
converter’s transfer functions can be found in matrix
form:

: Vin(®
':i,,(x):l:[Gvi(s) G, (s) Gdi(s)ji s

A iR, -R - D =Rr, Viy
7 L(R+r)  L(R+r,) ['/.}r LoL(R+r) L

Oy ey €

4

Gols) Gurls) G| 27 s)

V(x) d(\)

Since only the duty cycle-to-inductor current and the
duty cycle-to-output voltage transfer functions, G(s) and
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Gufs), are required in the control design, they are
determined as expressed by (6) and (7) respectively.

I I+s(R+r.)C
Gyt=—tn S(R+r,) (6)
LCR > Lo I
STHS(—=+=)+—
RC L LC
I 1+sr.C
Getor= = (7
LC 1 g |
STHS(——=+5)+—
RC L LC

B. Modeling of Control Stage

Transfer functions of the current controller, G.(s), and
voltage controller, G.(s), in Fig. | are expressed by (8)
and (9), respectively.

Wy sl

G('I {s)=

(8)

s l+slwy,

where wy=1/R)(Cor* Cups). wep=(Cots* Coiz)/RsCunCyy -and
Weo=1/RopsCops.

w. l+s/w,

G (=

¢

9

s I+s/w,,

where w,=1/R/(C;+C2), Wee=1/RyCs, and o, =(C 1+ Co)/RyC,C

A transfer function of the PWM comparator is well
known and given by:

Fo=117, (10)

where V), is peak to peak sawtooth voltage.

The inductor current is sensed by Ry and then
multiplied by 4., which is the gain of the current sensing
amplifier (CSA). Hence, the sensed inductor current
signal is:

V= Ryiy, (11)
where Ri=4.4. Ry
A transfer function of P(s) is given by:
k
Pyto=—L— (12)
1+s/ W,

where k,=R, /A R,+R,;) and 'w,= ( R+ Rp2)/ Ryt RpoC

C. Small-signal Model of Buck Converter with CFACMC

The small-signal model of the buck converter with
CFACMC in Fig. | is shown in Fig. 4(a). It is
manipulated into Fig. 4(b) which is then simplified into
Fig. 4(c). The transfer functions H.(s), Ku(s) and G.4(5)
are given by:

H = — (G () +1) (13)
I+ FmRiGc/ (S)Gdi(s)
Keyto=Ri FyGy (14)

H('I(s)

— ) 15
=K, (s)H ;(s) (1)

Gp(9)=

If Puls) = 0, then Ku(s) = 0, Gufs) = Hufs), and the
small-signal model in Fig. 4 will beome the small-signal
model of the conventional ACMC [3]. It can be observed
from (15) that CFACMC has altered the transfer function
of the conventional ACMC by a factor of 1/(I-
Ku(s)Ha(s)). Note that from (14) K.(s) is dependent on
Pu(s). At low frequencies, K,(s) should be high so that
the -product AKu(s)H.(s) approaches one. As a result,
G(s) in (15) is increased as well as the loop gain
Go(s)Gr(s)Gue(s) in Fig. 4(c). The increased loop gain
will lead to the improved dynamic response of the
converter. At high frequencies, K(s) should be low so
that the product K(5)H.(s) approaches zero. As a result,
Gafs) in (15) is converged to H.(s). Therefore, if the cut-
off frequency of P.(s) is set equal to the crossover
frequency of the voltage loop gain of the conventional
ACMC, G.(s)Hu(s)Gu(s), then G.(s) will be increased
only up to the crossover frequency and converged to
H.(s) above the crossover frequency. In this way, the
inclusion of the circuit block Pyfs) in Fig. | will only
serve to enhance the converter’s dynamic response and
not affect the system stability.

N " .
Vet + + Ve + d v

o ——

(©)

Fig. 4. Small-signal model of CFACMC

At DC frequency (s20), Hu(0), Ka(0) and G,»(0) can
be expressed as:
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H, 0= 16

(I{ ) LI}NRI ( )
2 ”ian

l\c,(0)=ka (17
H (0

Grh<0>=—& (18)
-k,

Assume that the input voltage I, is-constant. From
(16) Hu(0) is proportional to the load resistor R and from
(18) Gw(0) is proportional to H.(0). Thus, Gu.(0) is
proportional to R. Fig. 5 shows the plot of G,,(0) in (18)
as a function of £, at the two load resistor values, R,
and R,;,. When the load current is changed from
minimum to maximum (i.e. the load resistor changed
from Ry 10 Ryin), Ga(0) will be reduced (Fig. 5). To
prevent the effect of load change on G,(), from (18) ky
has to be increased, in this case, by the amount of &,
which can be found by solving .

H 4(0)|

R_.
— min _ HCI(O)IR %

G, (0 =
rh( )lkmin l_kl

From (19), the gain of the low-pass filter can be found:

R R

k,,=k|=ﬂ;e_,—‘“i" ! (20)

max

Gu(0) Ar kL

HeO)lg

Ha(0)] g

0

2H(0) g |
HOf

Fig. 5. Graph of G4(0) versus £,

IV. DESIGN EXAMPLE

TABLE |
PARAMETERS OF PROTOTYPE BUCK CONVERTER
Vi" \"% L C e R
5V Y 45.2uH 1230uF 0.015Q 0.4-2Q

Circuit parameters of a buck converter are listed in
Table 1. The peak-to-peak voltage of the sawtooth signal
is ¥,=1.8V. The value of a sensing resistor is R=0.01Q
and the current sensing amplifier’s gain is 4.,=7.5. The
switching frequency is ;=100 kHz.

From the parameters listed in Table I, the transfer

functions in (6), (7), (10) and (11) can be calculated:

-3
G yt= 4.5%10" — 2.5x10 "5 +1 - @)
$°4+738.65+1.8x10
' -5
Gy=8.99x107 BP0+l (22)
s°+738.65+1.8x10
Fp=11F,=0.55 (23)
R=R¢4, =0.075 (24)

A. Frequency Responses

The current controller and voltage controller are
designed in the same way as do in the conventional
ACMC. Hence, the design procedure outlined in [2,3] can
be adopted. For the current controller design, the
crossover frequency of the current loop is selected at
10kHz. The first pole of G.(5) is at the origin, the zero is

- placed at w,. = 4.482x 103rad/sec, and the second pole is

placed at one-third of the switching frequency or W=
188x10’rad/sec. The design yields C,;;=500pF, C.,=22nF

R.=560Q, and R,4=10kQ. Substitution of these
component values into (8) results in

©7.93x10% 1+2.2x107
S : (25)

s 1+4.89%107%s

For the voltage controller design, the crossover
frequency of the voltage controller is selected at SkHz.-
The first pole of G.(s) is at the origin, the zero is place at
w.:=4.3%x10°rad/sec, and the second pole is placed at one-
third of the switching frequency or wc,,=188><103rtid/sec.
The design yields C;=500pF, C,=22nF, R,=3.9kQ, and
R;=10kQ. Substitution of these component values into (9)
results in

_L12x10% 1422x107%s
s 1+4.89x107%s

G {s)

¢ (26)

As shown in the Table I, the maximum and minimum
load resistances are 2Q and 0.4Q, respectively. From
(20), &, can be calculated:

k,=0.8 (27

The cut-off frequency of P.(s) is selected to be equal
to the crossover frequency of the voltage loop gain of the
conventional ACMC, which was set at SkHz. Thus, the
cut-off frequency of Pufs) is w,=31.4x 10°rad/s. From the
values of &, and w,, the low-pass filter’s component are
calculated, yielding R,=4kQ, R,=1kQ, and C,=38nF.
Substitution of these component values into (12) results
in

0.8
Py (28)
14+3.04x107"s
The open loop transfer function of the CFACMC in
Fig. 4(c) is given by:
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T.(9= GG 4, 0G gy () (29)

Bode plot of (29) is shown by the solid lines in Fig. 6.
In Fig 4(b), if P.,(s) = 0, the model will become that of
conventional ACMC, whose open loop transfer function
is given by:

=G0 H 4G () (30)

Bode plot of (30) is shown by the dashed lines in Fig.
6. It can be seen that the loop gain of CFACMC is greater
than the loop gain of the conventional ACMC up to the
crossover frequency. Above the crossover frequency, the
two plots are converged. This result confirms that the
designed Pu(s) only serves to improve the dynamic
response of the converter, while keeping its impact on
system stability at the minimum.

Magnitude (dB)

Phase (deg)

1
Frequency (Hz)

Fig. 6. Open loop frequency responses of CFACMC versus ACMC

B. Time Response

The prototype converter circuit was built in order to
verify the performance of CFACMC against the
conventional ACMC. In the prototype circuit board,
selection between the conventional ACMC (i.e. Pu(s) =
0) and CFACMC was made by a selecting switch. The
converter was subjected to a step load current change and
an output voltage response of the converter recorded.
Figs. 7 and 8 show the simulated and measured output
voltage responses of the converter with the conventional
ACMC and CFACMC respectively. In Fig. 7, the
maximum voltage drop/raise is about 65mV and the
settling time is about 750ps. In Fig. 8, they are about
60mV and 200us respectively. It can be seen that while
the maximum voltage drop/raise given by the two control
methods is roughly the same, the settling time -given by
CFACMC is faster than the conventional ACMC by
450us. This represents a significant improvement in the
dynamic response time of the converter. Fig. 9 compares
the results in Fig. 7 and 8 on the same scale, where the
improvement yielded by CFACMC is evident.

In Figs. 7-9, the simulated results are seen to be in
good agreement with their experimental counterparts.
These simulated results were produced by the
SIMULINK  models developed in [6]. Good
correspondence between the simulated and experimental

results indicates the accuracy and validity of the models
in predicting the converter’s dynamic response.
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Fig. 7. Output voltage response of the buck converter with ACMC as
the load current is stepped back and forth between 1 A and 4A.
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Fig. 8. Output voltage response of the buck converter with
CFACMC subjected to the same loading condition as in Fig. 7
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Fig. 9. Comparison between the output voltage responses of the
buck converter with ACMC and CFACMC

V. CONCLUSIONS

The novel Current Feedforward Average Current
Mode (CFACMC) technique to improve output dynamic
performance of DC-DC converters has been proposed in
this paper. It is ‘based on feedforward of the sensed
inductor current, through the low-pass filter circuit, 2(s),
to sum with the output signal from the voltage controller
to produce the control signal. The feedforward signal
helps strengthen the corrective action of the voltage loop,
hence making it possible for the converter’s dynamic
response to be further improved from the conventional
ACMC. To achieve the improved output dynamic
performance, the gain and cut-off frequency of 7.(s)
must be appropriately chosen. The equation for selecting
the low-pass filter gain was derived in (20) and the low
pass filter’s cut-off frequency must be set equal to the
crossover frequency of the voltage loop of the
conventional ACMC. The capability of CFACMC in
enhancing the converter’s output dynamic performance
was confirmed by the simulated and experimental results.
Due to its simplicity and capability to significantly
improve the converter’s output dynamic response, the
proposed CFACMC technique has a good potential for
practical usage.
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