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Abstract— In this paper, an improved averaging tech-
nique for average current mode controlled (ACMC)
pulse width modulated (PWM) DC/DC converters is
proposed. The modeling procedure provides ripple es-
timation and improves switching time calculation for
ACMC PWM DC/DC converters. As an application
of the theory, an ACMC boost converter with two
proportional-integral (PI) controllers for both current
loop and voltage loop is presented. Results confirm
that the new averaged models are more accurate than
conventional averaged models.

I. Introduction

Performance of voltage-regulated supplies can often be
improved by incorporating an inner current loop. This
method, which is termed current mode control in PWM
DC/DC converters, improves transient response, line reg-
ulation and simplifies the outer voltage loop controller de-
sign. In current mode control, the outer loop senses the
output voltage and delivers a reference signal to the inner
loop. The inner loop senses the inductor current (or switch
current) and attempts to maintain either the maximum
current value (peak current mode control) or the average
current value (average mode control, Fig.1) constant dur-
ing one switching cycle. Peak current mode control is the
most popular technique, finding applications in PC power
supplies, electric motor drives and consumer electronics.
However, there are many applications in which the main
problems in peak current mode control make average cur-
rent mode control more desirable [4,5]. For example, peak
current mode control allows a high distortion of the line
current and results in unacceptable phase difference be-
tween input current and input voltage in a power factor
correction circuit. Average current mode control has over-
come these problems by having better line current phase
disturbance rejection [5, 10].
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Dynamic modeling of power DC/DC converters is some-
times complicated due to the time-varying switching be-
havior of the diode and the transistor. Usually low order,
nonlinear time-varying switching models can be produced
by neglecting the dynamics occurred at frequencies much
higher than the switching frequency. Awveraging is then
performed to obtain simplified approximate models which
are time-invariant [2, 6, 7, 9, 14, 15] yielding nonlinear
averaged models.

Figure 1: A Typical ACMC Boost Converter

Conventionally, as in [5, 17], the output of the control
circuit is assumed to have linear relationship with the duty
ratio. This is not always true in average current mode
control topologies since the ripple in the fast current loop
can not be neglected. In our research, this method is
referred to be the “conventional averaged model”.

Currently, there exists no general framework to obtain
the control output ripple. As suggested in [4], this implies
that ACMC converter models maybe inaccurate since they
depend on the specific control topology. As a result, the
designer is often left to analyze performance by a trial and
error procedure using software such as PSpice.

The purpose of this paper is to develop an algorithm
for the accurate modeling and control design for general
topologies in average current mode control. The nonlinear
averaged model derived in this paper is capable of describ-
ing the dynamics of both the power stage and the control
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circuitry such that the proper relationship between the
duty ratio and the output of the control circuitry can be
established.

The outline of this paper is as follows. Section II de-
scribes the limitation of conventional modeling methods
for ACMC. Section III presents new averaged models for
ACMC followed by experimental and numerical verifica-
tion of the models in section IV. Section V gives conclu-
sion.

II. Limitations of Conventional

Averaging Techniques When
Applied to ACMC Topologies

The elegance of averaging methods is that they pro-
vide methods to approximate the behavior of compli-
cated time-varying switching systems with simpler time-
invariant models. An underlying assumption of averaging
in DC/DC converters is that the switching frequency is
“sufficiently fast” [2, 9]. However, the conventional aver-
aged model gives no insight or guidance as to “how fast”
the switching frequency needs to be for acceptable closed
loop performance. In fact, in a typical designed DC/DC
converters (25kH ), Section II.B shows that conventional
averaging is not accurate.

A. Conventional Averaging Method

General State Space Ezpression: As shown in Fig. 1, a
PWM DC/DC converter usually is composed of two func-
tional blocks: power stage and control circuits. Suppose
that the DC/DC converter conducts continuously. The
power stage has two topological modes due to the switch-
ing state: transistor on and transistor off. Then the gen-
eral model of an open loop (power stage) DC/DC con-
verter that includes the effects of internal resistances and
other parasitics [1] can be given as:

x = Aopx+BoVin +Eoly + Go+ (A1x
+ BiVin + EiIy+ Gi)u(d — tri(¢, T))
y = Cox+Fo+Hyl+ (Cix+ HiI
+ Fpu(d - tri(t, T)) (1)

where x € R" is the state vector; y € R is the output
of the system. V;, € R is the input source voltage and
I, is the disturbance load current. u is the heaviside step
function, i.e. u(s) = 1 when s > 0 and u(s) = 0 when
$<0.0<d<1isthe duty ratio and tri(t,T) = ’l;ﬂ-.

In average current mode control, both the output volt-
age and the inductor current are the feedback variables.
Thus, let x¢ denotes the control state vector and d be the

output of the control circuitry. Then we have

‘/ref - Vo
~V;

xc = Acxc+Bc[ + CcVies

d

Vra “‘vo
chc+Kc[ in ]+EC‘/1-ef (2)

where V7 is proportional to the inductor current iy and
can be written as Vi = Agrrir. Vyes is the reference
voltage for outer voltage loop. d, which also appears in (1)
and is a function of both power stage and control circuitry
state variables, represents the output of the control circuit.

Conventional Model: For sufficiently small switching pe-
riod, [2, 9] show that x(¢) ~ X(t) where X(t) is given as
the solution to the “averaged equation”:

X = AoX+BoVi, +Ely+ Go + (A%
+ B1Vin+EiLi +G)d 3)

This, of course, is the classical averaged model given by
[3, 7, 14, 15]. Similarly, [15] gives the averaged output
equation as:

w=CoX + Fo 4+ Holy + (Cl)-( +H;I; + Fl)a (4)

In the above power stage averaged models, d is assumed
to be the output of the control circuitry with the averaged
state variables and output voltage of the power stage as
the inputs. Thus, in average current mode control topol-
ogy, averaged models of the control circuitry are given as:

- - Vyer =V
Xg = AcXce + Bc [ ”i.vl o ] -+ CCvref
d = Gexe + K [ Yrif_‘-;rvo ] +ECVref (5)

where the only change from (2) is in taking V; and w
instead of Vr and y.

B. FEzplanation of Conventional Modeling Errors

It has been documented that conventional averaging tech-
niques have limitations in modeling two loop control
PWM DC/DC converters [1], such as DC offset of the
output voltage and incapability of predicting the instabil-
ity of the closed loop. Accurate modeling of such systems
still remains an open area of research.

In average current mode control topologies, there is
large flexibility in selecting the control schemes for both
the inner current loop and the outer voltage loop. With
each different control scheme, the deficiencies of the con-
ventional averaged models will vary. However, in common,
the conventional averaged models can not accurately track
the transient response of the DC/DC converters.
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Fig. 2 plots the start-up output voltage of the average
current mode controlled boost converter with two PI con-
trollers for the two loops. (Section V presents the details
of the circuit topology.) The conventional averaged mod-
els do not accurately model the average output voltage
when the system is in transient. As ¢t — oo the PI con-
trollers eventfully force the steady state output voltage of
the converter to be the required values as indicated by the
conventional averaged models. Therefore, for this circuit
topology, inaccuracies are in modeling transient response
and not steady state DC-offset (for other topologies, this
might not be true).

-~ ©
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Figure 2: Output Voltage of a ACMC Boost Converter
with two PI controllers

The reason for the inaccuracies of the conventional mod-
els is that the output of the control circuitry is no longer
ripple negligible, as shown in Fig. 3. If the conventional
averaged models were accurate, the dashed curve in Fig.
3 would track the averaged value of the switching curve.
It does not, and as a result, the conventional model incor-
rectly predicts the transistor/diode switching time when
the system is in transient.

These results motivate the need for more accurate mod-
eling in average current mode control.-

) 5 3
Time in seconds x10™

Figure 3: Output of the Control Circuitry

III. Switching Frequency

Dependent Model

In this section, we make the necessary extensions of [1]
to generalize the switching frequency dependent averaged
models to average current mode control topologies, which
have dynamic feedback controllers.

The difficulty in obtaining accurate averaged models for
two loop PWM DC/DC converters is that there is a ripple
in the signal sent to the comparator, given as d in (2). As
a result, there has been no general procedure which can
accurately predict when d(t) = tri(¢, T), i.e. the switching
time of the transistor. The following step-by-step proce-
dure begins to solve this open problem.

A. Step 1: Power Stage Averaged Fquations

Let 7,T denotes the instant before u(d—tri(¢, T)) switches
from 1 to 0. The variable 7, represents the “true” duty
ratio and is not necessarily equal to d as suggested by con-
ventional technique [1]. Then we propose that the switch-
ing frequency dependent averaged model for the power
stage is :

X = AX+BoVi, +Eoig + Go + (A1 X
+ BV, +EiL + Gy,
w = (Cox+Fo)+ Holo+ (Cix + HyIo + F1)7,(6)

where all matrices are as in (1), X € R" is the averaged
state vector and w is the averaged output of (1). The
difficult part of the analysis is to determine 7,, which, at
present, is still unknown and will depend on the switching
frequency.

B. Step 2: Power Stage Ripple

The work of [1] suggests that the power stage state vector
can be approximated by x = X + ¥, (Fig. 4), where ¥,
is the zero average state ripple and given in [1].

1\

Figure 4: Typical Ripple on State Variable: Inductor Cur-
rent

Likewise, we generalize the results of [14] (by replacing
d by 7,) to closed loop systems and write y = w+Wy, (Fig.
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5), where ¥y, is the ripple on the output voltage. Using
the estimate that x &~ X+ ¥, in ¥y, =y — w, and using
(1) and ¥ yields,

(Clz + H.I, + Fl)(l - Ts) + (Co + Cl)‘l’ra
0 <tmodT < 7,T
_(Clz + Hllo + Fl)Ts + CO\I’:L‘;
TsT < tmodT < T

‘I’Vo =

g, (O

Figure 5: Typical Ripple on the Output Voltage for a Boost
Converter with High ESR

C. Step 3: Superposition Principle for Control
Clircuitry

General control loops of linearly controlled average current
mode control DC/DC converters can be drawn in block
diagram as in Fig. 6.

Vo= w + Wy

- a)
. . G, (s ¢
LR TS c

Vref

Figure 6: Control Circuitry

Since the controller is linear, we propose to apply su-
perposition as in Fig. 7. Both the inductor current and
output voltage are fed into the controller as inputs. The
output, d(t), is a scalar.

As previously derived, each of the inputs can be written
as the sum of an averaged value state variable plus a zero
average ripple. Therefore, using (2) and superposition, we
have control equations:

. Vies =V
Xc = AcXc+Bce [ —XGIIELG ] 4+ CcVyey
Vyes =V
dy = Gexe+Kce [ “TXGIIILO ] + ECVrcf (7)

and

Ve = AC‘I’c+Bc[ ~¥v, ]

—-Agir¥;,

Ty,

d, = ° 8
2 —AgnV¥;, ] (®)

Ge¥e + K¢ [

dq

- Gés)

d
Vref

dy

G

Figure 7: Superposition Model of Control Circuitry

Notice that (8) is time-invariant and there is no need to
average it. If we assume that ¥¢ has zero initial condi-
tions at the beginning of each switching period, then

t
- _ A (t-7) ~V¥y,
Yo = BC/O - [ —Aci¥r, ] dr ©)

which gives the general expression of the ripple on the
control output.

D. Step 4: Switching Time

In the above steps, it was assumed that 7, was a known
function of the state, although it is not. The switching
time 7,7 is defined as the instant before the output of
the control circuitry, d(t), is intersected with the external
ramp which is normalized to be a DC offset of 0 and peak
to peak value of 1. Specifically, at 'L,}d—q—' = 7,7, we have
d(7,T) = 7,. This implies:

—\I’VO(T, T)

d; + GC\I’C(T,T) + K¢ [ —Acn ¥, (T,T) ] =1, (10)

which yields a nonlinear algebraic equation to solve for 75,
0 < 1, < 1. Notice that as T — 0, 7, — d;, which yields
the conventional averaged models, as expected. Equations
(3), (5) and (8) together represent the newly proposed
averaged models. We remark that (8) will depend on
T, the switching period. Therefore, the averaged models
are switching frequency dependent and include the effects
of ripple on control signals (not modeled in conventional
techniques).

IV. Simulations and

Experimentation

In this paper, we present the PI control topology as an
example. Consider Fig.1 with V;, = 10V (input voltage),
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L = 200.9uH, C = 21.87uF, Rc = 0.1672(ESR), and
Ry = 13.28}(Load resistor),

Then, in the power stage, the state variables are induc-
tor current z; = iy and capacitor voltage z2 = v¢, and
the output is set to be the output voltage y = V,. In this
case:

—2Rc —a
a= 2k _ A= | TF |2
RL + Rc c ~ ERL+Rc)

Co:[chc a],Cl=[-—aRc 0],
Fo=F,=0H, = aRc,H1 = ~2aR¢.

B-[-e 8T E=[ ¥ -]

The control circuitry are designed according to small
signal models to avoid subharmonic oscillation, guarantee
the relative stability and closed loop performance. The
control parameters for the control topologies are: Agrr =
10,kp1 = 0.1, k]] = 10.3, kpv = 0.01 and k[v = 10.4,
and the model is given by (2) with (Fig. 8):

_ [ 0 _ kry 0
Ac= [ Bkir © ]’BC— [ Bkpvkrr kir ] !

Co=[(B-Dkrv EH(kpr+6-1) ]T,

k
Go=[ 1+8kpr 1 ],Ec=(1+F§V—1)(1+ﬂkm),

Ko = [ kpv(1+Bkpr) kv | (12)

]
vll

Figure 8: Two PI Control Topology

where (3 is applied to balance the reference voltage for the
outer loop. Using the formula derived in step 2, leads to:

\I’:(TaT) TTS(I — TS) Z(Rczl + 22) :I (13)
2 -c%
2 _
Uyo(rsT) & —aRcezi(l—7s)— Ttz 71— 7)

2C

where z; and z; are the averaged state variables of iy and
v respectively. Omitting extensive algebraic details, we
derive

—kIvTaRczl(Tf -1)
3__2
L7“1—2"—)ﬂku/wvod'a(g‘c'l—‘

U (rsT) = [ ] (14)
SR(;) + kpvk]]ﬂaRcZ] (‘7‘3 - Tf)T
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Now substituting (13) and (14) into (10), the switching
time 7, can be obtained. Together with (6), this yields
a more accurate circuit approximation. Clearly, the nov-
elty of the approach is its ability to make a distinction
between the average value of d and the switching time.
In conventional averaging techniques, these two quanti-
ties are forced to be equal.

A. Start Up Simulations

The simulation results for start up of the boost converter
with PI control topology are recorded in Fig. 9 (output
voltage). From these figures, we can see that in this con-
trol topology, the conventional averaged models do not re-
flect the dynamics of the switching system, reaching their
steady state values too quick. The switching frequency
dependent models, on the other hand, track the transient
states of the switching system. The simulation results also
show that the new models are able to predict the correct
switching time of the transistor (7,7") as well as the aver-
aged value of the output of the control circuitry (dq )(Fig.
10). The conventional models, on the other hand only
predict the correct steady state switching time. The fact
that this switching time is not the true average value of the
controller output leads to the inaccuracies in the transient
response. '

12.6
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Figure 9: Output Voltage of Start Up
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Figure 10: Output of the Control Circuitry



B. Load Variation Simulations and Frperimen-
tation

The load resistance is suddenly changed from 13.2Q to
26.4Q. Fig.11 recorded the experimentation result and
the theoretical estimations. It can be seen that both con-
ventional model and the switching frequency dependent
model can reflect the tendency of the power stage. But the
conventional model gives the rise of the over-adjustment,
i.e, predicting a peak voltage of 16.2V instead of the true
voltage of 15.5V (predicted by the new model) immedi-
ately after the load variation.

EDenmontal reaut
awitcrung trequ, dependent m:
Sorversonal mode

1w :
TE H‘IJ

PR

L

i A H H o i
—0.06 o oas o1 515 oz CE) CE)

Figure 11: Output Voltage of Load Variation

V. Conclusion

ACMC PWM DC/DC converters have the potential to
take various control schemes for their current and voltage
loops, which makes the closed loop modeling difficult and
subjective to inaccuracy. Conventional averaging meth-
ods do not reflect the dynamics of the control circuitry,
leading to inaccuracies in the prediction of the averaged
output voltage and the averaged duty ratio. The averaging
technique proposed in this paper integrates the dynamics
of the power stage with those of dynamic control circuitry
and generates accurate averaged models which track the
dynamics of the closed loop system.
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