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Abstract—DC-DC converters form an essential component of
modern low-power integrated circuits. This paper presents a
novel nonlinear modeling technique for pulse-width modulated
(PWM) DC-DC converters for low-power applications. Our
enhanced model not only predicts the dc response, but also
captures harmonics of arbitrary degrees. The proposed full-
order model retains the inductor current as a state variable and
accurately captures the circuit dynamics even in the transient
state. Furthermore, by continuously monitoring state variables,
our model seamlessly transitions between continuous conduction
mode (CCM) and discontinuous conduction mode (DCM), which
often occurs in low-power applications while also accounting for
the non-idealities of the circuit devices. The proposed model,
when tested with a system decoupling technique, obtains up to
10X runtime speedups over transistor-level simulations with a
maximum output voltage error that never exceeds 4%.

I. INTRODUCTION

The transient simulation of power management circuits such
as DC-DC converters is generally very time-consuming due
to the co-existence of fast switching activities and slow load
variations. Circuit averaging techniques are well suited for the
efficient simulation of DC-DC converters. In particular, state-
space averaging has been a very popular simulation technique
of pulse-width modulated (PWM) DC-DC converters. In [1],
[2], [3], both large-signal and small-signal state-space average
models for DC-DC converters operating in continuous con-
duction mode (CCM) and Discontinuous Conduction Mode
(DCM) are presented. However, without considering non-
ideal device characteristics, [2] and [3] are inaccurate in
simulating low-power DC-DC converters. Furthermore, the
modeling approach of [2] and [3] is circuit-specific, thereby
limiting the ability to automate the modeling and simulation
process on arbitrary DC-DC converter topologies.

Alternatively, the PWM switch model [4][5], which is a
linearization of the three-terminal switch cell, can be readily
applied to a wide range of DC-DC converters. By tracking the
circuit operating mode based on averaged circuit states, [6]
enhances the basic PWM switch model to support simulation
of DC-DC converters operating in both CCM and DCM.
However, a major limitation of the PWM switch model is that
it neglects the dynamic behavior of DC-DC converters within
one cycle and provides no information about the waveform
ripples. As suggested in [7], the PWM switch model has an
underlying assumption of the small ripple condition, which
prevents it from being applied to converters with large ripples.

It has been shown that neglecting the ripples of state variables
can lead to large discrepancies in the simulation results of
converters operating at low frequencies [8].

To address this problem, a lot of work has been done on the
generalized averaging techniques [9]. In [8], a multi-frequency
averaged model is introduced which conducts frequency selec-
tive averaging on the switched state-space models of DC-DC
converters. However, this method is based on boost converters
and cannot be easily applied to other converter configurations.
In [10], a flexible method of in-place averaging that replaces
elements in DC-DC converters with the kth-index average
elements is presented, thereby allowing for the tracking of
responses with harmonics up to kth degree. However, the
method in [10] assumes a continuous inductor current with
ideal switches. As a result, such a model becomes neither
suitable nor accurate enough for low-power DC-DC converter
simulations.

In this paper, we present a complete solution to low-power
PWM DC-DC converter simulations. The proposed solution
combines the accuracy of enhanced state-space averaging, the
flexibility of PWM switch models and the multi-frequency
nature of the generalized models. The proposed model has
four main features. First, the model approximates the actual
converter responses by multiple harmonics of ripples up to an
arbitrary degree. Second, the model accounts for the effects
of device non-idealities like diode forward voltage drop in an
efficient manner. The third feature lies in its generality. Our
proposed model is based on the switch cell and can be applied
to many DC-DC converters including buck, boost and buck-
boost converters without any modifications. It is also general in
the sense that both CCM and DCM operations are supported.
Finally, a system decoupling technique is introduced to sim-
ulate converters with improved efficiency. As a result, when
applied to several open-loop DC-DC converters, the proposed
model generates almost identical responses as the transistor-
level simulations with a runtime speedup of one order of
magnitude.

II. GENERALIZED SWITCH MODEL WITH DEVICE
NON-IDEALITIES

In this section, we present a generalized model of a three-
terminal switch cell based on a standard buck converter shown
in Fig. 1(a). The generalized switch model can also be applied
to other PWM DC-DC converters with no additional changes.
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Fig. 1. Standard Buck PWM DC-DC converter

To accurately capture the circuit behavior, the dynamic non-
idealities are accounted for in the switch cell. Furthermore,
by continuously monitoring the circuit state, our model seam-
lessly transitions between CCM and DCM.

A. Equivalent switch model based on switching functions

Consider the buck converter shown in Fig. 1(a) operating in
DCM with a discontinuous inductor current ic shown in Fig.
1(b). The switching cycle Ts is divided into three operation
intervals by three binary switching functions q1(t), q2(t) and
q3(t) using the parameters d1 and d2 as shown in Fig. 1(b).
Fig. 2 (a) shows the extracted switch cell while Figs. 2 (b),(c)
and (d) show the three equivalent circuits corresponding to the
three intervals.

Next, we analyze two circuit variables, vag and ip, of
particular interest in each operation interval and construct a
complete nonlinear DCM switch model. In the first interval,
the MOS transistor operates in the triode region with a
nonlinear resistance of Rds(on) resulting in a voltage drop of
Vds(on) while the diode is reverse biased. As shown in Fig.
2(b), in the first interval, we have vag = q1Vds(on) and ip = 0.
In the second interval, the diode is forward biased and holds a
forward voltage drop Vd while the MOS transistor is operating
in sub-threshold conduction with a leakage current Ileak. An
equivalent resistor Rds(off) is used to model the effect of
sub-threshold conduction. As shown in Fig. 2(c), in the second
interval we have vag = q2 (vap + Vd) and ip = q2 (ic − Ileak).
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Fig. 2. The three-terminal switch cell(a) and its equivalent circuits in three
operation intervals (b)(c)(d).

a + -

q2vap+q3vac

q2ic

+ -

q1Vds(on)+q2Vd

q2Ileak

p

c
g L

Fig. 3. The equivalent model of the switch cell with non-ideal device
characteristics.

In the third interval, the inductor is completely discharged and
the inductor current is zero. Both the transistor and the diode
are off. According to the constitutive equation of inductors
vL(t) = L

diL(t)
dt

, the inductor is shortened such that vgc = 0.
In the third interval, we have Vag = q3Vac and ip = 0.
Combining the expressions of Vag and ip over the three
intervals results in:

vag = q1(t)Vds(on) + q2(t)(vap + Vd) + q3(t)vac (1)

ip = q2(t)(ic − Ileak). (2)

We can now replace the transistor and the diode in the
original circuit by controlled sources using the relations in
(1) and in (2). This leads to the model shown in Fig. 3, which
is essentially an equivalent switch model that accounts for the
non-ideal device characteristics. Inserting the model of Fig.
3 in place of the switch cell in Fig. 1(a) results in a circuit
model that accurately captures the behavior of the converter.

The switch model can also be applied to converters oper-
ating in CCM with one additional constraint of d1 + d2 = 1.
The process of determining the operation mode is automated
by calculating d2 concurrently as the model is being simulated
using

d2 =
2L

d1Ts

īc

v̄ac − Vds(on)
− d1, (3)

where īc and v̄ac are the average inductor current and the
average voltage across nodes a and c in one cycle, both of
which are immediately available in the multi-harmonic model
as will be shown later. If d1 + d2 < 1, the converter operates
in DCM. Otherwise, it operates in CCM with d2 = 1− d1[5].
Note that(3) accounts for the non-idealities of the transistors
and therefore results into a more accurate evaluation of d2
than [3].

B. Non-ideal device modeling and the complete equivalent
converter model

The accuracy of the model in Fig. 3 depends on the
evaluation of Vds(on), Vd and Ileak, which are nonlinear
functions of the circuit state and vary dynamically during the
circuit simulation. These three values can be evaluated without
simulating the actual buck converter, but by exploiting the
information available in the equivalent model in Fig. 3. The
process is illustrated by the example of computing Vds(on)

shown in Fig. 4, where a buck converter is operating in the
first interval with transistor Q1 in the triode region with a
limited conductance between the drain and the source. Due to
the presence of a nonlinear resistance Rds(on), a voltage drop
of Vds(on) is found between the drain and the source.

410 2016 Design, Automation & Test in Europe Conference & Exhibition (DATE)



D

VS

Q1

Buck converter

Ia(on)

(a) (b)

�

�

a + -

q2vap+q3vac+q2Vd

q2ic

+ -

q1Vds(on)2

p

g

VS

+
-

Q2

von

Equivalent model with evaluation of Vds(on)

+
Vds(on)1

-Von

Ia(on) +
Vds(on)2

-

0 0

Fig. 4. A buck converter operating at the first interval(a) and its equivalent
model with an additional circuit to evaluate the voltage drop Vds(on) using
an accurate device model(b).

In the equivalent model, the evaluation of the voltage drop
Vds(on) is achieved by adding the additional circuit shown
in Fig. 4(b), which is constructed such that transistor Q2

has the same bias (i.e. gate-to-source voltage and drain-to-
source current) as transistor Q1. To achieve this, we observe
that in the first interval the drain-to-source current of Q1

corresponds to Ia(on) of the equivalent model and the gate-
to-source voltage of Q1 is Von. Thus by forcing the drain-to-
source current of Q2 to be Ia(on) and connecting the gate of
Q2 to the voltage source Von, we ensure that the voltage drop
produced by Q2 is the same as that of Q1 in the buck converter.
Returning the voltage drop of Q2 to the equivalent model
allows the model to account for this type of non-ideality. It is
important to note that the transistor Q2 uses the same device
model as Q1(e.g. BSIM3/4). Thus the behaviour captured by
transistor Q2 fully accounts for the device non-idealities of
Q1.

Similar procedures can be used to obtain Ileak and Vd. With
three additional circuits included, the complete equivalent
model automatically accounts for all non-ideal device charac-
teristics. By including simple additional transistor circuits as
shown in Fig. 4(b), we are able to construct a coupled DC-DC
converter model in which essential device non-idealities from
the MOS switch and the diode can be accurately evaluated as
part of the overall converter model.

III. EFFICIENT MULTI-HARMONIC MODELING OF THE
SWITCH CELL

Fig. 3 presents a switch model with non-ideal device char-
acteristics. However, it is essentially a switching circuit due
to the presence of q(t) and is computationally expensive for
performing transient simulations. In this section, we propose
a multi-harmonic averaged model that is both accurate and
efficient. The proposed model approximates the true response
of a DC-DC converter using a Fourier series of any order of
choice. Since the switching functions q(t) are decomposed into
several Fourier series and are no longer present in the model,
the proposed model is highly efficient.

A. Multi-harmonic model of switch cell

Multi-harmonic modeling decomposes each state variable
into a Fourier series. Recall that a time-domain periodic signal
x(τ) can be expanded using the Fourier series as

x(τ) =
∞∑

k=−∞

〈x〉k(t)e
jkωsτ , (4)

where ωs = 2πfs and fs is the switching frequency. 〈x〉k(t)
is the kth complex Fourier coefficient[7], which is given by

〈x〉k(t) =
1

Ts

∫ t

t−Ts

x(τ)e−jkωsτdτ. (5)

As shown in (5), 〈x〉k(t) is defined by taking the average of
x(τ) at a frequency kfs. For instance, 〈x〉0(t) represents the dc
component and 〈x〉1(t) represents the harmonic component at
the fundamental frequency. Thus, we denote 〈x〉k(t) by the
index-k average. By including higher orders of harmonics,
the multi-harmonic model is able to approximate the non-
linear behaviour of the switch cell with higher accuracy.
However, as a result, the multi-harmonic model becomes more
complex in circuit topology and more time-consuming to
solve. Essentially a trade off needs to be found between the
accuracy and efficiency of the multi-harmonic model. In [11],
the FFT analysis of a typical DC-DC converter indicates that
the voltage response is mainly composed of the dc and the first
order harmonic. For these reasons, we will only the index-0
and the index-1 averages in the multi-harmonic model.

According to [8], two properties can be immediately iden-
tified from (4) and (5) that allow us to calculate the index-k
averages of the switch model. The first property is discrete
convolution. Using this property, each index-0 average term
in (1) and (2) can be written as

〈qx〉k = 〈q〉0〈x〉0 + 〈q〉1〈x〉−1 + 〈q〉−1〈x〉1. (6)

According to (5), every complex Fourier coefficient includes a
real and an imaginary part. We also know that 〈x〉k and 〈x〉−k

are conjugates of each other, which means 〈x〉Rk = 〈x〉R
−k and

〈x〉Ik = −〈x〉I
−k. Exploiting the conjugation property provides

the following expression for the index-0 average of a product

〈qx〉0 = 〈q〉0〈x〉0 + 2
(
〈q〉R1 〈x〉

R
1 + 〈q〉I1〈x〉

I
1

)
. (7)

Substituting (7) into (1) and (2) gives the index-0 average
model of the switch cell as follows

〈vag〉0 =〈q1〉0Vds(on) + 〈q2〉0Vd

+〈q2〉0〈vap〉0 + 2
(
〈q2〉

R
1 〈vap〉

R
1 + 〈q2〉

I
1〈vap〉

I
1

)
+〈q3〉0〈vac〉0 + 2

(
〈q3〉

R
1 〈vac〉

R
1 + 〈q3〉

I
1〈vac〉

I
1

)
〈ip〉0 =〈q2〉0 · Ileak

+〈q2〉0〈ic〉0 + 2
(
〈q2〉

R
1 〈ic〉

R
1 + 〈q2〉

I
1〈ic〉

I
1

)
.

(8)

Similarly, the index-1 average of a product is given by

〈qx〉R1 = 〈q〉0〈x〉
R
1 + 〈q〉R1 〈x〉0 (9)

〈qx〉I1 = 〈q〉0〈x〉
I
1 + 〈q〉

I
1〈x〉0. (10)

Substituting (9) and (10) into (1) and (2) gives the real part
of the index-1 average model of the switch cell as

〈vag〉
R
1 =〈q1〉

R
1 Vds(on) + 〈q2〉0〈vap〉

R
1 + 〈q2〉

R
1 〈vap〉0

+〈q2〉
R
1 · Vd + 〈q3〉0〈vac〉

R
1 + 〈q3〉

R
1 〈vac〉0

〈ip〉
R
1 =〈q2〉0 · Ileak + 〈q2〉0〈ic〉

R
1 + 〈q2〉

R
1 〈ic〉0,

(11)

and the imaginary part of the index-1 average model as

〈vag〉
I
1 =〈q1〉

I
1Vds(on) + 〈q2〉0〈vap〉

I
1 + 〈q2〉

I
1〈vap〉0

+〈q2〉
I
1 · Vd + 〈q3〉0〈vac〉

I
1 + 〈q3〉

I
1〈vac〉0

〈ip〉
I
1 =〈q2〉0 · Ileak + 〈q2〉0〈ic〉

I
1 + 〈q2〉

I
1〈ic〉0.

(12)
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Fig. 5. The multi-harmonic model of the three-terminal the switch cell
including (a) index-0 average model, (b) the real part of index-1 average
model and (c) the imaginary part of index-1 average model.

The second property we exploit is the average of differen-
tiation

〈
dx

dt
〉k(t) =

d〈x〉k(t)

dt
+ jkωs〈x〉k(t). (13)

Applying (13) to the constitutive equation of inductors vL =
LdiL

dt
reveals that an index-k average of an inductor can be

modeled by an inductor model with the same inductance in
series with an impedance of jkωsL.

Combining (8), (11), (12) and (13) produces the final model
of the switch including index-0 and index-1 averages, as shown
in Fig. 5. It should also be noted that a multi-harmonic model
is generally highly coupled due to the interactions between
averages of different orders.

B. Multi-harmonic model of the DC-DC converter

Apart from the switch cell, we need to find the index-k
model for all other components of the DC-DC converter, e.g.
the load capacitor and parasitic resistors. By the definition of
index-k average shown in (5), it is easy to verify that 〈vR〉k =
R〈iR〉k, which implies the index-k average of a resistor has the
same branch constitutive relationship of the resistor in terms
of the branch voltage and current. Like the index-k average of
an inductor, a physical capacitor can be modeled as an average
capacitor model with the same capacitance in parallel with an
admittance of jkwsC.

Using the multi-harmonic average models for the switch cell
in addition to the capacitors and the resistors derived above,
we construct an index-0 and index-1 average model of a DC-
DC converter. This results in three coupled circuits, which can
be solved for the dc and the first-order harmonic responses.

IV. SYSTEM DECOUPLING

As pointed out earlier, solving mutually dependent averages
of different orders is a computationally intensive task. In this
section, we provide two rules for system decoupling that can
remove the dependency of 0-index average models on all
higher order models, which also improves the model accuracy.

Consider the standard buck converter shown in Fig. 1(a) and
its 0-index average model shown in Fig. 6. Our objective is
to remove the VCVS vs1 and the CCCS cs2, both of which
depend on components from the index-1 average model. Recall
that the index-0 average of a product can be evaluated from the
discrete convolution relation by (6). One useful observation is
that if x has a very small variance within one cycle and hence

a

+ -

2(<q2>1<vap>1 +<q2>1<vap>1

+<q3>1<vac>1 +<q3>1<vac>1)

2(<q2>1<ic>1 

+<q2>1<ic>1)

+ -

<q1>0Vds(on) +<q2>0<vap>0

+ <q2>0Vd + <q3>0<vac>0

<q2>0<ic>0

-<q2>0 Ileak

cg L

<ic>0
R R

R R

I I

I I

R R

I I

vs1 vs2

cs1 cs2
RL

C

ESR

rL

VS

p

Fig. 6. The index-0 average model of the buck converter. Controlled sources
vs1 and cs2 depend on the index-1 average model and will be completely
removed in the decoupled index-0 average model.

can be viewed as a constant, then for any k �= 0, 〈x〉k = 0.
Thus, we suggest the first rule of system decoupling:

Rule 1: If x has small variance within one cycle, then
〈qx〉0 ≈ 〈q〉0〈x〉0. All higher order terms can be removed
from the index-0 average calculation while only introducing
negligible errors.
In Fig. 5(a), there are three averages of product terms 〈q2vap〉0,
〈q3vac〉0 and 〈q2ic〉0. In the buck converter, we have vap = Vs

and vac = Vs − Vout, where Vs denotes the supply voltage
and Vout dc component of the output voltage. Thus the
voltage swings in vap and vac are small and can be neglected.
Therefore, we can apply rule 1 to 〈q2vap〉0 and 〈q3vac〉0 for the
case of buck converters. This results in the complete removal
of vs1 in Fig. 6.

On the other hand, 〈q2ic〉0 cannot be simplified by rule
1 due to the large variance of ic shown in Fig. 7(a). (7)
computeds the discrete convolution of 〈q2ic〉0, which includes
the index-1 terms. To remove these terms, we need to consider
the shape of ic and q2. In Fig. 7(a), the index-0 average value
of ic is essentially the dc value of the inductor current, which
can be calculated by dividing the shaded area by the total time
interval

〈ic〉0 = īc =
1

2
(d1 + d2)Ipk, (14)

where d1 = 〈q1〉0, d2 = 〈q2〉0 and Ipk is the peak value of ic.
Similarly, the index-0 average value of q2ic is

〈q2ic〉0 = īp =
1

2
d2Ipk. (15)

<q2ic>0

<ic>0

d1Ts d2Ts

Ipk

Ipk

Ts

ic

q2

ip

(a)

(b)

(c)

0 0

1

0

0

Fig. 7. Illustration of 〈q2ic〉0 calculation: (a) inductor current ic, (b) switch
function q2, and (c) product term q2ic. The 0-index average can be calculated
by dividing the shaded area by the length of interval.
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Fig. 8. The decoupled index-0 average model of the buck converter.

Substituting (14) into (15) leads to an equation that expresses
〈q2ic〉0 as

〈q2ic〉0 =
d2

d1 + d2
〈ic〉0, (16)

which is a function of only the index-0 average 〈ic〉0. Since
no approximation is made in the derivation process, (16) is
precise and equivalent to computing 〈q2ic〉0 using discrete
convolution with infinite terms, which is not practical to
compute directly. Thus replacing (7) by (16) not only decou-
ples the system and improves efficiency but also results in
a model with enhanced accuracy. As we will later show in a
buck converter simulation example, simulation using the multi-
frequency model presented in [8], which approximates 〈q2ic〉0
by (7), shows significant errors when the converter operates
in DCM. While our proposed model using (16) accurately
and efficiently captures converter behaviour in both CCM and
DCM.

Now we suggest the second rule of system decoupling
which also enhances the accuracy:

Rule 2: For DC-DC converters in any condition, 〈q2ic〉0 =
d2

d1+d2

〈ic〉0. All higher order terms can be removed from the
index-0 average calculation without introducing any errors.
Applying rule 2 to 〈q2ic〉0 results in the removal of cs2 in Fig.
6 as well as changing the current source of 〈q2〉0〈ic〉0 into

d2

d1+d2

〈ic〉0. Fig. 8 summarizes the decoupled buck converter
index-0 average model where all of the components can be
evaluated independently of high-order averages. Combining
this model with the index-1 average model results in a more
efficient and accurate multi-harmonic model.

V. EXPERIMENTAL RESULTS

We test the accuracy and efficiency of our new proposed
model by performing simulations of different DC-DC con-
verters and compare the results with two existing averaged
models. The first example of the boost converter simulation
demonstrates the improved accuracy of our model by consid-
ering device non-idealities. The second example of the buck
converter simulation shows improved accuracy and efficiency
by calculating 〈q2ic〉0 using (16). All models and circuits are
implemented in Cadence Virtuoso and simulated by Spectre
[12]. Our proposed model is described using Verilog-AMS and
the converter circuits are described in transistor-level netlists
with industry-standard BSIM4 models.

The accuracy of our proposed model is quantified using the
following error metric defined with respect to transistor-level

RL

C

ESR
+

Vout

-

VS

D

rL

L
VD

Q

�����������

Fig. 9. A standard boost converter with Vs = 2V , L = 300μH , C = 1μF
and RL = 50Ω.

simulation:

σ =

√
n∑

k=1

(Vmodel(Ts · k)− V (Ts · k)))
2

√
n∑

k=1

V (Ts · k)
2

(17)

In (17), V is a targeted output voltage obtained by transistor-
level simulation while Vmodel is the corresponding output
voltage in our proposed model. Ts is the sampling stepsize
which is set to one tenth of the switching period of a given
converter circuit.

A. Boost Converter Open-loop Simulation

Consider the standard PWM boost converter shown in Fig.
9. A small capacitance value is selected for better demonstra-
tion of the ripple. The boost converter operates in CCM with
a switching frequency of f = 50kHz. For this example, the
converter simulation starts with a duty ratio of d = 0.4. This
ratio is maintained until t = 0.4ms at which the duty ratio
ramps up to 0.5 and remains at this level for the remainder of
the simulation. Fig. 10 shows a comparison of the transistor-
level simulation, our proposed model, and the equivalent
circuit derived from the in-place circuit averaging with index-
0 and index-1 averages considered [10]. The results from the
in-place averaging show visible errors in the steady state and
the transient state, because it fails to consider the effect of
device non-idealities. On the other hand, the output voltage
and the inductor current waveforms predicted by our proposed
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Fig. 10. Boost converter open-loop simulation with varying duty ratio using
our proposed model(a), transistor-level circuit(b), and the in-place circuit
averaging technique(c).

2016 Design, Automation & Test in Europe Conference & Exhibition (DATE) 413



0 0.1 0.2 0.3 0 0.1 0.2

D
ut

y 
R

at
io

0.2

0.4

0.6

0.8

Time (ms)
0 0.1 0.2 0.3 0 0.1 0.2

In
du

ct
or

 
C

ur
re

nt
 (

A
)

0

0.1

0 0.1 0.2 0.3 0 0.1 0.2

O
ut

pu
t 

V
ol

ta
ge

 (
V

)

0.5

1

0.5

(c)
(b)

(a)

(c)

(b)
(a)

d=0.7

d=0.5

d=0.3

DCM

Fig. 11. Buck converter open loop simulation of the transistor-level circuit(a),
our proposed model(b), and the modified multi-frequency average model(c).

method match very well with the transistor level simulation.
The percentage errors for the output voltage are found to be
σv = 3.46% using (17). Furthermore, for this example, our
proposed model achieved 6X runtime speedup with respect to
the transistor-level simulation.

B. Buck Converter Open-loop Simulation

Next we test our proposed model on a buck converter
operating in CCM and DCM. The stability and robustness
of the proposed model is investigated by varying the duty
ratio over a wide range. The standard buck converter circuit
modeled is shown in Fig. 1(a) with L = 100μH , C = 500nF ,
RL = 10Ω and fs = 50kHz. As shown in Fig. 11(a), the duty
ratio is varied in such a way that the converter transitions from
CCM to DCM at t = 0.2ms.

The simulation results for the output voltage and inductor
current of the transistor-level circuit, our proposed model and
a modified version of the multi-frequency average model [8]
are shown in Fig. 11(b)(c). The multi-frequency average model
introduced in [8] does not consider device non-idealities and
thus is inaccurate in low-power DC-DC converter simulations.
To differ from the previous comparison with in-place aver-
aging, we modified the multi-frequency average model by
adding controlled sources that account for device non-idealities
including Rds(on), Ileak and Vd. As a result, both our model
and the multi-frequency model make good predictions of the
voltage and current responses in the first 0.2ms of simulation
when the converter is operating in CCM. However, as the duty
ratio continues to drop and the converter enters into DCM, the
multi-frequency average model significantly deviates from the
true response. The reason for the large errors is that the multi-
frequency average model approximates 〈q2ic〉0 by (7), which
only considers the 0-index and 1-index average and is not
accurate when the inductor current ic is discontinuous. Our
proposed model, on the other hand, successfully detects the
presence of the DCM and precisely calculates 〈q2ic〉0 using
(16) and therefore closely tracks the actual circuit response.

In this example, our proposed model replaces the discon-
tinuous inductor current with continuous averaged currents,
which results in a 10X speedup with respect to the simulation
of the transistor-level circuit. The output voltage error in
this case is found to be σv = 3.97%, which once again
demonstrates the high accuracy of our proposed model. In
comparison, the multi-frequency average model shows an error
of σv = 18.13%. Table I summarizes the speedup and error

of our proposed model with respect to the transistor-level
simulations.

TABLE I
ERRORS AND SPEEDUPS OF THE PROPOSED MODEL

boost converter buck converter
Transistor-level ckt size 11 nodes 8 nodes
Multi-harmonic ckt size 95 nodes 90 nodes
Error of multi-harmonic ckt 3.46% 3.97%
Speedup over transistor-level ckt 6X 10X

VI. CONCLUSIONS

In this paper we present a multi-harmonic model for PWM
DC-DC converters in various topologies. Our proposed model
can capture the dc response as well as higher-order harmonics.
As a full order model, it retains the inductor current as a state
variable and is accurate even when the converter is in the
transient state. Our model can seamlessly transition between
CCM and DCM during the simulation. Moreover, we suggest
two rules for system decoupling in order to achieve better
efficiency without compromising accuracy. Our model was
tested on two different DC-DC converters and speedups of one
order of magnitude were achieved with respect to transistor-
level simulations.
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