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Simulation of Switched-Mode Power Conversion
Circuits With Extended Impedance Method
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Abstract— Efficient simulation of switched-mode power con-
version circuits is necessary for the analysis and optimiza-
tion of power electronics. This paper introduces the extended
impedance method (EIM) to the simulation and analysis of gen-
eral switched-mode power converter circuits. By using the EIM
method, the conventional impedance concept can be extended to
involve more linear time-variant (LTV) and nonlinear devices,
such as MOSFET switches and diodes, which are commonly
used in switched-mode power conversion circuits. EIM models
a circuit network from the component level in the frequency
domain, rather than from the system-level constitutive differential
equation in the time domain. Compared with the conventional
averaging method, EIM can reveal more high-frequency features
of a switched-mode converter circuit, in particular, those around
the switching instants. A buck converter is taken as a repre-
sentative example to validate the EIM based analysis. Both the
simulation and experimental results prove that EIM provides
precise numerical results, which match the real waveform, as the
commercial simulators, e.g. PSpice and ADS, do. Moreover,
it largely reduces the computational complexity towards more
efficient and more flexible steady-state analysis of switched-mode
power electronics.

Index Terms— Switched-mode power converter, frequency-
domain analysis, extended impedance method, steady-state analy-
sis.

I. INTRODUCTION

S INCE the 1950s, the computer-aided circuit simulation
algorithms are considered to be a significant research

subject towards electronics design automation (EDA) [1].
Various kinds of simulation methods emerged for different
circuit applications. For power electronics, the steady-state
solution is of the primary interest in circuit simulation [2].
Simulation methods can be divided into three categories: time-
domain, frequency-domain, and their hybrid combination.

In time domain, the steady-state solution of a circuit can
be transformed into a boundary value problem [3]. The state-
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space averaging method is extensively used in many simula-
tors. It was developed and generalized by Middlebrook and
Cuk [4] and Sanders et al. [5]. Its main idea is to average
the state variables in a whole period, such that to replace the
detailed description of the state variables. After the lineariza-
tion and perturbation, the circuits can be modeled without any
nonlinear components [6]. With the concept of state-space
averaging, researchers tried to establish a unified model for
both continuous conduction mode (CCM) and discontinuous
conduction mode (DCM) operations. One of the difficulties
of the unified model comes from the discontinuous inductor
current in DCM. The third interval, i.e., that with zero indicator
current, can be obtained by using the full-order models with
three steps: averaging, inductor current analysis, and duty-ratio
constraint [7]–[10]. These methods are all implemented in time
domain and often have elusive mathematical expressions [10].
The ordinary differential equation describing the dynamics of a
specific circuit topology is converted into a nonlinear algebraic
equation, which can be solved with the Newton-Raphson
numerical method [2]. It is obvious that, if the number of
variables is huge, the computational complexity is signifi-
cant. The reserved memory for computation are tremendous.
The shooting method is a proper alternative to solve the
steady-state solution of the switched-mode power convert-
ers [11]. However, the initial value of the steady-state solution
is unknown in practical operation. The sensitivity matrix is
introduced to find the initial value [12]. When combining the
Galerkin projections with the shooting method, the computing
dimension can be minimized [13]. Other methods, such as
piecewise linear method [14] and Volterra Algorithm [15], can
also be utilized to derive the steady-state solution. Another
problem is that the detailed model consumes too much time
for getting the solution. It is often replaced by the behavior
model and variable step sizes [16]. Conclusively, although
time-domain methods can intuitively lead to the output wave-
form, they always need to compute the derivative operation
such as gradient or Jacobian matrix by Quasi-Newton method
in each iteration. They are time-consuming, especially in the
brutal-force transient analysis such as PSpice.

Frequency-domain method gets more and more attention,
given the properties that time and frequency are connected
by the Fourier transform (the most widely used, but not the
only transformation from time to frequency domain) and the
Parseval’s theorem. Differential manipulation can be converted
into algebraic operation, so that the computational complexity
can be reduced. From the state of the arts, there are three major
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frequency-domain methods: harmonic balance (HB), harmonic
domain method (HDM), and harmonic state-space (HSS). The
HB method has been widely used in many dynamic systems
like vibration systems and circuit systems [17], [18]. The HB
method divides the whole circuit into two parts: the linear
and nonlinear ones [19]. If the current mismatch between the
two parts is smaller than the preset tolerance, HB method
will output the steady-state solution. Various algorithms are
applied to solve the nonlinear algebraic equations in HB
with the Newton-Raphson method, relaxation methods, and
Generalized minimal residual method [20]. A typical appli-
cation can be found in [21]. Plesnik et al applied the HB
in the analysis of closed-loop dc-dc converters by the matrix
manipulation in frequency domain. Besides HB, the HDM
starts from the state-space description of a circuit in time
domain. By applying the Fourier transform to the state-space
equation, truncated Fourier coefficient matrices are obtained.
Therefore, we can obtain the output and state vectors in
the form of Fourier coefficient matrices. Typical examples
of HDM can be found in [22] and [23]. The small-signal
modeling of power converters with HSS method was illustrated
in [24] and [25]. Although both of the computational time and
memory space are greatly reduced by using the frequency-
domain methods, compared with their time-domain counter-
parts, HB needs to iteratively calculate the gradient or Jacobian
matrix of the circuit for the nonlinear part, in order to arrive at
the numerical steady-state solution. HDM and HSS can only
deal with the linear system. If some nonlinear components
such as passively-driven switches and parasitic components
are considered, HDM and HSS are insufficient to calculate
the steady-state solution.

The wavelet method is a representative hybrid method [26].
The emergence of wavelets is to overcome the shortage in
description of steep or spike-like changes by only using
Fourier basis functions. The Fourier basis functions are of
infinite length in time domain. Many high-order harmonics
are required to depict a steep change in the waveform. How-
ever, steep changes are commonly observed in pulse width
modulation (PWM) dc-dc converters, since the state variables
in the circuit are changed with switches periodically. For
power electronics, Liu et al utilized the orthogonal Cheby-
shev polynomials to approximate the wavelet basis including
wavelet and scaling function. The purpose is to simplify the
process of the wavelet basis derivative [27], [28]. However,
it still takes much time to simulate the result, because the
dimension of the wavelet basis grows with the wavelet level
exponentially. This deficiency of computational complexity
becomes more significant when the simulation results require
higher precision.

In order to provide a more intuitive understanding to the
operation of nonlinear circuits and improve the simulation
efficiency, Liang and Liao proposed the extended impedance
method (EIM) [29], [30]. It was firstly used to analyze
the steady-state solution of class-E power amplifier (also
called class-E resonant inverter in some power electronics
literature) [30], impedance compensation of full-wave bridge
rectifier under 6.78 MHz [31], and later some mechatronic
systems [32]. EIM starts from modeling the switch devices,

Fig. 1. The concepts to model switched-mode power conversion circuits.
(a) Conventional (components are divided into passive and active categories).
(b) EIM (all components are taken as special impedance).

e.g., MOSFETs, into time-varying impedance and then trans-
forming their expressions into extended impedance matrices
in frequency domain. The concept of EIM-based analysis is
illustrated in Fig. 1(b), where all components in the converters
are regarded as extended impedance in frequency domain.
In this way, any switch component can be modeled with
a single extended impedance matrix. Therefore, EIM can
handle all switched-mode conversion circuits in principle.
EIM can model not only the simple ideal circuit compo-
nents, but also some semiconductor features by learning from
their corresponding SPICE models. EIM uses the fix-point
iteration, instead of gradient-based algorithms, for calculating
the steady-state solution of power converters. EIM can also
combine the simulation of different operation modes in power
converters, such as CCM and DCM, into an inclusive model
in frequency-domain simulation. Therefore, it is not necessary
to separately formulate different working modes. The merits
of EIM for analyzing switched-mode power converters are
summarized as follows:

• EIM provides an intuitive way to formulate the dynamics
of a switched-mode circuit, which is compatible with the
conventional impedance-based ac circuit analysis.

• All operation modes, such as CCM and DCM, can be
inclusively solved with EIM.

• The nonlinear effects of semiconductor devices can be
inclusively considered by using EIM. The detailed device
parameters can be those exported from the corresponding
SPICE model.

• EIM has a high computational efficiency towards the
circuit steady-state results, compared with some com-
mercial simulators, e.g., PSpice (Cadence Ltd.) and ADS
(Keysight Ltd.), under a similar accuracy.

In this paper, we generalize the EIM analysis to power
electronics by studying one of the most representative PWM-
based switched-mode power conversion circuit, the buck dc-
dc converter. EIM can be used to efficiently and accurately
simulate and analyze the switched-mode power converter.
This paper is organized as follows: Section II introduces the
principle of EIM. Section III takes a dc-dc buck converter
as a general example to verify the performance of EIM.
Section IV discusses the limitations of EIM at this stage.
Finally, Section V concludes the paper.

II. EXTENDED IMPEDANCE METHOD

EIM was first introduced in 2009 by incorporating the
time-varying resistor as extended impedance [29], [30]. It for-
mulates the circuit dynamics from the component perspective.
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All circuit components can be divided into three categories,
linear time-invariant (LTI), linear time-variant (LTV), and
nonlinear components. The principle of component modeling
in EIM are elaborated in the following subsections. Generally
speaking, different types of components are modeled in the
ways as follows:

• LTI components, such as linear resistors, inductors,
and capacitors, are modeled by conventional complex
impedance, but expanded in diagonal matrix form.

• LTV components, such as actively-driven transistors, are
modeled by extended impedance matrices.

• Nonlinear components, such as passively-driven diodes,
are mapped into LTV components in each round of
iterative approximation.

After modeling all circuit components into extended
impedance matrices, the circuit can be formulated with the
fundamental Kirchhoff’s voltage and current laws (KVL and
KCL). Then we can use the fixed-point iteration to obtain
the steady-state solution. For the sake of convenience, either
impedance or admittance matrix is used to describe the com-
ponents’ dynamics, as they are inversely equivalent.

A. LTV Components

EIM was developed by learning from the conventional
impedance analysis of ordinary (single-harmonic) ac circuits.
The conceptual extension started from the LTV compo-
nents [29], [30]. In this part, the EIM expressions of three
typical LTV components: LTV-resistor, LTV-inductor, and
LTV-capacitor are introduced.

1) LTV-Resistor: In time domain, the resistance value of an
LTV resistor obeys the Ohm’s law (OL) in every instant, i.e.,

v(t) = r(t)i(t), (1)

where r(t) is the time-varying resistance, v(t) and i(t) are the
voltage across and current through the resistor, respectively.
From the convolution theorem, the OL in time domain can be
converted into frequency domain as follows

V (jω) = 1

2π
R(jω) ∗ I (jω). (2)

The asterisk denotes convolution; V , R, and I are the Fourier
transform of v, r , and i , respectively. According to the discrete
convolution theorem, we have

Vk =
+∞∑

n=−∞
Rk−n In, (3)

where Vk , Rk , and Ik are the corresponding Fourier coefficients
of the kth harmonics of v(t), r(t), and i(t), respectively.
This equation can be rewritten into vector and matrix form.
Since the dimension of the matrix must be finite in practical
computation, the infinite series in (3), where k is an integer
within (−∞,∞), is truncated into a (2K +1)×1 vector, where
k ranges from −K to K . In this way, the Fourier coefficients of
voltage v(t) and current i(t) can be embodied in the frequency
domain as follows

V = [V−K , . . . , V−1, V0, V1, . . . , VK ]T,

I = [I−K , . . . , I−1, I0, I1, . . . , IK ]T, (4)

Equation (3) can be expanded in a vector and matrix form as
follows

V = ZRI, (5)

where

ZR =

⎡
⎢⎢⎢⎢⎢⎢⎣

R0 · · · R−K · · · R−2K
...

. . .
. . .

. . .
...

RK · · · R0 · · · R−K
...

. . .
. . .

. . .
...

R2K · · · RK · · · R0

⎤
⎥⎥⎥⎥⎥⎥⎦ . (6)

is a Toeplitz matrix summarizing the dynamics of a LTV-
resistor [33]. As the form of (5) looks the same as the OL,
we named ZR the extended impedance matrix of this LTV-
resistor [29], [30].

EIM gives the same idea as the harmonic state-space (HSS)
method up to this point [24], [33], except that the matrix ZR
was not named extended impedance matrix in HSS. After this,
HSS starts building the system-level state-space constitutive
equation, which originally is a time-domain formulation of
the dynamics. On the other hand, EIM stays in the frequency
domain to finish the modeling of fundamental components
before arriving at the system-level expression.

2) LTV-Inductor: Given an inductor, whose inductance is a
function of time, i.e., l(t), its dynamics can be expressed as
follows in the time domain

v (t) = l (t)
di (t)

dt
. (7)

In the frequency domain, (7) can be converted into

V (jω) = 1

2π
L (jω) ∗ jωI (jω) . (8)

Similarly, the extended impedance matrix of an LTV-inductor
can be formulated as follows

ZL = jω0

⎡
⎢⎢⎢⎢⎢⎢⎣

−K L0 · · · −K L−K · · · −K L−2K
...

. . .
. . .

. . .
...

εL K · · · εL0 · · · εL−K
...

. . .
. . .

. . .
...

K L2K · · · K L K · · · K L0

⎤
⎥⎥⎥⎥⎥⎥⎦ , (9)

where ω0 is the angular frequency; ε is a very small constant
replacing zero to prevent the matrix from singularity.

3) LTV-Capacitor: In time domain, the constitutive equa-
tion of an LTV-capacitor is

i(t) = c(t)
dv(t)

dt
, (10)

where c(t) is the capacitance as a function of time. When
being converted into the frequency domain, we have

I (jω) = 1

2π
C (jω) ∗ jωV (jω) . (11)
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Therefore, the extended impedance matrix of an LTV-capacitor
is

ZC = 1

jω0

⎡
⎢⎢⎢⎢⎢⎢⎣

−K C0 · · · −K C−K · · · −K C−2K
...

. . .
. . .

. . .
...

εCK · · · εC0 · · · εC−K
...

. . .
. . .

. . .
...

K C2K · · · K CK · · · K C0

⎤
⎥⎥⎥⎥⎥⎥⎦

−1

,(12)

Owing to this proposal of EIM, the LTV components, which
was not included in the conventional impedance analysis, can
be equally treated as their LTI counterparts by using those
fundamental circuit laws, such as KCL and KVL [30]. One
of the most extensively investigated LTV-resistor is the time-
depended switch, whose dynamics was also discussed in HSS.
But for LTV-inductor and LTV-capacitor, they are rarely seen
in a real circuit. These two component models are prepared for
solving the problems with nonlinear (state-dependent) inductor
or capacitor, which is to be introduced in subsection II-C.

B. LTI Components

Given the matrix expression of LTV components, the matrix
expressions of LTI components are easy. For the linear com-
ponents, there is no mutual coupling among different har-
monic components in their dynamics. Therefore, the extended
impedance matrices of LTI-resistor R, LTI-inductor L, and
LTI-capacitor C are all diagonal as follows

ZR = diag
(

R, . . . , R, . . . , R
)︸ ︷︷ ︸

2K+1

, (13)

ZL = jω0 L diag(−K , . . . ,−1, ε, 1, . . . , K ), (14)

ZC = 1

jω0C
diag

(
− 1

K
, . . . ,−1,

1

ε
, 1, . . . ,

1

K

)
, (15)

Besides the passive components, the state parameters, such as
voltage and current can also be transformed into frequency
domain. For example a constant dc voltage is expressed in
vector form, e.g.,

V = [ 0, . . . , 0︸ ︷︷ ︸
K

, v, 0, . . . , 0︸ ︷︷ ︸
K

]T. (16)

C. Nonlinear Components

The model of LTI and LTV components were also covered
in the HSS method. However, nonlinearity is something that
cannot be directly described with extended impedance matrix.
In general, the characteristics of a nonlinear component at
a specific instant depend on circuit states, such as voltage
and current, rather than time. In other words, the values of
nonlinear resistor, capacitor, or inductor cannot be foreseen
before running the circuit. In order to make EIM applicable
to nonlinear components, we coin a solution called state-to-
time mapping (S2TM) and extended the iteration-free EIM
into an iterative EIM solution. For example, given a nonlinear
resistor r , whose instantaneous resistance depends on some
specific voltage and/or current states (denoted as vx and/or
i y), we assume those states do not change in the nth round of

Fig. 2. EIM flow chart.

computation. Therefore, the resistance can be taken as a time-
dependent feature. The corresponding extended impedance
matrix in this round can be calculated. This state-to-time
mapping flow can be abstracted as follows

r
[
v(n)

x (t), . . . , i (n)
y (t), . . .

]
S2TM−−−→ r (n)(t)

F ,EIM−−−−→ Z(n)
R ,(17)

where the superscript (n) denotes the nth round computation;
F means the Fourier transform. After getting the impedance
matrices of the mapped components, the frequency-domain
and time-domain expressions can be obtained with the basic
circuit laws and inverse Fourier transform. The flow is
abstracted as follows

H
[
Z(n)

R , . . .
]

KCL,KVL,OL−−−−−−−−→ V(n+1)
x , . . . , I(n+1)

y ,

. . .
F−1−−−→ v(n+1)

x (t), . . . , i (n+1)
y (t), . . . , (18)

where H [•] stands for the governing relation in the frequency
domain. The voltages and current results obtained in (18) are
updated as the (n+1)th round state. In this way, the fixed-point
iteration can be carried on.

D. Summary of EIM Procedures

The flow chart of EIM is summarized in Fig. 2. The key
steps are elaborated as follows:

1) Step 1©: The calculation starts from setting the initial
states (when n = 0), e.g., voltages v

(0)
x (t) = 0 and

currents i (0)
y (t) = 0.

2) Steps 2© – 5©: This path was summarized in (17). The
dynamics of nonlinear components, as functions of states,
are mapped to those of time. Then, all LTV components
can be modeled in an extended impedance uniform.

3) Steps 5© – 8©: These steps are the procedures of the
early-stage EIM [20], [29]. This path was also summa-
rized in (18). The steady-state results in the nth round
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Fig. 3. Buck dc-dc converter.

Fig. 4. The inductor current of dc-dc converters in steady-state. (a) CCM.
(b) DCM.

iteration is obtained with the basic circuit laws, such as
KCL, KVL, and OL.

4) Steps 9©: A specific tolerance δ is evaluated as the
iteration terminating condition. It can be the a weighted
sum of the relative norms of some targeted voltages
and/or currents, as shown in (19), where ax and by are
the weights.

∑
x

ax

∥∥∥V(n+1)
x − V(n)

x

∥∥∥
2∥∥∥V(n+1)

x

∥∥∥
2

+
∑

y

by

∥∥∥I(n+1)
y − I(n)

y

∥∥∥
2∥∥∥I(n+1)

y

∥∥∥
2

< δ.

(19)

5) Steps 10© or 11©: If the tolerance is satisfied in the nth

round, computation stops. The steady-state results can be
obtained in the time domain by taking the inverse Fourier
transform. Otherwise, the state variables of nonlinear
components are updated; then it enters the (n+1)th round
iteration.

Numerical iteration is necessary when the nonlinear com-
ponents are taken into consideration. At this stage, we use
the gradient-free fixed-point iteration to approach the steady-
state solution. More efficient gradient-based solution might be
investigated in the future.

III. CASE STUDY: A BUCK CONVERTER

The LTI, LTV, and nonlinear types of resistor, inductor, and
capacitor cover the essential components in almost all circuits.
EIM manages to model their dynamics; therefore, it can also
be used to analyze switched-mode power conversion circuits.
The dc-dc buck converter is one of the most representative
and fundamental switched-mode converters. In this section,
we take the buck converter as an example to demonstrate the
effectiveness of EIM in the steady-state analysis of switched-
mode circuit.

The topology of a buck converter is shown in Fig. 3, where
r is the equivalent series resistance (ESR) of the inductor.

Fig. 5. The equivalent model of (a) MOSFET Q and (b) diode D.

A MOSFET Q and a diode D act at the actively-driven switch
and passively-driven switches in the buck converter. A buck
converter might work under CCM or DCM, whose inductor
current waveform is shown in Fig. 4. By using EIM, we don’t
have to distinguish the operation mode in the analysis. Both
CCM and DCM share the same characteristic equations and
solution methodology.

A. Component Models

As shown in Fig. 5, the actively-driven MOSFET Q is
modeled as an LTV-resistance rsw (representing the PWM-
controlled switch) in parallel with a nonlinear capacitance cDS

(representing the junction capacitance). The parasitic junction
capacitance helps explain the high-frequency ripple in the third
phase, when both Q and D are both cut off. The passively-
driven diode D is modeled as a nonlinear conductance gD in
parallel with a nonlinear capacitance cD.

1) LTV-Resistance: The PWM-controlled LTV-resistance
rsw(t) is modeled with the piecewise function as follows

rsw(t) =
{

Ron, nT � t < nT + TD,

Roff , nT + TD � t < (n + 1)T .
n ∈ Z (20)

Ron and Roff are the on- and off-state resistance values,
respectively. TD is the conduction time of the MOSFET Q.
Applying the Fourier series, the LTV-resistor can be expressed
as follows

rsw(t) =
+∞∑

k=−∞
Rsw,kejkω0t , (21)

where

Rsw,k =

⎧⎪⎨
⎪⎩

Ronξ + Roff (1 − ξ), k = 0,

(Ron − Roff)
sin(kπξ)

kπ
e−jkπξ , others,

(22)

is the Fourier coefficient of the kth order harmonic. T , ξ , and
ω0 are the PWM period, duty cycle, and angular frequency
respectively. Substituting the coefficients provided in (22) into
(6) gives Zsw, the extended impedance matrix of the LTV-
resistor rsw.

2) Nonlinear Conductance: The nonlinear conductance
g(vD, iD) models the passively switching characteristic of a
diode. To study the DCM operation, it is necessary to obtain
the passively cutting-off instant of the diode. In the previous
studies, Plesnik et al. applied the ideal diode model to simulate
the boost converters with HB [21]. It is not a perfect automatic
simulation if conduction estimation of a diode switch is needed
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before analyzing the DCM operation. In this studying case, the
diode model is only based on the most fundamental Shockley
diode equation as follows1

iD(t) = −Is

[
e−vD(t)/(nVT) − 1

]
, (23)

where Is is the backward bias saturation current; VT is the
thermal voltage; and n is the ideal factor.

Different from that of the LTV components, the extended
impedance matrix of gD is unknown before running the circuit.
Its value depends on the voltage across and current through
the diode. Since diode D is connected in parallel with the
following circuit branch, it is more convenient to directly
model its dynamics in an admittance matrix, i.e., the inverse
of impedance matrix. Since the conductance is current over
voltage, the conductance characteristic of a diode can be
expressed with the following piecewise equation

gD(iD, vD) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Is
[
e−vD(t)/(nVT) − 1

]
−vD(t)

, vD(t) > 0;
Is

nVT
, vD(t) = 0;

−iD (t)

nVT ln [1 − iD(t)/Is]
, vD(t) < 0.

(24)

In the forward-bias region, i.e., vD < 0, a small voltage
disturbance during iteration causes an exponential increase in
the current. Therefore, gD is expressed as a function of current
in this region, to prevent the numerical divergence caused by
large voltage perturbation. Likewise, in the reverse-bias region,
where vD > 0, to prevent the numerical divergence caused
by large current perturbation, gD should be expressed as a
function of voltage in another way round. When vD = 0, gD
is defined as the slope of I-V curve at the origin. By mapping
gD(iD, vD) to the time domain in each round of iteration,
i.e., g(n)

D (t), we can further derive its corresponding extended
admittance matrix Y(n)

GD
.

3) Nonlinear Capacitors: Both cDS in the MOSFET equiv-
alent and cD in the diode equivalent, which are shown in
Fig. 5, model the junction capacitance across a P-N junction.
For example, the capacitance of cD is expressed as follows

cD (vD) =
{

C j0 [1 + vD(t)/Vbi ]−m , vD(t) � 0,

C j0, vD(t) < 0.
(25)

Vbi is the built-in potential. C j0 is the zero-bias junction capac-
itance. m is the bulk junction grading coefficient typically in
the range of 0.3 to 0.5. After extracting the Fourier coefficients
from the mapped c(n)

D (t), its corresponding extended admit-
tance matrix Y(n)

CD
can be derived according to (12). Likewise,

the matrix corresponding to the mapped c(n)
DS(t) can also be

derived as Y(n)
CDS

.
In this studying case, a MOSFET IRF510 and a diode

1N4148 are used in simulation and experiment. The specifi-
cations are extracted from their corresponding SPICE level-3
models and listed in Table I. From those parameters, the EIM
models of the nonlinear components can be built.

1The voltage vD and current iD defined here are in the reverse diode
direction.

TABLE I

SPECIFICATIONS OF IRF510 AND IN4148 FROM SPICE

Fig. 6. Equivalent circuit of a buck converter for EIM analysis.

TABLE II

SIMULATION AND EXPERIMENTAL PARAMETERS

B. Circuit Equation

Substituting the EIM models of the MOSFET and diode into
the buck converter schematic shown in Fig. 3, the equivalent
EIM model of a buck converter is shown in Fig. 6. The
components in black are LTI components. Those in blue are
LTV components. Those in red are nonlinear components.
In the nth iteration, the admittance matrices of the MOSFET
Q and diode D are given as follows

Y(n)
Q = Y(n)

CDS
+ Ysw, Y(n)

D = Y(n)
GD

+ Y(n)
CD

. (26)

Applying the well-established nodal analysis in this new
scenario, the frequency version of voltages vs(t) and vo(t) in
the (n +1)th iteration can be formulated into (27), as shown at
the bottom of the next page. The output voltage Vo is selected
as the targeted voltage for evaluating the stop condition in
iteration, i.e., by substituting Vo into (19) with a unit weight.

C. Steady-State Analysis

After formulating the buck converter circuit with EIM,
we simulate its dynamics under either CCM or DCM
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Fig. 7. Results with parameter set #1 (CCM). (a) Output voltage vo in
simulation. (c) Inductor current iL in simulation. (c) vo in experiment. (d) iL
in experiment.

Fig. 8. Results with parameter set #2 (DCM). (a) Output voltage vo in
simulation. (c) Inductor current iL in simulation. (c) vo in experiment. (d) iL
in experiment.

conditions. The two circuit parameter sets corresponding to
the CCM or DCM are listed in Table II. The simulation and
experimental results are comparatively shown in Fig. 7 and
Fig. 8, respectively. The convergences in EIM simulation are
illustrated in Fig. 9. For better comparison to the established
algorithms, simulations are run with EIM, PSpice, and HB,
respectively. The HB result is obtained in ADS software based
on the SPICE models. The harmonic order is also set to 100 in
HB for a fair comparison with EIM.

For the CCM case, as we can observe from Fig. 7(a) and
(b), the simulation results of EIM, PSpice, and HB agree with
each other very well. The output voltage vo in CCM is shown
in Fig. 7(a). Taking the PSpice result as the benchmark, the
relative error between the two results of EIM and PSpice is
0.12%, in terms of their average values; while that between HB
and PSpice results is 0.56%. Fig. 7(c) shows the experimental

Fig. 9. Convergence in EIM simulation. (a) Parameter set #1 (CCM).
(b) Parameter set #2 (DCM).

waveform of output voltage vo and gate drive voltage vGS.
The average value of vo is 3.56-V in experiment. Fig. 7(b)
and (d) are the simulation and experimental results of inductor
current iL in CCM. All experimental results further validate
the simulation ones using either EIM, PSpice, or HB. It takes
15 rounds of iteration to arrive at the steady-state solution
in EIM, as shown in Fig. 9(a). It takes 0.16-sec to arrive at
this result with EIM, while it takes 5.84-sec with PSpice and
22.18-sec with HB at a similar accuracy. The three simulations
are run on a same personal computer (PC) powered by an
Intel(R) Core(TM) i7-9700 CPU @ 3.00-GHz. In the PSpice
simulation, the stop time is set to 50.02-ms for ensuring the
arrival of steady state; the maximum time step is set to 50-ns.

As shown in Fig. 8, the simulation and experimental results
also show a good agreement in the DCM case. Fig. 8(a) is
the simulation results of vo. The relative error of vo between
the EIM and PSpice results is 0.05%; while that between the
HB and PSpice is 1.62%. The output voltage vo in experiment
reads 3.75-V as shown in Fig. 8(c). In the third interval, the
MOSFET and diode are all turned off. The inductor and the
junction capacitor start to resonate, so that a high-frequency
ripple is caused as we can observed in Fig. 8(b) and (d). Such
an ripple cannot be seen if only considering ideal switching
devices. Since the EIM model considers the junction capacitors
in both of the MOSFET and diode, the simulated waveform is
very close to those in PSpice and HB. The DCM result takes
18 rounds of iterations with EIM, as shown in Fig. 9(b). The
steady-state results take 0.10-sec, 19.56-sec, and 55.52-sec to
attain in EIM, PSpice, and HB, respectively. The stop time
in PSpice simulation is set to 150.02-ms. The maximum time
step is set to 50-ns. It is worth to note that, when using a time-
domain solver, the transient period in the DCM simulation is
longer than that in the CCM case. Therefore, when a converter
operates under DCM, the advantage of EIM simulation is more
significant towards the steady-state results.

Table III summarizes the relative errors and speedups among
EIM, PSpice, and HB results. From these comparison, it can
be summarized that EIM obtains a more accurate simulation
result with higher computational efficiency in both CCM and
DCM cases.

[
V(n+1)

s

V(n+1)
o

]
=

[
Y(n)

Q + Y(n)
D + YL + YR −YL − Yr

−YL − Yr YL + YC + YR + Yr

]−1 [
Y(n)

Q Vi

0

]
(27)
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TABLE III

COMPARISON AMONG EIM, PSPICE, AND HB SIMULATIONS

Fig. 10. Simulation results of diode voltage vs and current is. (a) vs in CCM.
(b) vs in DCM. (c) is in CCM. (d) is in DCM.

Fig. 10 is the simulation results of diode voltage vs and
current is. It also shows good agreement in the three cases.
There are some current spikes of is at the switching instants
according to the simulation result of PSpice in Fig. 10(b) and
(d). Therefore, it takes a large amount of high-order harmonics
to describe this steep mutation in these instants. The envelop
of the waveform of EIM is smaller than that of HB under the
same harmonic order.

D. Power Analysis

According to the Parseval’s theorem, the average power can
be calculated as follows

P̄ = 1

T

∫ T

0
v (t) i (t) dt = Re

[
VTI

]
(28)

Based on this formula, power analysis can be numerically
carried out by using EIM in the frequency domain, rather than
using some analytical approximating expressions in the time
domain [34]. Table IV shows the power and efficiency of a
buck converter in either CCM or DCM, obtained with EIM
and PSpice, respectively. Both results show good agreement
with each other. According to (28), the power loss breakdown
in all components can be calculated with EIM. The diode
conduction loss PD, MOSFET conduction and switching loss
PQ, and inductor conduction loss Pr are listed in Table V. The
results are also obtained with PSpice for comparison. Since
EIM is a frequency-domain method, it cannot accurately depict
the spikes of diode current during the switching instants by
using finite harmonics. Therefore, when applying (28), some

TABLE IV

POWER AND EFFICIENCY CALCULATED WITH EIM AND PSPICE

TABLE V

POWER LOSS BREAKDOWN CALCULATED WITH EIM AND PSPICE

deviations are found when calculate the power losses with EIM
and PSpice. But these deviations are relatively small; therefore,
not influence much in the overall estimation on conversion
power and efficiency, as summarized in Table IV.

E. Voltage Conversion Ratio

In order to further validate the effectiveness and accuracy
of EIM, the conversion ratio M of the buck converter is
comparatively evaluated with both EIM and experiments. It is
an intuitive way to illustrate the working mode of a buck
converter. The relation between voltage conversion ratio M
and duty cycle ξ is linear under CCM and nonlinear under
DCM. The conversion ratio M is defined as follows

M (ξ, B) = vo/vi. (29)

It is a function of duty cycle ξ and a parameter B defined as
follows [6]

B = 2L fs/R. (30)

For the buck converter, the boundary between CCM and
DCM can be defined with a critical value Bc = 1 − ξ [6].
When B > Bc, it works in CCM. When B � 1 , the converter
always works in CCM over the whole range of duty cycle
variation. When B = Bc, it is called boundary conduction
mode (BCM). When B < Bc, the converter works in DCM.
The parameter set #2 in Table. II is used to analyze the voltage
ratio under different duty cycle. The parameter B is changed
by adjusting the load resistance R. The experiment results
shown in Fig. 11(b) matches those obtained with EIM in
general.

Due to the small ESR of the inductor and the conduction
resistance of the MOSFET and diode, the voltage gain in
experiment has some small deviation from the ideal curves [6].
Ideally, when the buck converter works in CCM, the curves
should always overlap in the line M = ξ , as shown by
the dash-dot line in Fig. 11(a). However, due to existence
of the inductor ESR and conduction resistance, the experi-
mental results are not necessarily go along this specific line.
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Fig. 11. Conversion ratio M(ξ, B) of a buck converter. (a) Ideal case with
zero ESR. (b) Practical case considering ESR.

By including all of the parasitic resistance in the EIM model,
the results acquired by EIM show an agreement with the
experimental ones. It also shows that it is not necessary to
distinguish CCM and DCM in advance before running the
simulation process. The on/off state of the passively-driven
switch device, such as the diode D in this case, can be
automatically determined during the simulation process.

IV. DISCUSSION

From the case study of a buck converter in Section III, the
effectiveness of EIM in power conversion circuit simulation
was validated in general. However, at this stage, there are still
some insufficiency that cannot be solved right away.

In some applications or analyses involving multiple sources
under different frequencies, the fundamental frequency in
simulation should be set to the greatest common divisor of all
involved frequencies. On the other hand, the harmonic number
should be sufficiently large to show the details under the
highest source frequency. In this case, the harmonic number
might be incredibly large, making the simulation inefficient,
compared with its time-domain counterpart methods. Such a
case is likely to happen when doing the small-signal analysis
of power conversion circuits, say, to figure out the line-to-
output or input-to-output transferring relations. In small-signal
analysis, we analyze the effect of a small perturbation in the
input side or control side under different frequencies. The
greatest common divisor of all frequencies is rather small,
while the small-signal frequency is large, therefore, the calcu-
lation towards a full-scale Bode plot must be time consuming,
when using the numeric EIM. Likewise, the same situation

exists, when doing the pseudo transient analysis, where ideal
transient switches are added to reset the initial conditions,
such as charge of capacitors or current of inductors [32].
This issue might be solved by applying the multiresolution
analysis (MRA) in the future work.

Another limitation of EIM at the current stage is its
convergence problem. It is not always guaranteed, since it
utilizes the fixed-point iteration, which is a straightforward and
derivative-free numeric method. The convergence direction is
out of control in some cases, where the circuit network gets
more complex. This issue might be improved by using other
better or more suitable numeric solvers in the future.

V. CONCLUSION

The extended impedance method (EIM) is a
frequency-domain method for formulating and solving
the circuit dynamics. It differs from the previous methods
in that it extends the conventional impedance expression to
the matrix form, such that to cover almost all possible circuit
components, including linear time-invariant (LTI), linear
time-variant (LTV), and nonlinear ones. With EIM, it is not
necessary to rely on the state-space concept for solving a
nonlinear circuit problem. It can be easily done by using
the conventional circuit laws and the numeric fixed-point
iteration. EIM can be used to analyze the steady-state results
of general switched-mode power conversion circuits. Via the
case study of a buck converter, the effectiveness of EIM
simulation is validated. With EIM, it is no longer necessary
to distinguish the continuous current conduction mode and
discontinuous current conduction mode before simulation. The
EIM simulation results have shown a good agreement with the
PSpice and experimental ones. The simulation results of EIM
are more accurate than other frequency-domain steady-state
method such as harmonic balance (HB). It also costs much
less time than HB. In terms of computational efficiency,
EIM outperforms PSpice and HB by largely reducing the
computation time while providing a similar accuracy. More
future studies should be carried out to further reinforce the
convergence of EIM and make it applicable to the analyses
of more power conversion and other nonlinear circuits.
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