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Abstract—For the efficiency and simplicity of electric systems,
the dc power electronic systems are widely used in a variety of ap-
plications such as electric vehicles, ships, and aircraft and in homes.
In these systems, there could be a number of dynamic interactions
and frequency coupling between network and loads and other con-
verters. Hence, time-domain simulations are usually required to
consider such a complex system behavior. However, simulations in
the time domain may increase the calculation time and the uti-
lization of computer memory. Furthermore, frequency coupling
driven by multiple converters with different switching frequencies
or harmonics from ac-dc converters makes that harmonics and
frequency coupling are both problems of ac system and challenges
of dc system. This paper presents the modeling and simulation
methods of a large dc system by using the harmonic state space
(HSS) modeling. Through this method, the required computation
time and CPU memory can be reduced, where this faster simula-
tion can be an advantage of a large network simulation. Besides,
the achieved results show the same results as that of the nonlinear
time-domain simulation. Furthermore, the HSS modeling can de-
scribe how the frequency components are coupled with each other
through the different switching frequency of each converter.

Index Terms—DC distribution network, harmonic instability,
harmonic state space (HSS) modeling.

I. INTRODUCTION

UE to the advantages such as high energy efficiency, lower

line losses, and simple structure, the dc power electronic
systems are becoming more used in a variety of application. For
instance, electric ship, aircraft, home network, medical systems,
and dc microgrid are important applications [1]-[4]. In these dc
power electronic systems, the frequency coupling can happen
due to the multiple connections of other converters, loads such
as constant power loads, and control interaction [5]. These be-
haviors may cause the unexpected instability of the system as
well as unknown steady-state harmonics in the output. As a
result, it will bring EMI problem due to the high-frequency
coupling [6], [7] and lower the efficiency of conversion process
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because of low-frequency coupling [8] as well. The harmonics
and frequency coupling in the dc systems are new challenges
to be analyzed with ac distribution systems because the dc is
originally from ac—dc converters in the dc distribution network,
meaning dc also contains the low-order harmonics, for instance,
100 and 200 Hz. Hence, a proper tool is required to analyze
these interaction behaviors in the modeling and to emulate in
the simulation.

Even though nonlinear time simulation can be considered
as a solution, there are many difficulties in the case of large
complex systems. The transient and steady-state simulations
using switching models require a large computation memory
and long-term simulation time due to a time-step variation for
convergence. To overcome these difficulties, the several lin-
earized models have been researched to analyze the complex
behaviors.

The linearization of dc—dc converters has always been an im-
portant topic in the past few decades. The state-space averaging
(SSAV) method was first developed for the linearization of dc—
dc converters [5] to get rid of the time-discontinuous switching
behavior of dc—dc converters. This modeling procedure has been
commonly used for stability analysis and controller design of
dc—dc converters. It is, however, assumed that the switching rip-
ples are comparably small enough to be neglected and that the
ratio of switching to fundamental frequency is high (i.e., high
pulse ratio) such that the switching harmonics have no influ-
ence on the dynamics of the control system. This assumption
may yield an inaccurate model with overlooking the dynamic
frequency interactions of low pulse-ratio converters. In [9], the
averaging model, which takes the influence of the time-varying
effect of modulation into account, shows a better result than the
original state-space averaging model. Hence, it is important to
linearize the time-varying behavior of the model to analyze both
dynamic control interactions and frequency coupling character-
istics accurately.

To overcome the aforementioned limitations, several mod-
eling methods were developed to include the time-varying
effect in the converter models partially. First, the generalized
averaging (also known as dynamic phasor) method (GAV)
and multifrequency averaging technique were developed by
including the influence of harmonics [10]-[12]. However, if
multiharmonic components should be considered, the equation
becomes nonlinear. The number of state variable vectors and
the number of inputs can be different. Hence, the procedure for
both linearization and simplification is necessarily required to
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Fig. 1. Multiconverter dc power electronics system [nine dc—dc converters (#1

make it as a linearized model. The describing function is used
to linearize the nonlinear equation in [10]. However, it means
that the generalized averaging modeling method is also using
the same assumption with the describing function. At the end
of the procedure, it enforces the response as a single-input
single-output (SISO) system and it cannot emulate the coupled
response. Second, the ripple-theorem-based averaging models
have been studied to model some specific topologies which
cannot be modeled through the state-space averaging method
[13], [14]. The single-input multiple-output (SIMO) topologies
are modeled in [14] by using this theorem. The behaviors of
an inductor ripple are divided into several stages according to
the on and off status of switching, and each stage is averaged
by including the ac components of switching. The obtained
results show more accurate behavior than the traditional
state-space averaging method. However, the basic background
of this theory also starts from the averaging theory similar to
the generalized averaging method. The averaged switching
information may be difficult to represent the coupling behavior
between input and output sides of dc—dc converters.

Third, the sampling-based model is also proposed in [15] and
[16] to analyze the SIMO characteristic of the buck converter.
The method describes how the perturbed input frequency can
be transferred to the output frequency. The research found that
the traditional modeling mainly focuses on the low-frequency
perturbation and that the traditional way may be difficult to
figure out the high-frequency behavior. However, the method
is difficult to be used in the coupling analysis when the input
voltage contains the multiple frequency information simultane-
ously.

Fourth, based on the theory of harmonic domain (HD) [17],
extended harmonic domain (EHD) [18], and harmonic transfer
function (HTF) [19], the harmonic state space (HSS) modeling
methods are developed to linearize all time-varying compo-
nents of the ac—dc converter, e.g., pulsewidth modulation,
nonlinearities of passive components, and ac/dc disturbances
[20]-[22] and to analyze the harmonic coupling and stability

to #9), three dc loads (#1 to #3)]. BESS, battery energy storage system.

with additional harmonic impedances for complex systems,
which cannot be found by the conventional approaches [23].
These methods have intuitively showed how frequencies are
coupled to each other and how they interact with the controller
dynamic and passive components. Furthermore, the basic
structure of the HSS method is based on the multiple linear
time-invariant (LTI) systems derived from the linear time-
varying (LTV) periodic (LTP) system. Hence, the model has
the feature of multiple-input multiple-output (MIMO) systems,
and it makes the model to emulate the interaction between the
multiple-frequency outputs and the multiple-frequency inputs.

This paper proposes a simulation model for dc power elec-
tronic systems using the HSS modeling method. First, the mod-
eling procedures for de—dc converters such as buck, boost, and
buck-boost are explained briefly. Second, the multiparallel con-
nected dc—dc converters are implemented based on the single
dc—dc converter modeling results. Third, both the steady-state
and dynamic characteristics of the converters are simulated by
using the HSS method. Fourth, the frequency coupling charac-
teristic is described with two case simulations. The analyzed re-
sults are verified by the time-domain and the frequency-domain
simulations as well.

II. HSS MODELING METHOD FOR DC POWER
ELECTRONIC SYSTEMS

A. Review of HSS Modeling

The HSS modeling method is originally introduced to include
time-varying elements in the linearized model. The LTV model
is practically a nonlinear model because of the varying char-
acteristic of the system parameters having a varying operating
point. Hence, the model is difficult to be solved at a specific
operating point such as in the linear time-invariant (LTT) model.
However, if all signals are assumed to be varying periodically,
it is possible to linearize the model by means of Fourier series.
Based on these assumptions and definitions, the HSS model
can have a format as shown in (1), where X, is the harmonic
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TABLE I
CIRCUIT DIAGRAM AND HSS MODELING OF DC-DC CONVERTERS FOR USE IN DC GRID: (A) BUCK CONVERTER, (B) BOOST CONVERTER, AND (C) BUCK-BOOST
CONVERTER, WHERE Z IS THE ZERO MATRIX

#N Bus #N-1 Bus
DC-DC . . 1
iin P i iLoad Converter [ I,(t) ] _ 4 diag( L) [ I,(t) ] n
w S— Bl Vo] |diag) N [Wour(®)
— d
Vout T(swW) 7 ¢ o o
DC L . i [ in( ) ( 4)
load A diag(— C_dc) I10aa(t)
—> DC-DC *Small-letter : time-domain signal —>
Converter *Capital : time-varying Fourier coefficient
(a)
#N Bus #N-1 Bus
DC-DC
: - ; ; ’ —N -r(-sw
_’iﬁ_ﬁ L Load Converter [ 1,(t) = |rca-sw) ( Nr1 L(©)
+ l\ = + ] —> Vot () Cac —N Vout(t)
Vin w (& e R cf Vou i 1
_ T d d : t dlag(z) Z Vin (6) ] )
Dt Z diag(— =) | ULoaa(t)
load Cac
—> DC-pC *Small-letter : time-domain signal —>
Converter *Capital : time-varying Fourier coefficient
(b)
#N Bus #N-1 Bus
) - } DC-DC . _N _ra-sw)
Lin /c 13 L ULoad Converter [ IL (t) — IL(t) ] +
+ sw ™~ + —> Vout(t) F(%:W) —N Vout(t)
Vin L-R Cac| | Rac| |Vour T(sW) ZC
R - Vin (t
DC L ] i [ ln( ) (6)
load z  diag(— ;)| Hroaa(®)
—> DC-DC g, ent : time-d in signal —> ¢
Converter *Capital : time-varying Fourier coefficient
(©
state matrix, Y, is the output harmonic matrix, U,, is the in- where
put harmonic matrix, and A,,_,, is the harmonic system matrix
driven by the LTP theory [23]. B,,_,,Cy—m,and D, _,, are  p (t) = emdhwot [ pmiwet mjwot g gjwnt pi2wot . pihwot
also the harmonic state matrices, which are dependent on the ' /
number of input and output. All the matrix sizes are dependent X=[X )X 10)Xo®) X1 ()X ).

on the number of harmonics considered in the HSS modeling

procedure
B. Topology Modeling

Based on the modeling procedure, all components can be
modeled into the HSS formulation. A multiconverter dc power
electronic system is shown in Fig. 1, where the dc—dc converters

(s + jmwy) X, =

ZOO: Anfm Xm + zx: anm Um

Y"n =

i OTL*TTL XTTL J’_ i D7L77VIV U'le' (1)

Each time-varying harmonic vector (X, U, Y) can be trans-
formed into the time domain by using

r(t)=P(t)X )

(#1 to #9) and dc loads (#1 to #3) are only considered in this
paper. The other related converters such as a bidirectional dc—
dc converter and an ac—dc converter are assumed as constant dc
voltage/current sources. Based on (1), three principal converters
(buck, boost, and buck—boost) are modeled according to the pro-
cedure described in [23] and [24]. Even though there are more
various kinds of circuits and thus models such as full-bridge
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Fig. 2. Block diagram of the harmonics vector flow for calculation of buck
converter.

type, interleaved converter, flyback converter, these topologies
are also basically derived from three principal models.

According to (1) and (2), the topologies can be modeled
as shown in Table I and (4)—(6), where “N” is derived from
derivative of (1) as shown in (3), “diag(-)” means the diagonal
matrix and “Z” means the zero matrix

N = diag [—jkwy ... — jwo, 0, jwo, ... jkw) 3)

In the case of a switching element, the harmonic components
should be transformed into the Toeplitz matrix (I'(.)) to perform
a convolution. Furthermore, it is noted that the small variation
term of switching vector (I'(SW)) will be updated from the
controller in every state change. Additionally, the number of
harmonic vectors decides the accuracy of the modeling results.
Hence, the optimized selection of both the fundamental fre-
quency and the number of harmonics vector are an important
criterion to do a fast and accurate simulation. In this paper, the
fundamental frequency (f,) is selected as 50 Hz to consider the
low-frequency coupling behavior and the number of harmonics
considered is by the 20th-order harmonics for each component.
Additionally, the high-order components are also taken into ac-
count to investigate the coupling behavior in high-frequency
region.

The flow of the harmonics vector is shown in Fig. 2, where
the buck converter is used as an example to explain how the
harmonics vectors are updated to the other components during
calculation. The harmonics vectors of the other converters can
also be transferred to their components in a similar way. The
small letter in Table I (a)—(c) means the time-domain signal.
The capital letters in Fig. 2 and Table I (4)—(6) stand for the
harmonic coefficient components, which are derived from the
Fourier series.

Each block has its input (U) and output (Y) harmonic vectors,
as shown in Fig. 2. In the case of a buck converter model, the
module can be divided into three blocks, namely, the “L-R
circuit,” the “R—C circuit,” and the “switch circuit.” The time-
domain switching function is reorganized into a Toeplitz (I") [20]
matrix to perform a convolution, as shown in Fig. 2 (SW). First,
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the dc input voltage harmonic vector (V;,) is convoluted with
switching Toeplitz matrix (SW). The results can be the input
vector (V) of the “L—R circuit.” Another input vector (Vo)
of the “L—R circuit” can be derived from the “R-C circuit.”
The result (I1,) of the “L—R circuit” is the input vector of the
“R-C circuit,” where the “R-C circuit” includes the load (R)
information and this can be changed into the current/voltage
source. The inductor current (/1,) vector can also be convoluted
with the switching vector (SW) to calculate the input vector of
the input current harmonic (Z;;,). Conclusively, all input, output,
and state harmonics vectors are iteratively updated, as shown in
Fig. 2. The harmonic vector flow of other topologies can also
be adapted in a similar way.

By using each achieved model, the simulation of multi-
ple de—dc converters is possible. A similar approach using
the generalized averaging (GAV) [3] is researched to reduce
the simulation time as well as the complexity. However, the
GAV normally adapts a harmonics having a large magnitude
than other harmonics relatively. Hence, it is difficult to see the
correct frequency interaction, which is caused by other frequen-
cies. The importance of this characteristic is noticeable when
the dc—dc converters are connected with an ac—dc converter in-
terface such as wind turbine, photovoltaics, microturbine, and
ac loads. However, the HSS model can investigate how the har-
monics are related intuitively because of the modularity of the
components as shown in Fig. 2 and Table I.

C. Controller Modeling

In this paper, the dc output is only considered as a target
to control the dc—dc converter in order to take into account the
controller interaction in the dec—dc converter model. However, in
order to account for the dynamics caused by nonlinear switch-
ing, the controller should also be linearized as the case of the
linearized topology model in Fig. 2.

The different procedures can be compared with the time-
domain simulation. In the calculation procedure of the time-
domain results, the product of two time-domain signals can be
represented as shown

out (t) = (t) -in (¢) @)

where in(#) and out() are the input and the output signals, re-
spectively, and u(?) is the time signals to change the formulation
of the input. For instance, u(7) can be a switching signal sw(?) or
a nonlinear component like an inductor. Contrary to (7), the lin-
earized harmonics vector can be considered in the HSS model to
reflect the variation of the non-LTV components u(?), as shown

AOUT (t) = Upage - AIN (t) + AU (t) - INpase  (8)

where Upase, INpase are the harmonics vectors of the previous
state and AIN(¢), AU(t) are the small variations of the har-
monics vectors (IN(¢), U(t)). The division of two time-domain
signals can also be linearized into harmonics vector represen-
tation by means of the partial differentiation as shown in (7)
and (8).

The block diagram of the generalized dc-voltage controller
is shown in Fig. 3, where the signals with small letters are the
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Fig. 3. Block diagram of a generalized controller for the dc—dc converter.

(a) Nonlinear simulation model for the time-domain signals. (b) Linearized
simulation model for the HSS model, where the harmonic vectors (capital) are
used as the signals.

time-domain signals and the signals with capital letters mean the
harmonics vectors, including both the 20th-order harmonics and
high-frequency range (0.5 fsy, - - -, 2fsw, 3fsw - - .) in the vector.
According to the procedure given in (7) and (8), the nonlinear
time-domain model in Fig. 3(a) can be linearized into the HSS
model as shown in Fig. 3(b). The detailed equations derived
from the linearization procedure are shown in (9)—(12)

PI(s — jhwy)

Plyss = PI(s)

PI(s+ jhwy)
)
where PI(s) = K, + K, /s, K, is the proportional gain, K7 is
the integrator gain, and Plygg is the HSS format of PI(s)

H (s — jhwy)
Hysg =

H (5 + jth)

(10

where H(s) = 1/(s - Kipt + 1), with Kj,¢ being the low-pass
filter bandwidth and Hygg being the HSS format of H(s)

PI! 1
AM, (t) = =~y AVae (1) + 5 Plous (1) (11
V)T V)~ v
where VP, PI!,, are the previous state values and

AV (t), APLyui(t), andAM,(t) are the updated states of
the dc voltage, the output of PI controller, and the modulation
index, respectively

ASW (t) =T (SW,, — SW,_1 ) AM, (t) (12)
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where SW,,, SW,, _; are, respectively, the present status and the
previous status of the PWM harmonics vector.

The updated harmonics vectors in Fig. 3(b) are continuously
transferred to the state vector of the dc—dc converter to up-
date the state. The same linearized dc-voltage controller is used
in the three different topologies with various controller gains
and references. Additionally, regarding the controller scheme,
the different types can be modeled by using the HSS method.
First, the low-pass filter used in this paper is to filter out the
switching ripple of dc voltage because the PI controller used
in the controller in Fig. 3 has a high gain at a dc frequency
region. However, it can directly be sensed by using a voltage
divider as well. Second, the reason why the output signal of the
PI controller is divided by wvq. is to scale down the controller
output before it is compared with the saw-tooth carrier signal.
The sensed voltage or current signals in the controller are gen-
erally scaled up or down to adjust the magnitude of signals. The
used controller scheme in this paper can be changed by various
ways.

D. Low-Voltage DC-Cable Modeling

To consider the interaction caused by the connection of cable
and converter, a low-voltage dc-cable is also modeled. Instead
of using a simple inductance or resistance model, the PI-section
model is taken into account according to the length of the cable.
The derived result is shown in Table II, where the HSS model-
ing theory (1)—(3) is also used to include the harmonics in the
model and Gpy, Cp1, Lp1, and Rpj are, respectively, the con-
ductance, the capacitance, the inductance, and the resistance of
the PI-section cable model. In addition, the acronyms and sub-
scripts used in (13) have also the same meaning as in (4)—(6).
The achieved cable model can be combined with other convert-
ers and loads, as shown in Fig. 1 (Cable #1 to Cable #12). An
ac-cable is considered in the dc-grid system to adapt practical
data for simulations. The used cable data are as follows [25]:

1) current rating: 200 A;

2) cable type: three-conductor A1-PVC 185 mm?;

3) resistance: 0.152 m{2/m;

4) inductance: 0.237 pyH/m;

5) capacitance: 2 pF/m (assumed);

6) cable length: 1000 m (Cable #1 to Cable #12).

The conductance is not taken into account in the parameters,
and the capacitance is determined as the assumed values. How-
ever, the effect of the capacitance can be neglected because the
dc system does not need to consider the reactive power driven
by the parasitic capacitance of the cable.

III. HSS SIMULATION RESULTS

To validate the modeling and analysis results of the dc power
electronics system, MATLAB and PLECS are used for time
and frequency domain simulations to illustrate the two different
assessment methods. All the simulations have been performed
using 17-4800MQ CPU (2.7 GHz). The presented dc—dc con-
verter models in Section II are used to validate the dc power
electronic systems.
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TABLE II
CIRCUIT DIAGRAM AND HSS MODELING OF LOW-VOLTAGE DC CABLE: (A) CIRCUIT DIAGRAM OF CABLE MODEL (PI SECTION), WHERE Z IS THE ZERO MATRIX

#N

Converter

#N-1
Converter

DC-DC

Converter
—>

DC
load

—> DC-DC *Small-letter : time-domain signal
Converter *Capital : time-varying Fourier coefficient

(a)

L,(®)
; Gp; ; 2
diag (— —) -N Z diag (— —)
Cpr Cpr Vi (©)
G 2 mn
= z diag (— 2N diag (—) Vot (£)
CPI CPI IL (t)
1 1 R
diag (—) diag (— —) diag (— i) —N
Lp; Lp; Lp;
diag (- A
. 9 (Cp:) ' 5 [ Iin () ] (13)
A4 diag(— C_P') Lot (1)
A V4

From the To other
Source.. load..
Via Vo Vin Voue From the
—»| HSS - T HSS | =, Source.. T‘;n::’h“
Cable —=%,! DC-DC Vv, V. Vi Vi
[ #N lia [ #N Jin w HSS o v HSS | =,
Cable —=,! DC-DC
fioed #N In [ #N Lo
(a) From
other load.. To other
Fs-"ﬂﬂ' the load..
ourc:; ” HSS Iny :m HSS Vout
——| Hss —“._u. HSS ba | Node —%«,| DC-DC
—Z«,| bc-DC ol Load |l Distribution |at™. hows | 4N e
fioud #N I - #N From
other!:';ac..

(b)

Fig. 4.

(c)

Block diagram for the connection of each HSS module into a full simulation cases. (a) DC-DC converter connection with single cable, (b) dc—dc converter

connection with single load, and (c) two parallel connected dc—dc converters connected with a single input cable.

A. Simulation Parameters

To show the switching ripple in the simulation, the switching
frequency of each dc—dc converter is assumed to be 5 kHz. The
bus #1 in Fig. 1 is assumed as 200 V4.. Based on the dc voltage
of the main bus (Bus #1), the dc voltage is boosted by using
the dc—dc converters (#1 to #3). The buck converters (#4, #9)
are considered to step down the voltage for the loads (#1, #3).
The buck—boost converters (#5, #6) are deemed to control the
dc voltage in order to manage a time-varying dc voltage (BESS,
PV, fuel cell). Also, the boost converters (#7, #8) are taken into
account to step up the voltage for the load and for a wind turbine,
as shown in Fig. 1. For the simplicity of the simulation model,
the outputs of PV, BESS, and wind turbine are assumed to have
a constant dc voltage. The resistive loads are only considered for
the simulations. However, the proposed simulation model can
be extended to connect to the constant voltage loads, constant
power loads, and other RLC loads.

B. HSS Module Connection

To connect the developed HSS module in the previous section,
it is required to link both the input and output harmonics vectors
into a final model. Three examples are shown in Fig. 4 to explain

how the HSS module can be connected to each other, where the
capital means the harmonics vector as given in (2).

The final input and output vectors of each dc—dc converter
can be defined by the dc voltage reference (Vj.), the input
voltage (V;,), and the output load current (/1,q ), in addition the
output voltage (V,,;) and the input current ([, ) are the output
harmonics vectors. The cables and loads can also be similarly
defined. The definition of input and selection of output channels
can be adjusted according to the user’s choice.

The cable and single converters can be connected, as shown
in Fig. 4(a), where the output voltage of the cable can be linked
to the input voltage of the dc—dc converters and the current input
vector of dc—dc converters is connected to the output harmonics
vector of the cable. The connection with the dc—dc converter
and load can also be made, as shown in Fig. 4(b). However, in
the case of parallel connection of converters or cables, a node
distribution matrix (Dist,q. ) is required to divide or to combine
the multicurrent/voltage signals, simultaneously, as shown in

Fig. 4(c). The formulation to do this can be defined as follows:
Distyode = [eye(k),, eye(k)y, ...eye(k),] (14)

where the eye(-) means the identity matrix and the size of the
matrix are dependent on the number of harmonics (k). Addition-
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9

ally, “n” means the number of nodes to be added to one node.
Through the connection module method described in Fig. 4,
the other series and parallel connections can also be achieved.

C. Simulation (Steady State/Dynamic)

Based on the given parameters, the simulations and com-
parisons are derived, as shown in Fig. 5. The harmonic vector

obtained from (1) can be converted into the time domain by
rotating with the harmonic frequency. The summation of each
harmonics into a time-domain signal is then shown in Fig 5.
The results show that the HSS simulations are matched well
with the nonlinear time-domain simulations (PLECS), as shown
in Fig 5.

The simulation results are tested with two cases. First, a
transient state from the starting point is tested to validate
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the calculation and convergence from the “zero” initial state.
Second, the dynamic behavior from steady state is also
simulated to test both the switching instant variation and the
update of the previous state value. Besides that, the accuracy
of the simulation result is also discussed with the comparison.
The constant dc voltage (200 V4. ) is stepped down to 150 V.,
as shown in Fig. 5(a). The main dc bus (Bus #1) is converted
into 500 V4. through a boost converter, as shown in Fig. 5(b).
Using the buck—boost converter, 500 V. is also converted into
250 V4.. The results indicate well the transient state from the
starting point and the convergence of the steady state.

Furthermore, the dynamic response of the buck and boost
converters during the steady state, which happens when con-
necting to the other load converters (at t = 0.1), shows the same
results with the nonlinear time-domain simulation, as shown in
Fig. 5(c). According to the increased load, the output voltage
converges to steady state and the load current is increased simul-
taneously. The output dc voltage is also tracking the reference
voltage again, as shown in Fig. 5(d), even if the dc input volt-
age is changed. The input current is thus increased to keep the
same output power during the operation.

Compared to the nonlinear time-domain simulation and the
other modeling methods, the accuracy of the simulation depends
on the number of harmonics and the precision of the Fourier
series. The compared results are shown in Fig. 6(a) and (b); the
results show that the precision can be increased by increasing
the number of harmonics. However, the calculation time will be
increased due to the size of the matrix.

In a simulation of a single converter, the nonlinear time-
domain simulation is faster than the HSS model. However, the
HSS model has similar performance. For instance, the 1st to 20th
harmonics can be considered to analyze low-frequency coupling
caused by ac—dc and dc—dc converters. Besides, switching har-
monics and its multiple harmonics can also be a part to emulate
the switching ripple. Otherwise, the switching frequency of the
dc—dc converter can only be considered for the analysis of dc—dc
converters. Furthermore, the HSS model has more advantages
as the number of circuits increase. The calculation time of the
long-term HSS simulation is also shorter than the nonlinear
time-domain simulation. The comparison of two methods is
shown in Table III.

TABLE III
SIMULATION TIME COMPARISON

Simulation Condition (Module/Simulation Time) PLECS HSS
1 converter/1 s 6s. 7s.
9 converters, 3 load/1 s 50 min 4 min

Controllers are all included in the module.

D. Detailed Dynamic Behavior of Harmonic Vectors

One particular case is depicted later where the relationship
between the small variation of dc voltage (AV,,) and the re-
sponses of switching instant variations (ASW) is explained.

First, the nonlinear behavior of (7) is explained by means of
Fig. 7(a) and (b). The saw-tooth carrier signal (v,,) iS com-
pared with the controlled reference signal (v;.¢) and the result
is the PWM signal, as shown in Fig. 7(b). The variation of the
reference signal at a certain time may also bring the variation of
switching signal Asw(t), as shown in Fig. 7(b). This difference
can be calculated and reflected in the nonlinear time-domain
simulation by finding a convergence point with iteration. How-
ever, it may take time for increasing the number of simulation
target because it needs to find various convergence points. In the
case of HSS method, (8) can be used to emulate the behavior
of (7) where “base” means the previous state values. Contrary
to Fig. 7(b), the variation of switching instant in HSS method
is represented by varying multiple harmonics, as shown in Fig.
7(c). It is noted that all harmonics of Asw(t) are represented
by ASW_j, 5 (t). As a result, the variation of the dc voltage,
inductor current, and control output can be reflected by using
(8), which is composed by varying multiple harmonics. This
approach does not require a calculation of convergence point at
a zero crossing point. Furthermore, the frequency coupling be-
haviors driven by switching are included at steady state as well
as at dynamic state. The simulation results of a buck converter
are depicted in Fig. 7(d)—(f), where the dc voltage reference
is changed from 100 to 120 V at 1 s. The linearized varying
switching harmonics are involved with the previous harmonic
state value of dc voltage and inductor current to reflect the
dynamics driven by nonlinear switching according to (8). All
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Detailed description of the small-variation (A) behaviors: (a) time-domain representation of carrier signal (v, ) and reference signal (v, ), where the

changed reference is in red color, (b) time-domain representation of PWM signal and small variation of switching signal Asw(¢), (c) HSS direct simulation of
switching instant variation, where all signals are varying harmonics (—#A, ..., h), (d) direct HSS simulation result of switching instant variation ASW _;, . (¢),
(e) direct HSS simulation result of dc-voltage variation AV, ¢(_j... 1 5) (t), and (f) direct HSS simulation result of inductor current variation AI7 (_,. 4 1) (t).

varying harmonics are shown in Fig. 7(d)—(f), where it is pos-
sible to investigate how harmonics are changed and converted.
Though the variation of harmonics except the dc component is
small in Fig. 7(d)—(f), those are containing the possibility to be
involved in a frequency transfer from input or other nodes. All
switching behaviors used in this paper are using (7) and (8) and
are operated as shown in Fig. 7.

E. Discussion About Frequency Coupling

The HSS modeling and simulation results are verified by
means of comparison with nonlinear time-domain simulation in
the earlier section. It is worth noting that the HSS shows exactly
the same harmonics and ripple shown in the time-domain simu-
lation. It is possible due to the consideration of switching instant
behavior and its continuous update, which cannot be included
in the conventional modeling method, for instance, GAV and
SSAV. The frequency coupling causes the frequency transfer
from one side to the other side, another frequency generation
and mitigation through switching. Hence, this section explains
the details and theory how this frequency coupling effect can be
shown in HSS model by means of an example.

The buck converter is considered as an example to validate the
availability of frequency coupling analysis in HSS model. The

assumed case is low-frequency coupling when the ac—dc con-
verter is connected to the input or output dc voltage of the dc—dc
converter, which can be a common case as dc-network applica-
tion is increasing. The fundamental frequency ( f) of ac—dc con-
verter generates 2f,, 4f, ..., in single-phase ac—dc converter
applications and 6 f, 12f;, ..., in three-phase applications due
to the frequency coupling through the modulation. Even though
various ways have been researched to mitigate these harmonics,
there are pros and cons. For instance, the proportional resonant
controller can compensate harmonics. However, it also gener-
ates another harmonics or adjusts the stable region of the system
[26], [27]. Hence, it is needed to investigate the nature of the
low-frequency coupling between the ac—dc converter and the
dc—dc converter.

Passive elements and switching frequency used in the buck
converter (#4) is used for simulation. The low-frequency os-
cillation in the dc input voltage is defined as 100 Hz (10%)
under the assumption, where the single-phase ac—dc converter
is connected to the input of the dc—dc converter. The modula-
tion procedure between the input and output filters can be simply
represented as given in (15), where vq.,, (t) is the input voltage,
d(t) is the modulation ratio, wy is the low-frequency compo-
nent of the input voltage, wy is the low-frequency component in
modulation, v,y (t) is output voltage by means of modulation,
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(c) dynamic behavior of harmonics in dc voltage.

Lt}

another high-frequency components are aggravated as “...,
and 3, « are the small ratios of the low-frequency component
to represent the varying modulation index

Vout (t) = [d (t) . (1 + - cos (Wdt) + .- )]

[dey, (8) - (L+ G- cos (wt) +---) ] (15)

It is worth noting that (15) shows the ordinary duty ratio
equation between the input and the output, if v, 3 are equal to
“0.” Otherwise, «,  can be assigned according to the operation,
where « can be defined based on the load condition and [
can also be decided depending on the topology connected to
the dc input. Additionally, the other possible frequency can be
inserted to the both the input and the duty oscillation. Coupled
frequency components shown in the output side can be simply
represented as given in (16)—(18), where vyt 4. (¢) is the dc term
of (15), voutiow (t) is the low-frequency nature from both input
and modulation, and vy, ., (¢) is the coupled frequency driven
by the multiplication of two frequencies

Vouty, () = vdey, (t) - d () (16)
Voutygy (1) = Vae;, () - d(t) - a - cos (wat)
+ vde,, () -d(t) - B - cos (wst) (17)
Voutrnes () = (Vdey, (B) -d(t) - 5)/2 - [cos((wg + ws) t)

+ cos((wqg — ws) t)]. (18)

The frequency coupling driven by other added frequency can
also be explained in a similar way. However, note that all behav-
iors in (16)—(18) are non-LTV. Hence, it is difficult to emulate
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Buck converter simulation result for frequency coupling effect: (a) HSS simulation result of dc output voltage, (b) FFT result of dc output voltage, and

in a conventional way because of averaging and the nature of
LTI system (SISO). According to the described modeling and
simulation procedure, the HSS simulation result of the buck
converter is shown in Fig. 8 that 100 Hz (second order) har-
monics are shown with a switching ripple and dc component,
where this frequency is transferred from the input frequency. The
switching function includes the seventh-order harmonic before
the second-order harmonic is perturbed into the dc—dc converter.
The result in Fig. 8 shows that the injected second-order har-
monic at 1 s affects to the other side low-order harmonics (fifth
and ninth), where the fifth harmonic is increased and the ninth
harmonic is decreased according to (15)—(18). The dynamic be-
havior of each harmonic shows different transient responses,
which means all harmonics have different frequency responses.
It is noted that the transformation of Fig. 8(c) by using (2) is
exactly the same as Fig. 8(a). Hence, it is noticeable that the
nonlinear behavior of (16)—(18) correctly reflects the final sim-
ulation result by means of HSS method since the LTP model
can show multiple frequency output characteristic from multi-
ple sinusoidal inputs and show how the frequency is coupled,
attenuated, and canceled each other.

FE. Short Discussion About the Asynchronous Behavior

The fundamental structure of HSS method is based on the
theory of the LTP system where it is assumed that all signals
and parameters vary periodically. Hence, if the test object does
not have a periodic status, the HSS method is difficult to be used
in the analysis, and this could be a limitation of this method.
However, it has been researched in [20]-[22], [28], and [29]
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that almost all power electronic systems include the periodic
behavior and that the frequency coupling behavior are mainly
appeared by means of the periodic interaction. Additionally,
the interharmonics that can normally be investigated in the ac—
dc application have been analyzed with the HSS (HD) method
[30], [31] by selecting a base frequency as 0.1 Hz, 0.5 Hz,
etc. Though the matrix size could be huge in this case, several
methods, including a sparse matrix, have been studied to reduce
the matrix size, which is quite related with the computation time.
However, the simulation of this small range frequency coupling
would take more time in the nonlinear time-domain simulation
because it needs to reduce a time step more and it consequently
brings a huge simulation time for a large system. Furthermore,
even if the system has an asynchronous feature in the operation,
as long as the system has the periodic properties, the system
has the possibility to be analyzed by the HSS method. The
diode and thyristor applications, which have the characteristic
of parameter-dependent switching have also researched in [20]
and [29]. The asynchronous switching behavior is modeled by
the HSS method, and the result shows an accurate simulation
result compared to the nonlinear time-domain simulation.

IV. CONCLUSION

This paper presents the modeling and simulation of dc power
electronic systems by using an HSS modeling approach. Each
component, as well as the dc—dc converters, is modularized to
connect it with other models. The selected converters are ana-
lyzed and validated by means of the proposed method. To verify
the validity of the HSS model, the HSS simulation results are
compared with the nonlinear time-domain simulation. Also, the
frequency coupling between the source of the power converters
and the output of power converters is also analyzed. The overall
results derived from the HSS model show the same performance,
which means the transfer function derived from HSS model has
more accurate characteristic than the conventional modeling
method, e.g., SSAV or GAV. Besides, the whole dc—dc con-
verters are simulated by using HSS method for the large-scale
network. The result shows that the HSS can provide faster sim-
ulation time with the same result with nonlinear time-domain
simulation. Furthermore, the model proposed in this paper can
include various harmonics, where it can be used for the analy-
sis of harmonic interactions, the design of the controller or the
stability assessment, which cannot be found in the LTI model.
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