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Abstract—In-depth models of single-phase grid-tied
power converters facilitate the examination of low-
frequency (LF) interactions among loads, distributed
energy resources (DERs), and synchronous generators
by operators and designers. These interactions are
becoming increasingly significant with the growing
integration of power electronics into electrical grids. This
article extends the envelope modeling (EM) technique
to develop LF linear time-invariant (LTI) circuit models
for single-phase grid-tied power converters. The models
utilize an independent phase signal that aligns with the
most appropriate reference frame. This methodology
preserves the LF dynamics inherent to the power converter
and control system. The practicality of this method is
evidenced by constructing a model for a bridgeless
totem-pole power factor corrector (PFC), which includes
a zero-crossing detector (ZCD) and operates without
closed-loop regulation. The outcomes from this model
are juxtaposed with those from a switched model and
other well-stablished modeling techniques for comparison.
Furthermore, a commercially available circuit design
featuring current and voltage control loops is simulated,
and the results are corroborated with experimental data.
These experiments are conducted under disturbances
influencing the converter’s performance within its linear
operational range.

Index Terms—Envelope modeling (EM), grid-connected
converter, power factor correction (PFC).
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I.  INTRODUCTION

HE increasing penetration of power electronics within
T electrical grids intensifies low-frequency (LF) interactions
among loads, distributed energy resources (DER), and syn-
chronous generators. It exacerbates the risk of instability in
power grids [1], [2]. Threat assessment necessitates the eval-
uation of the time domain transient responses for diverse sce-
narios. Moreover, at the power converter side, LF corrective
actions due to outer/slow control loops, such as DC voltage
regulation in AC/DC converters or synchronization and active-
reactive droop control in DC/AC converters, induce interac-
tions at the point of connection (PC) that warrant in-depth
analysis [3], [4].

Most research efforts are focused on grid-connected power
converters rated over tens of kilowatts. However, 1¢ configu-
rations, around 3.6 kW and below, dominate low-voltage (LV)
residential grids. These configurations are used for home ap-
pliances, plug-and-play photovoltaics, domestic power storage,
electric vehicles, and light mobility. Extracting LF character-
istics in 1¢ power converters is challenging since only one
set of phase voltage and current measurements are available,
and effects at twice the grid frequency have to be rejected for
LF studies.

Analytical- and circuit-oriented approaches have been pro-
posed for studying LF interactions in LV 1¢ power systems
under diverse scenarios. The target is to transform averaged
models using the switching period of single-phase power con-
verters into models retaining the most relevant characteristics of
the controlled power converter to identify the interaction with
the grid.

To address this problem, in [5], [6], and [7], the Park (dq)
transformation is used to represent the grid voltage and line
current in the rotating reference frame (RRF), which requires
synchronization with the AC side of the power converter. An in-
termediate step is shifting the AC electrical quantities by 90°,
i.e., one auxiliary imaginary orthogonal circuit (I0C) [8], [9],
[10], [11], [12], or —120° and 120°, i.e., two auxiliary cir-
cuits [13], [14], to transform these quantities into the complex
stationary reference frame (SRF). The resulting linear time-
invariant (LTT) model in the RRF, under low harmonic distor-
tion conditions or poor synchronization, is a mildly periodic
system retaining most of the power converter characteristics
[13]. The modeling approach can be extended to cope with

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information,
see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-3200-5821
https://orcid.org/0000-0001-9014-8647
https://orcid.org/0000-0001-8632-7001
https://orcid.org/0000-0002-5877-045X
https://orcid.org/0000-0002-0218-7636
https://orcid.org/0000-0002-0754-8250
mailto:azcondof@unican.es;
mailto:branasc@unican.es
mailto:diaza@unican.es;
mailto:casanuer@unican.es
mailto:pigazoa@unican.es
mailto:paula.lamo@unir.net
https://creativecommons.org/licenses/by/4.0/

14012

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 71, NO. 11, NOVEMBER 2024

the harmonic distortion by using multiple dq transformations at
integer frequency multiples of the fundamental. A phase-locked
loop (PLL) is used or assists in transforming the electrical
quantities into an RRF aligned with the grid voltage. So, the
effects of the PLL dynamics cannot be studied independently.

Recently, dynamic phasors (DPs) have been used for mod-
eling 1¢ power converters for a certain set of frequencies of
interest. In [15], DPs allow LF interactions of the electrical grid
and 1¢ PV inverters with active and reactive power control to be
evaluated. Increasing the number of phasors permits the match
of the dominant harmonics at both the AC and DC sides of
the 1¢ power converter, as in [16], [17]. DPs do not require
grid synchronization since they correspond to time-varying co-
efficients for Fourier series expansions approximating quasi-1'-
periodic electrical quantities with a sliding time window length
equal to T'= (27 /wpp), where each k € Z multiple of wpp
results in a k-order phasor [18], i.e.,

1 :
<X>p=<z>F+j<a>i= f/ z(r)e IRrrTdr (1)
t—T

The resulting phasors avoid frequency overlapping and per-
form as stationary phasors in a steady state but retain slow am-
plitude and frequency variations of electrical quantities under
dynamic conditions [19]. Windowing mismatches due to grid
frequency variations might deteriorate the model performance,
but under slow ones, the results are considered accurate enough
[20], [21], [22].

Both the dq transformation and DPs, when used for modeling
1¢ power converters, require a proper representation of the
electrical quantities used for modeling purposes, which involves
a certain previous knowledge about the grid angle or frequency
and limits the performance of these methods for analyzing
large frequency variations. The generalized envelope modeling
(GEM) for 1¢ grid-connected power converters presented in
this article, whose basic equations were introduced in [23],
avoids this issue through the key contribution of using a refer-
ence angle signal as an independent variable for AC quantities
representation. Other contributions in Section II are the detailed
derivation of the switching cell model and the evaluation of
consistency with accepted power theories. Moreover, the GEM
is compared with dg- and DP-modeling approaches in simula-
tions, using a precalculated duty cycle to avoid biases due to the
controller used, in Section I11. This article also validates GEM
experimentally with laboratory tests using a commercial evalua-
tion board for a 1¢ bridgeless totem-pole power factor corrector
(PFC) in Section I'V. Finally, conclusions are provided.

[I. GENERALIZED ENVELOPE-BASED MODELING (GEM)
OF SINGLE-PHASE GRID-CONNECTED
PoweR CONVERTERS

A. Electrical AC Quantities Representation

The GEM approach represents electrical AC quantities as
time-varying phasors, e.g., 7(t) and #(¢). The notation in [24]
and [25] is adopted here. The amplitude of each phasor retains

Fig. 1. Time-varying phasors of the grid voltage, the line current, and
their representation in a certain set of SRF and RRF defined by the
reference angle 6.

the whole spectrum of the represented electrical quantity, avoid-
ing the decomposition and addition of the components at dif-
ferent frequencies. Phasors are initially considered uncorrelated
and are represented using the same reference frame, and then,
the relative position of #(t) and i(t) changes instantaneously
depending on the frequency spectra, the actual grid frequency,
and the converter operation. Having an infinite set of complex
reference frames for the representation of #(t) and i(t), a cer-
tain SRF and RRF set, related through a certain angle 6, is
selected, as depicted in Fig. 1. As a novelty, in this modeling ap-
proach, the positioning of these reference frames only depends
on b, i.e.,

9(15):/0 w(T)dr 2)

which can be related or not to the electrical grid angle
or frequency.

Despite the simplicity of (2), selecting the most appropriate 0
is crucial to achieving a complete modeling of the interaction of
the converters with the grid. While w represents the switching
frequency for resonant converters in [26] and 6 would result
from integrating w, in this case, the model incorporates 6(t)
from different origins depending on the study target, e.g., propa-
gation of the power converter effects through the electrical grid.

From Fig. 1, the instantaneous AC quantities in that particular
set of RRF and SRF are defined as

v(t) = Re {v(t)e?"Dei?®}
{ i(t) = Re {i(t)e?®esf® ]
where & represents the amplitude and time-varying angles v and

¢ depend on the relative position of the RRF and the voltage and
current phasors, respectively. Then,

(t) = v(t) e D) = vy (t) + jv,(t)
i(t) =i(t)e’V = ia(t) + jig(t)
where d and ¢ subscripts correspond to in-phase and in-

quadrature quantities in the RRF, respectively. With (3), (4) is
rewritten as

3)

“4)

o(t) = F(£)e? M L5 (£)e 7™

2
i(t)e? M i (t)e 77" )
) = 7 .

it

Given these AC quantities representations, large- and small-
signal analysis can be carried out depending on the study target.
Moreover, diverse values for w(t) = 6(t) can be selected with

this signal representation without deteriorating the dynamic
information.
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Fig. 2. Decoupled large-signal GEM of (a) AC capacitors in (8), (b) AC
inductors in (9), and (c) AC/DC switching cells in (11) and (12).

B. AC Passives

Phasors in (4) enable the converter passives modeling with-
out artificially influencing the obtained equivalent, as in dg-
or DP-based methods, since the derivatives are obtained from
the instantaneous AC quantities in (3). As in EM for resonant
converters, if inductive and capacitive elements are used with
the AC signal quantities in (5), the following relationships
are obtained:

()6 + 7% (t)e=I0) iﬁ(t)eje + 5 (t)e—I0®)

2 T 2 ©)
17(t)ej9 + W(t)e_je(t) - Lii(t)eje + i*(t)e—je(t) -
2 - dt 2 :

From (6) and (7), two RRFs, at w(t) and —w(t), relate in-
phase and in-quadrature components for capacitors and induc-
tors at the AC side. Since the RRF at —w(t) is a replica, the
obtained relationships are given in the RRF at w(t), i.e.,

ica(t) + Jice(t) = C— (voa(t) + juce(t))

+ jw(t)C (vea(t) + juee(t),  (8)
L— (ira(t) + jiLg(t))

+ jw(t)L (ira(t) + jirg(t)). )
Fig. 2(a) and 2(b) shows the equivalent inductor and capacitor

models obtained from GEM for the RRF defined by the selected
reference angle.

C. Switching Cells

The relationships between input and output electrical quanti-
ties depend on the switching cell topology and the gate signals.
The instantaneous power at the AC side, p(t) = v(t)i(t), is
represented using the phasors in (5), resulting in

plty = PO~ il®)
pe(t)
 g0ialt) £ va@iglh) oo
2
ps(t)
4 Ud(t)ld(t) ; Vq (t)lq (t) — io(t)Uo(t) .

The last term in (10) inherently depends on the value 6(¢)
used to represent electrical quantities. It approximates the active
power transferred P(t), when 6(t) = w(t) is close to the actual
grid frequency. However, when G(t) deviates from the actual
grid frequency, this term varies periodically depending on the
frequency deviation and the frequency spectra of the phasors.
The amplitude of the terms oscillating at 26(t), i.e., p. and ps,
depends on the AC phasors amplitudes and their relative angle,
i.e., |y(t) — ()| in Fig. 1. For the proposed GEM, 0(t) ~ 0,
and then, 0(t) =w varies slowly enough. Both the AC and
the DC sides are linked through the power transferred, with
p(t) = io(t)v,(t), Where i, (t) and v, (t) are the DC current and
voltage, respectively. The proposed GEM neglects the terms
with amplitude p.(¢) and ps(¢) in (10) since those terms, de-
pending explicitly on the reference frame set used, i.e., 20(t),
do not contribute to power transfer.

In the case of 1¢ grid-connected power converters with ca-
pacitive DC bus, the AC voltage depends on v,, and the switch-
ing function used, i.e., m(t) = mq(t) + jmq(t), through

T(t) = va(t) + jug(t) = m(t)vo(t) (11

where the frequencies of interest for the subsequent analysis are
well below the switching frequency fs,, = 1/T,,. By replacing
(11)into (10) and using GEM assumptions, the DC side current
of the switching cell is obtained as

- ma(t)ia(t) +mg(t)ig(t)
io(t) = — 2 5 .

From (12), i,(t) depends on AC side quantities 772 and i,
exclusively.

For further clarification, the large-signal GEM is con-
sistent with well-established electrical power theories [27],
[28] and phasorial representations [29]. The Fryze—Buchholz—
Depenbrock (FBD) theory [30] uses the averaged conductance,
G, for the decomposition of the AC current into the com-
ponent contributing to the active power ¢, and the powerless
current 7, as

ip(t) =Go(t) = Ho(t) and i.(t) =i(t) —ip(t).

0s20(t)

(10)

12)

13)

By replacing (5) into (13), the large-signal GEM equivalent
of the FBD definitions is obtained as follows:

-

ip(t) = A 0(t) and T.(t) =i(t) — ip(t) (14)
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Fig. 3. 1¢ bridgeless totem-pole PFC.

where P(t) &~ (vq(t)ia(t) + vq(t)iq(t)/2), see (10) and the as-
sociated explanation, and the squared rms voltage V? is ob-
tained from the squared voltage represented through the GEM,
given (5), as

_ () — 9(0)

v (t) = c0s260(t) — vq(t)vg(t) sin26(t)
N ———
’Uc(t) Vs (t)
2 2
+ Ud(t);"—vq(t). (15)

Under the same assumptions as in (10), the first term in (15)
inherently depends on the selected reference frame set while
the two terms explicitly dependent on 26(t) are neglected for
G(t) evaluation, i.e.,

CP() valt)ia(t) + va(t)ia (1)
RO e O

Additionally, the large-signal GEM equivalent for the non-
active power [28], N, is defined as

_ _ —va(t)iq(t) + vg(t)ia(t)
N(t) = /S2(t) — P2(t) = —¢ 5 ¢

_ —ma(t)ig(t) + mq(t)ia(t)
=4 5 D vy (1)

G(t)

A7)

[lI. CoOMPARISON OF PARK, DP, AND GEM APPROACHES

The dq and DP approaches, following the assumptions and
procedures in [13] and [31], respectively, have been used for
modeling the 1¢ bridgeless totem-pole PFC depicted in Fig. 3.
The switched model is simulated along with two dg, two DP,
and two GEM models for validation and comparison purposes,
using PLECS, from Plexim, and Simulink/MatLab, from Math-
works. The comparison uses the same conditions without a
closed-loop controller.

A. Models Used for Comparison

Two dg-based models, DQpom and DQpy 1, are tested using
a SOGI PLL for AC quantities transformation to the RRF.
However, DQuom uses the nominal grid frequency for AC
variables decoupling, i.e., wpg = wp in Fig. 4(a) [13], while
DQpr1 uses the frequency estimation provided by the PLL, i.e.,
WpQ = WpLL-

Two DP-based models, D FPmpie and D Py, are also tested.
D Pimple [Fig. 4(b)] uses first- and zeroth-order phasors with v,
ig, and v, quantities, as in [31], in the averaged model of the

T wppCa < v >1
<i>f

<m>;<1 >f

<m >1<v, >

Cy lL wppCy <v >
<i>!

(b)

<m>f<i>E

; wppL <i>{

Ry

<m >{c< )
Ca wr wppCa < v >}

) N I
<m > <y, >F 0 WpP < Vo >3
<m>f<i>f

& !

<i>f
<m >I,l< Vo >.§ +

wppl <i>f

wppLa <ig >

<m>{<i>]
<m >1<v, >

wpp < Vo >

wppCy <v > <m>f<i>!

<m >l <, >F

|+
<i>!
<m >R <v, >4

(©)

<m>i<i>f

Fig. 4. Models of a 1¢ bridgeless totem-pole PFC. (a) dg model,
adapted from [13], (b) simple dynamic phasors-based model (with first-
and zeroth-order phasors at AC and DC sides [31], respectively), and
(c) full DP model of 1¢ bridgeless totem-pole PFC (with first-order
phasors at the AC side and zeroth- and second-order phasors at the
DC sides).

1¢ bridgeless totem-pole PFC by assuming that wpp = wp and,
then, the fundamental or the DC component of these quantities.
The model D Py considers the DC side ripple at twice the grid
frequency by including second-order phasor at the DC side, as
shown in Fig. 4(c).

Two GEM, i.e., GEM; and GEM,, with different complex
reference frame sets are tested to validate the robustness of
the proposal independently of the reference angle used, i.e.,
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the envelopes obtained are identical independently of the ref-
erence angle using the proposed GEM approach. Both GEMs
follow the scheme depicted in Fig. 5, obtained by replacing
the electrical quantities, passives and the switching cell at the
AC side in Fig. 3 with GEM equivalents in Fig. 2. Passive
components at the DC side are retained and connected to the
active power port of the switching cell GEM equivalent. As a
result, two AC-coupled circuits are obtained to represent the AC
side while the DC side remains unchanged. The GEM presented
demonstrates that perturbing the load results in model changes
while perturbing the grid voltage, specifically vyq, results in
deterioration of the zero-crossing detection, producing model
perturbations independently of the complex reference frame
set selected. On the DC side, nonactive power interactions are
also modeled.

B. Simulation Conditions

The grid frequency used, wy, for testing all the models is
shown in Fig. 6(a). The reference angle for each GEM is
obtained using (2), changing the initial conditions and using
slightly different frequency profiles, as shown in Fig. 6(b)
and 6(c) through Aw; = WGEM,i — Wy and Af; = QGEM,i — Gg,
respectively. The frequency profiles are accomplished with
EN-50 160 limits [32] and are obtained by adding a white
noise sequence (0.005 pu power) filtered out through a 2.5 Hz
second-order low-pass filter, which forces deviations of the
complex reference frame set used for each GEM.

The models are compared using the precalculated duty cycle
for power factor correction operation presented in [33].

LF switches, S5 and Sy, are operated as diodes, and the high-
frequency branch, S} and S,, provides three-level PWM voltage
at the AC side. High-frequency components in the line current
are filtered out through an LCL filter, i.e., the boost inductor, L,
and the differential LC due to the EMI filter, L; and C;. Precise
zero-crossing grid voltage detection is required to achieve a low
THD line current [34], [35]. Gate signals are routed to the power
devices depending on the grid voltage polarity, i.e., d = ton /Tsw

50.5 T T T

5] ]
E 50 B
>
3
49.5 L . .
0.15 0.2 0.25 0.3 0.35
time [s]
(2)
. T T
o 0or ‘ WeEML — Wy waria = w, | B
ok 1
I R R
-0.5F B
< ‘ ‘ ‘
0.15 0.2 0.25 0.3 0.35
time [s]
(b)
100 T
o
2@ [Us ‘ Oceary — 0, Oceaa — 0, ‘ T
-_— ]
-100 : : :
0.15 0.2 0.25 0.3 0.35
time [s]
(©

Fig. 6. Simulation conditions for open-loop tests. (a) Grid frequency.
(b) Relative frequency. (c) Relative reference angle used for GEM.

TABLE |
SIMULATION PARAMETERS FOR OPEN-LOOP COMPARISON OF dg,
DP-MODELING AND GEM APPROACHES

L RL C Rload Voref fsw
5mH 50 1.41 mF 3402 390V 100 kHz
Vg ms fo Ksoar Kppe | Krpe | EMI filter
230V 50Hz V2 11.5 66.125 no

for S, during the positive grid semiperiod and S; during the
negative semiperiod. Therefore, in this converter,

1 — d(t) = m(t)sign <7r — mod <9§;D>> .

See that (1 — d) and m have the same envelope, so it is
interesting to detect the effect of a phase perturbation linked
to the rectification and polarity detection methods used.

Following standard design criteria for grid filters [36], [37],
v(jw) = vy(jw) at approximately the grid frequency. There-
fore, when the reference angle 6(t) is selected to match the
electrical angle at the PC, the following relationship must
be accomplished:

= L . Vo (RLd + RL + Rmeas)
Vo Vg2Rload
Vo(La+ L)\
_— 19
ngRload > Yo ( )

(18)

where the effects of Cy and grid-side harmonic distortion are
neglected; unity power factor operation and small-ripple ap-
proximation for C' (i.e., v, ~ V,) are assumed. Equation (19)
includes the effects of parasitic inductor resistances, Ry and
Ry, and the AC measurement resistor, Re.s. Parameters for
comparison tests are given in Table I.

C. DC Load Step

A 340 to 2202 load step is applied at 0.2s. Fig. 7(a),
7(b), and 7(c) shows the simulation results for v, 44, and v,,
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Fig.7. Load step, from Ry, = 340 to 220 (2, with open-loop controller.

(a) AC voltage. (b) AC current. (c) DC voltage.

I I (I A
— AR ,‘\ ,P‘ W , ” "i , A |
= 1000 vl o Hiehoty | YR f
:500_,_\_1 M ' - '”Urﬁ-ﬁ‘ N ﬁﬁ'ﬁ-g
0"‘,\/\' i "H dJul S
0.15 02 5 03 0.35
time T3
(a)
2. 600} > '—\- SATROE RN d
0 %
400 S — : . )
0.15 0.2 5 03 035
time s
(b) L1 fam0
— 1sE . — . l
5 o '\&r\. oty J‘"‘""""‘ oar o
Sty ‘ 1 8.9
‘5107 . 5)"”( 1
0.15 02 o 03 0.35 885
time [s] 58
(©) 0.17 021

Fig.8. Load step, from Ry, = 340 to 220 (2, with open-loop controller.
(a) Active power, P. (b) Apparent power, S. (c) Averaged conductance,
G. Instantaneous power, p, for the switching model in dashed line.

time [s]

©

Fig. 9. Amplitude variations of the grid voltage, from 185V to 230V at
0.96 Hz, with a maximum 127.3V s~! slope, open-loop controller. (a) AC
voltage. (b) AC current. (c) DC voltage.

TABLE II
COMPARISON OF LF MODELING APPROACHES FOR 1¢
GRID-CONNECTED POWER CONVERTERS

dq [13] DP [31] GEM
Initial approach Circuital Analytical Circuital
Ir_1ter1_11ed1ate AC 3 No No
circuits
Ir.1ter1.ned1ate DC 3 No No
circuits
o num.
Model ) Medlum (aux. of. phasors Low (5)
complexity circ. + Tqq) (Fig. 4(b) &
4(c)
Complexity  of
. . o« num. of .
passives tolerance | Simple Simple
- phasors
analysis
DC equiv. ratio 1/3 2 1
Effects of control
loops at LF? Yes Yes Yes
Frequency range [0, 75) 0,Nwpp) [0, waEm)
AC synchroniza- . . No (Figs. 6-
tion Required Required 9)
Decoupled
synchronization No Yes Yes
analysis?
Upstream effects
translation? No No Yes (2)
Tolerance 10 wg |y jiym Good Best
variations
Accuracy at LF
(Figs. 7-9) Good Better Best
Yes, including | Yes, phasors
Stt;ezjarrl’alyses at more  RRFs | for harmon- | No
9° [38] ics [17]
Yes, through
No, envelope
Frequency sepa- | wRrrr for | Yes, set of
. . of all freq. <
ration? different phasors
RRFs weem /2

Note: N: Max. phasor order in DP.

respectively. The GEMs result in envelopes following v, and i,
amplitudes in the switching model. At the DC side [Fig. 7(c)],
the GEM, and GEM, obtain the same output voltage, rejecting
the oscillation at double the grid frequency and retaining the LF
dynamics. D Pyipple exhibits small amplitude oscillations due
to the grid frequency variations. D Py tracks the 2w, ripple
at the DC side, but the effect of the grid frequency variations
is greater than D Pypple. Both DQyom and DQpy result in the
highest ripple and error, D Py the worst, due to the large cutoff
frequency of the PLL, i.e., Tieiing = 0.8s.

Fig. 8(a), 8(b), and 8(c) compares P, S, and G quantities
with the same simulation conditions. The switching model
evaluates them by averaging the instantaneous quantities with
a sliding and adjustable window, minimizing errors due to
the frequency profile used. A ripple-less and matching esti-
mation of P, with differences below 0.3% in steady state, is
obtained with both GEMs. The instantaneous power p due to
the switching model is plotted in dashed line for the accu-
racy of GEM evaluating P. The computation of P from the
switched model deviates from the actual value due to win-
dowing mismatches while averaging the instantaneous quanti-
ties. Due to the grid frequency variations, DQsimple and DQpi
result in P with ripple. D Pnpre and D Py approximate the



AZCONDO et al.: GEM OF SINGLE-PHASE GRID-CONNECTED POWER CONVERTERS

14017

I

Zero-Crossing

Detector (ZCD)

]
,/2%[% a(r)dr

PI controller
Gy(s)

ref
v[)

Y9sync,B
[Vgsync,T
9B
gr

gate signals

PI controller . unipolar
Gi(s) PWM

CONTROLLER

Fig. 10. Controller with rectified AC variables for 1¢ bridgeless totem-pole PFC.

GEM performance but with ripple due to window length mis-
matches with the grid frequency. Differences among S eval-
uations due to the GEMs and the switched model increase
to 1.4% [Fig. 8(b)], caused by high-frequency harmonics in
the AC current, which the GEMs neglect. This effect worsens
for D Pgmple and D Py, showing a ripple exacerbated by the
grid frequency excursion from the nominal conditions. Again,
D Piimple and D Py approximate the GEM response but with
ripple due to the window mismatch. From the average load
conductance [Fig. 8(c)], the switched model and the values
obtained with the GEM, i.e., (16), diverge less than 0.15% in
steady state. The adjustable length of the averaging window
used is the origin of larger response times of the evaluated
electrical quantities due to the switching model. D Fyple and
D Py translate the ripple in P and S to the load conductance,
while D Pgppie provides a practical ripple-less conductance.
On average, D Py approximates the switched model conduc-
tance the best but exhibits the highest ripple of the DP and
GEM models.

D. Low-Frequency Grid Voltage Amplitude Variations

The results for amplitude variations of the grid voltage, from
185V to 230V, at 0.96Hz (a maximum 127.3Vs~! slope)
are shown in Fig. 9. The GEMs track both the AC and the
DC variables retaining their LF characteristics up to wggm
without ripple, since envelope quantities are obtained for both
semiperiods, i.e., twice the grid period. D Fmple and D Py
result in electrical quantities with ripple, depending on the grid
frequency excursion. D Pgnpe approximates the most to the
GEM responses, while D Py exhibits a greater ripple. More-
over, from Fig. 9(c), the amplitude variations of v, translate
to the models, deviating the output voltage ripple from the
switched model.

Table I compares key aspects due to dg, DP, and GEM
approaches. Since the proposal is circuit-oriented, most analy-
ses, such as component tolerance with Monte Carlo (MC), are
enabled in a circuit-oriented simulation tool.

IV. EXPERIMENTAL VALIDATION OF THE GEM

The 1¢ bridgeless totem-pole PFC in Fig. 3 is controlled us-
ing the multiloop scheme in Fig. 10 for experimental validation
of the GEM approach. The envelopes predicted by the GEM

Fig. 11. Experimental setup. (a) 2.5kW bridgeless totem-pole PFC
transphorm TDTTP-2500P100. (b) 120 Q2 1.5kW load. (c) 220 Q2 1.5 kW
load. (d) Switch for DC load steps. (e) AC switch.(f) AC power source
Pacific 345AMXT-UPC32. (g) Current probe Keysight N2783B. (h) and
(i) Voltage differential probes Pintek DP-200pro. (j) 200 MHz oscilloscope
Keysight DSOX3024T.

are compared with the electrical quantities obtained experimen-
tally. The experimental setup is shown in Fig. 1 1. The current
controller uses the rectified grid voltage and line current. Rec-
tification is achieved with the help of a zero-crossing detector
(ZCD), which identifies the grid voltage polarity and initializes
the calculation of the rms value V as represented in Fig. 10
[39]. V is low-pass filtered with a first-order feyoff =~ 4.5Hz
filter. This value and the active power required by the power
converter, evaluated through the outer voltage loop, i.e., G (s),
are used to obtain the average load conductance. The inner
current controller, i.e., G;(s), is assisted by feedfowarding
the AC voltage. The controller also implements antiwindup
for the controller integrators, soft starting after zero voltage
crossings for the active high-frequency switching power device.
Power devices switching at the grid frequency are stopped
when |v,| reaches a threshold voltage, i.e., Vg n. Table III
summarizes the most relevant operation parameters for the
experimental tests.

The reference angle for GEM is obtained by integrat-
ing the grid frequency estimation given by the ZCD, i.e.,
9(75) = GZCD(t) = fot (ZW/TZCD(T))dT, where TZCD is evalu-
ated by counting the sampling periods between edges of the
polarity signal.

A. DC Load Step

Fig. 12 shows the experimental results of the described setup
with a 340 2 to 220 Q2 DC load step and the corresponding AC
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TABLE Il
PARAMETERS FOR EXPERIMENTAL VALIDATION
OF GEM
L 500 uH fsw 100 kHz
Rumeas + R, 10Q Vet 390V
C 1.41 mF Kp,, 1335
Rioad 3402 Kr, 7851
Vg, ms 230V Kp; 0.0581
fq 50 Hz Kr; 631.4
EMI filter yes Va.th 4.32V
500v/ 3.004/ 3 5.0v/ 50.00ms/ 175.0ms  Detener 3.15A

J
load | load Q
Ba0lQ 220 0

! AU ALA AR L LA U f 0
T

Fig. 12. Load step, from Ry =340 to 220 2. Experimental: con-
tinuous, GEM: dashed. Input voltage (yellow, 500 V/div), input current
(green, 3A/div), and output voltage ripple (blue, 5V/div). Time scale:
50 ms/div.

400v/

P i

3004 3 1.5V/

i i

500 ms

2EIDEIm9/ -200.0ms  Detener

i
e

R B

6. 25\/
> 500 ms T
20

E Hil AR w‘uu\f AT

Fig. 13.  Amplitude variations of the grid voltage, from 185V to 230V at
0.96 Hz, with a maximum 127.3V s~ slope. Experimental: continuous,
GEM: dashed. Input voltage (yellow, 400 V/div), input current (green,
3 A/div), and output voltage ripple (blue, 1.5 V/div). Time scale: 0.2 s/div.

envelope and DC average variables obtained with the GEM.
The GEM accurately follows the AC input voltage and cur-
rent and predicts a 4.85V output voltage drop with a 295 ms
response time, close to the experimentally measured 260 ms.
The deviation occurs because the step load transient con-
tains high-frequency components that fall outside the modeling
scope of the GEM. However, the controller employed by
the evaluation board mitigates their impact, e.g., it prevents
integrators wind-up.

B. Low-Frequency Grid Voltage Amplitude Variations

Fig. 13 shows the experimental results for amplitude varia-
tions of the grid voltage, from 185V to 230 V at 0.96 Hz, with a
maximum 127.3 Vs~! slope. On the AC side, the GEM retains
LF variations of the grid voltage amplitude and LF effects on
the line current. On the DC side, the effects of these variations,
through the outer control loop, are also accurately captured.

V. CONCLUSION

An innovative approach to modeling single-phase grid-
connected power converters, characterized by an envelope-
based technique with an autonomous grid angle reference,
has been introduced. This method facilitates the derivation of
straightforward and precise LTI models for single-phase con-
verters, applicable across both grid-following and grid-forming
modes of operation. The technique is uniquely tailored for
single-phase systems and aims to elucidate the dynamic interac-
tion between the converter and the electrical grid. This concept
was validated through comparative analysis of the envelope and
switched models’ steady-state and transient behaviors, focusing
on voltage, current, and power metrics within a single-phase
totem-pole PFC. This analysis was conducted independently of
any synchronization mechanisms. Although the resulting circuit
model resembles those derived via DPs or Park transforma-
tion, incorporating a grid angle reference and a distinct in-
put parameter significantly mitigates transient and steady-state
ripple discrepancies. Furthermore, empirical evidence from a
prototype design corroborates the model’s fidelity. The single-
phase converter model notably encapsulates the LF phenomena
attributable to the DC-side controller and the employed phase
reference generation subsystem.
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