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Abstract—Unfolder-based quasi-single-stage ac-dc power con-
verter has been widely used for high-power electric vehicle
(EV) charging systems for its high efficiency and power density.
However, the resonance between the grid inductance (impedance)
and the capacitors on the soft-dc-link of the converter impacts
the system stability and significantly limits the system control
bandwidth and dynamic response performance. A quasi-single-
stage ac-dc converter with unfolder plus T-bridge series resonant
converter (T-SRC) is studied in this work. The small-signal
modeling and plant transfer function derivation of the T-SRC
is presented in this paper. A damping filter design using the
extra element theorem (EET) is then proposed to achieve high-
bandwidth and stable operation of the quasi-single-stage ac-dc
converter. Simulation and hardware results from an 18 kW
module for high-power EV charging are provided to validate
the proposed modeling and damping filter design.

Index Terms—Ac-dc converter, battery charger, extra element
theorem (EET), grid-tied system, high-bandwidth control, T-type
converter, unfolder, input filter, damping circuit.

I. INTRODUCTION

Grid-tied ac-dc power converter is a key equipment for
electric vehicle (EV) charging system and renewable energy
integration. A two-stage ac-dc converter design with an active
front-end stage for power factor correction (PFC) followed by
a second dc-dc stage for output power control and isolation
has been commonly used [1], [2]. To achieve higher efficiency
and power density, a quasi-single-stage ac-dc converter with
unfolder plus T-bridge series resonant converter (T-SRC) is
studied in this work, similar to the unfolding-based topologies
in [3]-[6]. The circuit topology of the converter studied in this
paper is shown in Fig. 1 and consists of a three-phase grid
connection with grid inductance (impedance), an unfolder, a
T-type bridge, a series resonant tank, and active secondary
bridge with battery load.

The back-to-back switches of the unfolder (Q,, Qp, Q.) are
operated at 2 x fg;¢ = 120 Hz and the unfolder diodes (Dg1,
Dy1, Do, Dga, Dpa, De2), as shown in Fig. 1, operate at
grid frequency such that the most positive grid phase voltage
is seen at the p-port, the most negative voltage is connected
to the n-port, and the remaining phase is connected to the
o-port. The T-SRC, which is introduced in [7], connects to
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the p-, o-, and n-ports with the soft-dc-link capacitors C,,,
Con, and Cpy,. As detailed in [7], the T-SRC controls the PFC
and output power with intermediate control variables D,y
and V1, respectively, where D, /n is calculated to control the
ratio of input currents I/, = I, /I, and Vi q is calculated for
a given output current reference. These intermediate control
variables are then used to calculate the modulation variables
D, D,,, and Dy, which are the duty cycle of the p-port and n-
port bridges and the shift between the primary and secondary
switching waveforms, respectively. Fig. 2 shows the large-
signal waveforms governing the operation of the unfolder and
T-SRC as a function of grid angle. Due to the low-frequency
operation of the unfolder, the system exhibits a resonance
between the grid inductance and the soft-dc-link capacitance
of the T-SRC. This resonance has undesirable impacts on the
system transfer functions and consequently on the closed-loop
stability of the converter.

In [3], a resistor added in parallel with the grid inductance is
used to dampen the resonance. Similarly, a network composed
of two resistors and one capacitor is connected in parallel
with the input inductance in [8]. However these approaches
only work for low power applications where access to the
physical inductor of the input filter is available. In high
power applications that utilize the inherent grid inductance,
the damping filter must be added in parallel to the entire
input impedance, similar to the RC' network proposed in [9].
This parallel passive damping approach is the chosen damping
method for this application.

In [5], to address the input filter resonance and implement
high-bandwidth control, an EET-based approach has been
used to analyze the grid inductance to soft-dc capacitance
resonance of an unfolder-based 21 kW ac-dc converter with
a T-bridge, LC'C' resonant tank, and passive secondary diode
bridge. However, it focuses on active damping control and the
analysis cannot be easily applied to the T-SRC studied in this
work due to different power converter topologies with different
resonant tanks and secondary sides. In [7], the steady-state
operation, modulation, and low-bandwidth control strategy of
the T-SRC has been presented. However, the detailed small-
signal modeling and high-bandwidth control are completely
missing.

The key contributions of this paper include: (1) a detailed
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Fig. 1: Circuit diagram of the quasi-single-stage ac-dc converter with unfolder plus T-bridge series resonant converter (T-SRC).
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Fig. 2: Large-signal waveforms of the unfolder and T-SRC showing (a) grid
voltages, (b) soft-dc-link voltages, and (c) duty cycles of the T-SRC as a
function of grid angle.

small-signal modeling and analysis of a T-SRC with three crit-
ical open-loop transfer functions derived, (2) an investigation
of stability issues caused by the grid inductance and soft-dc
capacitors, and (3) a passive damping filter design using EET
for achieving high-bandwidth control.

In this paper, Section II details the derivation of the small-
signal model of the T-SRC and its use in finding three
system transfer functions. Section III reviews the extra element
theorem and utilizes the small-signal model to derive the EET

impedances and analyze their impacts on the system transfer
functions. Section IV describes the design of the chosen
damping method to mitigate the effects of the resonance.
Section V then validates the damping method with simulation
and hardware results, and Section VI concludes the paper.

II. SMALL-SIGNAL MODELING OF T-BRIDGE SERIES
RESONANT CONVERTER

A. Notation

Throughout this paper, the following conventions are used:

o Large-signal, steady-state quantities are denoted with
capital letters, such as D,,.

« Small-signal quantities representing perturbations are de-
noted with lower-case letters and a “hat”, such as dAp.

o Phasor or complex quantities are represented with an
arrow symbol, such as s_;.

o If a perturbed quantity has a variable superscript, it
indicates the variable that was perturbed to obtain that
quantity, such as %Z’;m, which indicates the perturbation
in the envelope of the tank current I, as a result of a
perturbation in the duty cycle D,,.

B. Transfer Function Derivation

In this paper, the small-signal equivalent circuit of the T-
SRC, which is the soft dc-dc converter as shown in Fig. 1, is
first derived and presented in Fig. 3. Small signal phasor
transformation and modeling approach for series resonant
converters presented in [10], [11] has been utilized in this
work to derive the small-signal equivalent circuit model.

From the derived small-signal equivalent circuit model, this
paper derives three transfer functions of interest for which the
EET was utilized. These are ip/d, , in/d, , and iout/d4, as
illustrated in Fig. 3. These functions were chosen because
ip/d, and in/d, most directly influence the PFC control loop,
while %ou:/d, most influences the output power control loop.

To derive these transfer functions, the fundamental harmonic
approximation is used to derive switching functions s, s,, and
5. as the complex transformation between the p-port, n-port,
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Fig. 3: Small-signal circuit diagram of T-SRC utilizing complex switching
function transformers and phasor modeling of tank impedance.

and output port, respectively, with the resonant tank voltages
and current. With the secondary active bridge duty cycle held
at 50% and the secondary switching function taken as the
reference angle, these are calculated as

5 = %sin (505) 2 (7Ds+5(1=Dp)), @

5= %sin (gDn> / <7TD¢ + g 1- D,,L)> G

S
- 4
5. = — /0. (3)
™
The tank voltages can be expressed as
Vip = Vi, 4)
Vi = Vair, (5)
— Sa
Vis = Vour— (6)
Ny

where n; is the transformer turns ratio. By perturbing each
respective duty cycle, the small-signal relationship between
the p-port, n-port, and output port voltages and the three duty
cycles can be found (e.g., ¥7/d,). These control-to-voltage
responses are modeled as voltage sources in the small-signal
circuit model. The resonant tank is also represented using
the phasor transormation, which add complex-valued resistors
in series and parallel with the tank inductor and capacitor,
respectively. This small-signal ac equivalent circuit model
shown in Fig. 3 allows the duty cycle-to-tank current transfer
functions to be calculated using traditional circuit analysis,
which can be separated into their envelope and phase responses
(e.g., i{%,,/dy, and 6;7/d,).

Next, using the complex switching functions, the time-
domain response of the p-port, n-port, and output port currents
are found as

Ip(t) = Li(t) - sp(t)

j 7
= It env COS (wst +0;) - R (g};egwat) ’ (7
In(t) = Ii(t) - sn(t) o
= I eny €08 (wst + 0;) - R (57t
ss(t
Lut(t) = 1,(1) - 220
" C))
§R AS’ Jwst
= It env cos (wst + 6;) - %_
t

By perturbing the duty cycles in the complex switching func-
tions, the tank current envelope and phase are also perturbed.
By linearizing these responses, the response due to changes
in tank current envelope, tank current phase, and duty cycle
(.8, 12 fit.enus io? [6;, and ;%7 /d,) are found.

Finally, the small-signal responses are combined to derive
the transfer functions. The derived transfer functions are
summarized as

4 adp  Gdp 2dp Adp 2dyp

1 It 17 0

L= P2 (10)
dy dten dp 0 d, d,

“ s cdy, s Adn 2d,,

n _ Zzn m @gt Zz (1)
P 5 ~ o ~

dn Zt,env dn et dn dn
4 2dg 2dy  pdg 2dg
o _ tout e | fout BT ot gy
d¢ Ut,env d¢ et d¢> d¢

III. EXTRA ELEMENT THEOREM ANALYSIS AND
SIMULATION

A. Extra Element Theorem Introduction
The final result of the EET for a series-added element is

ZLc

Zn

Zic
1+ 7
where G, and G4 are the transfer function with and
without the extra element included, respectively, Zrc is
the impedance of the extra element, which for the present
application is the parallel combined impedance of the grid
inductance L, and wye-reflected capacitance of the dc-link
capacitors Cy (= 3Cp,/0n/pn)s and Z,, and Z, are the double
null injection and single injection driving point impedances,
respectively [5], [12]-[15]. The three impedances Zrc, Z,,
and Zy combine to define the correction factor Gs. For
an extra element to not significantly alter a desired transfer
function, the correction factor must be near unity for all
frequencies, which is accomplished when

1+

Gnew - Gold = (G|ZLc:O) Gcf 5 (13)

[Zrell < [|Znll and [[Zio|l < || Zdl (14)

hold true at all frequencies. Using small-signal phasor model-
ing of the converter described below, Z,, and Z; are calculated
as

f}test
Zn = = , (15)
Ytest output*”—)O
and .
Utest
Zy= > , (16)
Ytest linput=0

where U;.; and itest are measured at the p-port or n-port,
“output” is chosen from {%p, in, %Out}, and “input” is chosen
from {dp, dy, d¢}, depending on the transfer function of
interest. It is important to note that Z,, and Z, can be analyzed
at either the p-port or n-port, due to the symmetric operation
of the two ports. This is demonstrated in the symmetry of the
plots in Fig. 5.
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B. Calculation of Z,,

It is noteworthy to first explain that Z,, is infinite for all
frequencies when the transfer function of interest is i»/d, or
in/d,. This is because the output %p or in corresponds with
%tesh which is nulled to zero when Z,, is measured at the
p-port or n-port as shown in (15), respectively. On the other
hand, Z,, is not necessarily infinite when the transfer function
of interest is %ou:/d,. Therefore, analysis using small-signal
phasor modeling was used to find the magnitude of Z, at
resonant frequency throughout the grid cycle, as measured at
the p-port.

Firstly, the steady-state equation relating the input voltages
(Vpo and Vj,;,) and complex tank voltages (Vi, and Vi,) is

perturbed with
Vo = Vio 4 Drest and Dy — Dy + dg, (17)

and the result is linearized to

Ulp _4 sin (EDp) eI (TDy+5(1-Dp))
Vtest 4 2

i (18)
+ — 4V, sin (EDP) I (PDot5(1-Dy)+5)
Vtest 2
Uin _ Ad¢ AV, sin (EDH) I (TDe+3(1-D)+3) (1)
Utest Utest 2

Using this result and the phasor transformed resonant circuit,
the relationship between the perturbed test voltage 0;.s; and
the tank current is found, which can be separated into its
envelope and phase response (;{¢  /o.c. and §;'¢ /i,..;). The en-
velope and phase response are both functions of the unknown
term dg/é,..;. This term is solved for using the following
expression for ious/9,..;, which is nulled to zero by definition

of Z,,

s rdg @ cdg  pdg
Tout oyt Ut env + Lout et -0 (20)
Vtest it,env Vtest 9,5 Vtest

Upon solving for the unknown term, it can be back-substituted
into the expressions of gfﬁm [oeest and §7¢ /..., which can then

be used in the desired expression of Z,, as calculated at the
p-port:

2

Znipfport = adg  Sde ady  pde

Uest Yenv | Uest Ut

~ < + -~ L

Ht Vtest
The analysis was performed in MATLAB and evaluated for

steady-state operating points throughout the grid cycle. These

results are shown in Fig. 4.

C. Calculation of Z

To calculate Z,;, a similar analysis to that of Z,, is utilized
with the difference that the input variable is set to zero, as in
(16). Since all other inputs are zero, the only perturbation is
that of 0.5 added to V), or V,, when Z; is calculated at
the p-port or n-port, respectively. Thus for Z; measured at the
p-port, the relevant tank voltage relationship is

it,env Vtest

EN
(%

L, (gDP) e (TDot50-Dy) ()

Utest m

20 | I I I | I | | I I I
19 D \2 \? I \ \ 12 D 16 Qf
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Fig. 4: Magnitude of Z,,_,_por¢ at input filter resonant frequency fr,c for
Goid = tout/ds using small-signal phasor modeling.

and for Z; measured at the n-port, the tank voltage relationship
is R
Vin

— é sin (EDn) eJ’(WDaH-%(l—Dn))_
2

Vtest ™

(23)

Once again, this tank voltage is used with the phasor trans-
formed circuit elements to find the tank current response from
the input voltage perturbation, which is separated into its
envelope and phase response.

Finally, using the relationship between the p-port current
and the perturbed tank envelope and phase, the final expression
for Z; calculated at the p-port is

1
Zg—p— = = = = 24
d—p—port St enw g Utest Z‘9t évtwt ’ ( )
p t,env L2
it,en’u {)test 015 f)test
and when calculated at the n-port is
Z 1 (25)
d—n—port — zit,env /:;)’t;;;‘z} %Zt éftest .

gt,env {)test ét f)test

The calculation of Z; was performed using MATLAB for
all operating points in a grid cycle. The analysis was also
compared to a PLECS Blockset multitone analysis, and the
results are shown in Fig. 5. Additionally, Fig. 6 shows the bode

plot of Zg_,_por+ at the specific grid angle of 7/3 radians.

D. Impact of LC Resonance Using EET

Without damping, the infinite magnitude of Z; ¢ at fro
interacts with the magnitude of Z,, and/or Z,, as shown in
Fig. 7(a) for the transfer function i,/d, (recall Z,, is infinite for
this transfer function). As indicated in (13), the interaction of
these magnitudes results in Gy deviating from unity, affecting
the plant transfer function G,;4. This is shown in Fig. 7(b)
as an additional 360° phase shift. This phase shift reduces
the open-loop phase angle at the desired crossover frequency,
which causes instability with closed-loop control bandwidths
above the LC resonant frequency.

IV. DAMPING FILTER DESIGN

Whereas an undamped LC' circuit has theoretically infinite
impedance at resonance, it is desirable to determine the magni-
tude of Z,, and Z; at the resonant frequency to know to what
extent the resonance must be damped, thus satisfying (14).
As seen in Figs. 4 and 5, these magnitudes change depending
on the large-signal operating point, which varies throughout
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the grid cycle. The minimum magnitude of Z,_, . (for
transfer function @out/ds) is 21.1 dB at grid angle of 7/2
radians (see Fig. 4). The minimum magnitude of Zj_,_port
and Z4_p,—por¢ (for all transfer functions) is 49.5 dB at grid
angle of 7/3 radians (see Fig. 5). These worst case magnitudes
are the maximum value to which Z;c must be damped to
sufficiently meet the requirements in (14).

For the present application, the LC' impedance was damped
to >20 dB (i.e., 1/10) below the 49.5 dB of Z,;. The impedance
Z4 was prioritized as the damping limit even though it has a
greater minimum than Z,, because it impacts the correction
factor Gy for all transfer functions, while Z,, is only finite
for the transfer function iout/d,, which is the transfer function
most directly impacting the output power control loop. The
output power control loop has a bandwidth below the LC
resonant frequency, while the PFC control loop utilizes high-
bandwidth control, so the design allows for Zy ¢ to approach
Z,, near the resonant frequency.

The chosen resistor value to meet the damping requirements
i8S Ryqmp = 10 §2, which corresponds to 20 dB. This value of
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Fig. 7: (a) Comparison of Zjc and Z; as measured at the p-port for the
ip/d, transfer function and (b) the change in the transfer function due to the
interaction of Zyc and Z; seen in (a), which includes a magnitude spike
and 360° phase shift at the LC' resonant frequency.

=y 50 =
o
=1
2
Z 0 /\ 1
o0
]
= Zy
Zyc (damped)
50 . .
10 10° 10 10%
Frequency [kHz|
(@)
60 .
=)
= new (damped)
2 40 .
=t
%
=20 4
=
. .
107! 10° 10! 10°
200 T T
&
&
=100 .
E
~
o .
. .
107! 10° 10! 10°
Frequency [kHz]
(W]

Fig. 8: (a) Comparison of damped Zr - and Z,; as measured at the p-port for
the ip/d, transfer function and (b) the change in the transfer function due to
G.y. Because Z,c does not interact with Zg, Grnew closely matches G q.

Rgamyp 1s deliberately kept 20 dB lower than the lowest value
of Z4 to avoid any interaction between the two impedances
Z4 and Zpc. To minimize the power loss at the 60 Hz grid
frequency, an additional inductor and capacitor are added in
parallel and series, respectively, with the resistor, as shown
in the single-phase equivalent diagram in Fig. 9. The series
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Fig. 9: Single-phase equivalent circuit of input to unfolder, including damping
circuit.

capacitor Cgqmp minimizes the total current flow at low
frequencies in the damping circuit branch, and the inductor
Lgamp allows low frequency current to bypass the Rgqmyp
branch specifically. Also, the inductor L g4y, is chosen such
that it has a higher impedance than Rjqmp at frc to ensure
that Zrc is damped to the chosen value of Rgqmp. For the
same reason, Cgqmyp is chosen to have a lower impedance than
Rdamp at f LC-

With the selected damping filter component values, Z¢c
now has a peak magnitude of 19.14 dB, thereby not interacting
with Z;. Thus, the requirements in (14) are met, and G,y
remains near unity at all frequencies and dc operating points.
This is shown in Fig. 8, which shows the same Z;¢ and Z4
plots as Fig. 7, but with the designed input damping filter.
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Fig. 10: (a) Phase A voltage and current and (b) output current when the
damping filter is disconnected. Waveforms show high THD and distortion.
(c) Phase A voltage and current and (d) output current with the damping
filter connected, resulting in lower THD and closed-loop stability.

TABLE I: Summary of operating point and component values for simulation
and hardware validation.

Parameter Description
Nominal input voltage (Vy;) 480 V, 60 Hz
Nominal battery (output) voltage (Vpqt) 160 V
Output power 18 kW
Grid inductance (Lg) 600 puH
Soft-dc-link capacitance (Cpq/0n /pn) 6.024 pF
Reflected grid-side capacitance (C'1) 18.072 uF
Ly to C_ resonant frequency (fr.c) 1.53 kHz
Unfolder diode WT1263Y200,

(Da1/b1/¢1/a2/b2/c2) 2000 V, 1263 A
Unfolder back-to-back IGBT FZ1200R17KF6C-B2,
Qaybye) 1700 V, 1200 A

T-SRC primary H-bridge MOSFET

(Qzl/yl/zQ/y2)

GeneSiC G3R30MTI12K
1200 V, 50 A, 2 in parallel

T-SRC back-to-back MOSFET
- +
(QCCS y3’ Qz3 y3)

GeneSiC G3R30MTI12K
1200 V, 50 A

T-SRC secondary MOSFET

Infineon IRFP4768PBF

(Qu1/v1/u2/v2) 250 V, 93 A, 2 in parallel
T-SRC switching frequency (fs) 93.3 kHz
Transformer turns ratio (n¢) 0.25
Resonant inductance (L) 48 uH
Resonant capacitance (C's) 120 nF
Output capacitance (Coyt) 195.2 uF
Damping resistance (Rgamp) 10 Q
Damping inductance (Lgamp) 2.5 mH
Damping capacitance (Cqqmp) 25 uF

V. SIMULATION AND EXPERIMENTAL VALIDATION

To validate the proposed damping technique, simulations
using PLECS were ran with and without the damping filter.
Table I shows the operating point and component values used
in the simulation. The results, shown in Fig. 10, show high
total harmonic distortion (THD) and poor PFC and output
power regulation when the input impedance is not damped
(Figs. 10(a) and (b)) and significantly improved waveforms
with the damping filter included (Figs. 10(c) and (d)).

Additionally, the simulation was used to investigate the
impact on the converter’s efficiency when the damping filter is
included. In steady-state operation, the simulation showed the
shunt damper sinking an average of 4.24 W of power. With a
rated output power of 18 kW, and a peak simulated efficiency
of 97.9%, the shunt damper contributes a maximum of 1.09%
of the system losses, or a 0.023% reduction in efficiency.

The system was tested in hardware using the setup shown in
Fig. 11 and the same values as in Table I. As shown in Fig. 11,
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Fig. 11: Block diagram of hardware setup for T-SRC with the damping filter at input.

Fig. 12: Oscilloscope capture of input and output waveforms. Waveform colors
correspond with the following signals: black is Vj voltage, cyan is I, current,
pink is Vj,, voltage, green is Vo, voltage, blue is battery current, and orange
is battery voltage.

the testing assembly comprises a California Instruments MX-
30 as a three-phase grid emulator, an unfolder, an 18 kW T-
SRC module, and an NH Research 9300 in battery mode as the
battery emulator. Connected in parallel to the three-phase input
is the damping filter described in Section IV. With the damping
filter connected, the converter can utilize a PFC control loop
bandwidth greater than the LC' resonant frequency without
becoming unstable, as shown in Fig. 12.

VI. CONCLUSION

To conclude, this paper shows the effect of the resonance
due to the equivalent input filter made from grid inductance
and the dc-link capacitance of a three-phase ac-dc converter.
First, the small-signal phasor modeling of the converter is
explained, and three key transfer functions impacting the PFC
and output power control loop are presented. Using similar
modeling techniques, the EET impedances Z,, and Z; of each
transfer function are derived. Knowing the minimum magni-
tude of the EET impedances, a damping filter is designed to
lower the peak magnitude of Z, . With the proposed damping
filter, the three plant transfer functions are not affected, thereby

allowing PFC closed-loop operation above the LC' resonant
frequency. The proposed damping filter is validated in both
simulation and hardware experimentation. The experimenta-
tion results indicate significant distortion without the damping
filter and reduced grid current THD with the damping filter.
This is accomplished with only a very minor (0.023%) reduc-
tion in converter efficiency.
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