IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 1, JANUARY 2026

663

A Frequency Independent Closed-Loop Frequency
Dithering Technique to Attenuate Conducted EMI for
Dual-Active Bridge Series Resonant Converter

Kousik Ghosh

Abstract—The frequency dithering techniques (FDT) to atten-
uate electromagnetic interference (EMI) are widely researched in
the literature. However, the existing FDTs cannot be applied to res-
onant converters, where state and output variables are functions of
switching frequency. This article proposes an FDT combined with
frequency-independent closed-loop control for dual-active bridge
series resonant converters (DABSRC). The proposed combined
technique attenuates the EMI noise and simultaneously regulates
the output variables, making it independent of switching frequency
variation. The FDT considers five switching frequencies from 66 to
72 kHz in steps of 1.5 kHz. The proposed FDT considers the effect of
resolution bandwidth (RBW) of 9 kHz as per EMI standards, which
is largely neglected in the literature. The frequency dependence
of the output variables is eliminated by a modified large-signal
model-based control (MLSMC) through feedforward cancellation.
The proposed technique achieves a significant EMI attenuation
of 8 dB along with decoupled output voltage and reactive power
control. This achieves a filter size reduction by 34% . In addition,
the settling time achieved for output voltage and reactive power
is 5 ms for a load transition of as high as 62.5% . The results are
experimentally validated on a 1.5 kW DABSRC prototype.

Index Terms—Dual-active bridge series resonant converters
(DABSRC), electromagnetic interference (EMI) attenuation, EMI,
frequency dithering technique (FDT), frequency independent
control, resolution bandwidth (RBW).

I. INTRODUCTION

HE advancements in semiconductor technology have led
Tto the use of wide-bandgap (WBG) devices in power
electronic converters. This has increased the power density
because of higher switching frequency and fast switching [1].
The applications include microgrids [2], electric vehicle [3],
solid-state transformers [4], etc. Dual-active bridge series res-
onant converter (DABSRC) is one of the most widely used
topologies in these applications because of its simpler topology,
wider soft-switching and dc blocking capability. However, using
WBG devices generates electromagnetic compatibility issues
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because of high switching frequency and fast voltage and current
transitions [5]. The electromagnetic interference (EMI) noise
arising from the device switching causes voltage and current
oscillations of the input supply if not suppressed adequately [6].
The conducted EMI is divided into differential mode (DM) and
common mode (CM) noise, which need to pass the standards
defined in CISPR-11 [7] by the International Electrotechnical
Commission for industrial applications.

The EMI attenuation is largely achieved through EMI filters,
which are classified into active and passive filters. The passive
filters conversely reduce the power density, as they consist of
bulky inductors [8]. The active filters require additional circuits,
which make them complex to implement and bulky as well [9].

In order to reduce the size of the EMI filters, one of the
widely used techniques in literature is the frequency dithering
or spread spectrum technique. In the case of a single switching
frequency operation, the total energy is concentrated on the
same frequency. Whereas, the frequency dithering technique
(FDT) spreads the energy of one frequency over a range of
frequencies, reducing the effective magnitude in the conducted
EMI zone. Various FDT have been highlighted in [10], [11],
[12], and [13]. These techniques do not consider the effect of
resolution bandwidth (RBW) of 9 kHz for EMI measurement,
which is specified by the CISPR-11 standard [7]. RBW is the
bandwidth of a bandpass filter that applies to the input signal
of the spectrum analyzer. It measures the resultant magnitude
of all the frequency components within an RBW window. A
random dithering technique for buck converter has been pro-
posedin [10], which randomly selects the switching frequencies,
achieving 6 dB reduction. The periodic dithering technique
in[11] varies over 20 switching frequencies uniformly to achieve
20 dB attenuation. However, the abovementioned frequency
dithering methods do not consider the RBW of 9 kHz, which
violates the CISPR-11 standard. The dithering technique in [12]
and [13] considers five and seven discrete switching frequencies
in steps of 3 kHz achieving 4 and 7 dB attenuation, respectively.
These techniques have a very wide frequency variation due
to the large frequency hop. All the abovementioned dithering
techniques have been implemented in converters, where output
variables are independent of switching frequency. However, the
same is not applicable for resonant converters, where the output
variable is a function of switching frequency. This makes the
output variables vary continuously with frequency variation. In
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addition, the high dithering frequency interferes with controller
bandwidth. Thus, a specialized control technique to regulate the
output variables, along with the FDT, is required. A periodic
triangular frequency modulation is used for the LLC resonant
converter combined with phase-shift control in [14], [15], [16],
and [17] to regulate the output voltage. A 16 dB attenuation is
achieved in [14] with hybrid pulsewidth modulation control and
triangular frequency dithering over 14 kHz frequency variation.
In [15], pulse-frequency control along with triangular frequency
modulation over 13.5 kHz achieves 12 dB attenuation. A hybrid
control algorithm with a frequency variation range of 24 kHz
achieves 22 dB attenuation in a current-fed LLC converter [16].
The partial power processing concept with spread-spectrum
in half-bridge LLC converter [17] achieves 25 dB attenuation
with 80 kHz frequency variation. A similar improved phase-
shift control-based FDT for DAB is reported in [18], which
achieves 12 dB attenuation with 10 kHz frequency variation.
FDT with a second harmonic ripple-based control for LLC is
implemented in [19] and achieves 17 dB attenuation. All the
abovementioned methods do not consider the mandated RBW
violating CISPR-11 standard and exhibit only single-variable
control, which increases losses. Pulsewidth modulation control
for CLLC converter in [20] considers 9 kHz RBW but achieves
only 4 dB attenuation with single-variable control.

The reported control methods of DABSRC are either for fixed
frequency control or utilize switching frequency as a control
variable. The linearized control techniques in [21], [22], and
[23], and the model-predictive nonlinear control in [24], [25],
and [26] are all dependent on switching frequency. Thus, the
frequency dithering causes the respective control governing
equations to change continuously, making the control unstable
for frequency dithering. This will cause a large ripple in out-
put variables at steady state. Similarly, the large-signal control
in [27] is applicable for fixed frequency control. As the large-
signal variables cannot be generated with varying switching
frequency. Thus, the objectives to attenuate EMI in DABSRC
are as follows.

1) To maximize the achievable EMI attenuation considering

9 kHz RBW.

2) To develop a switching frequency independent multivari-

able control method.

This article presents an FDT considering five switching fre-
quencies with frequency steps of 1.5 kHz from 66 to 72 kHz.
The switching frequencies and dithering frequency are selected
to maximize the achieved attenuation considering 9 kHz RBW,
which has been largely neglected in the literature. Also, the
persisting time of each switching frequency is selected to elim-
inate the effect of frequency dithering on controller bandwidth.
In addition, a multivariable modified large-signal model-based
control (MLSMC) has been proposed in this article to nullify
the effect of frequency dithering in the output variables, which
has not been attempted in the literature. The simplified control
technique MLSMC achieves decoupled multivariable control of
output voltage and reactive power (minimum rms current) con-
trol of DABSRC. The large-signal transfer functions are made
independent of switching frequency by the feedforward cancel-
lation, making it constant throughout the frequency variation
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Fig. 1.  Schematic of a DABSRC.

range. The feedforward cancellation also decouples active and
reactive powers. The control technique estimates active and reac-
tive components of the state variables independent of switching
frequency. The proposed FDT combined with MLSMC achieves
an EMI noise reduction of around 8 dB, along with decoupled
constant voltage and reactive power control. This technique
eliminates the DM filter and reduces the CM filter volume by
34% . Moreover, the settling time achieved for output voltage
and reactive power is 5 ms subjected to load transition of as high
as 62.5% . The experimental validations are performed on a 1.5
kW DABSRC hardware prototype.

The rest of the article is organized as follows. Section II high-
lights the existing and proposed solution. Section III presents the
proposed dithering algorithm. Section IV describes the control
algorithm. Section V shows the experimental results. Section
VI presents the performance comparison. Finally, Section VII
concludes the article.

II. EXISTING AND PROPOSED SOLUTION

The DABSRC shown in Fig. 1 draws the input current (4;,)
having average and harmonic components from a dc source (viy, ).
The ripple component arises because of the switching of the
SiC-MOSFETs in DABSRC. This ripple component of the current
consists of the switching frequency and its harmonics, whose
magnitudes are manifested as the EMI noise. The input current
is drawn through a line impedance stabilization network (LISN)
connected after the dc source to measure the EMI noise.

A. Existing Solution

The various FDT are reported in [10], [11], [12], [13], [14],
[15], [16], [17], [18], and [19]. However, the abovereported
dithering techniques do not consider the 9 kHz RBW mandated
by CISPR-11 and the effect of sidebands due to FDT. Also,
for DABSRC, a control technique is needed to eliminate the
effect of frequency dithering on output variables. Various control
techniques for frequency dithering in [14], [15], [16], [17], [18],
[19], and [20] are reported for resonant converter. However,
these techniques do not implement the reactive power control
along with output voltage, which increases losses [21], [27].
In the case of the existing multivariable control techniques, the
plant transfer function in linearized control [21], [22], [23] is a
function of switching frequency. Thus, with frequency dithering,
the nature of the plant transfer functions varies continuously.
As a result, the designed gain crossover frequency (GCF) of
the control loop will also vary. Hence, a controller designed
for a particular switching frequency cannot control the output
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variables with frequency dithering. Similarly, the plant model
for nonlinear control [24], [25], [26] also depends on frequency.
Thus, the optimization and cost functions minimization blocks in
nonlinear control designed for a particular plant model cannot
predict the correct solutions in case of frequency dithering as
the governing equations keep varying. The large-signal control
in [27] cannot estimate the active and reactive power components
for variable frequency. As a result, in all cases, the controller
cannot eliminate the steady-state error, giving rise to a large
ripple in output variables.

This requires a frequency-independent control technique to
implement frequency dithering in DABSRC, complying with
CISPR-11 standards.

B. Proposed Solution

The proposed FDT, combined with the frequency-indepen-
dent control, considers the effect of frequency dithering on the
output variables of DABSRC. It also considers the CISPR-
mandated 9 kHz RBW. The switching frequencies and the
dithering frequency are selected to minimize the number of
switching frequencies or its harmonic components within an
RBW window. The simplified technique MLSMC is developed
to control active and reactive power simultaneously indepen-
dent of switching frequency. Active power control regulates the
output voltage, while reactive power control ensures minimum
rms current. This necessitates two equivalent control loops and
circuit models separately for active and reactive power. The
transfer functions of the control loops are made independent
of switching frequency using the feedforward cancellation. This
makes the plant transfer functions constant and dependent only
on circuit parameters. Thus, the designed GCF of the loop
transfer function is also fixed throughout the operating frequency
range. The feedforward and feedback terms in the control loop
are constituted by the active and reactive components of the
state variables, which are estimated independent of the switching
frequency. The estimation is carried out in the analogue domain
to eliminate high-frequency analog to digital coverters (ADCs).

The required detailed frequency dithering algorithm followed
by the control algorithm and estimation of active—reactive com-
ponents independent of switching frequency are explained in the
next sections.

III. FREQUENCY DITHERING TECHNIQUE

The first step includes modeling the input current of DABSRC
for frequency dithering and investigating the frequency com-
ponents arising from that. Thereafter, the switching frequency,
dithering frequency, and persisting times of each switching fre-
quency or dithering duty are calculated to maximize the achieved
EMI attenuation.

A. Modeling of EMI in DABSRC

The input current (i, (t)) of DABSRC, which gives rise to
EMLI, is a rectified phase-shifted sinusoidal current, which can

be expressed as
oy fksin(wst — @), 0 <wst <7
tint) = {ka sin(wst — ¢;), ™ < wst < 27 M

where I is the peak magnitude of iy, w, is the switching
frequency, and ¢; is the phase-angle between the ac-link current
(iac) and input-bridge voltage (v, ). Now, in the case of minimum
rms current or reactive power control, i,c comes in the same
phase with v,, making ¢; = 0°. Also, ¢, affects only the phase
and not the magnitude of i;,. Hence, it does not affect the
EMI attenuation. The frequency components in i, (¢) with and
without frequency dithering are derived hereafter.

1) Without Frequency Dithering: Considering the general
form of 4, (¢) in (1), 4;,(¢) can also be expressed as i;,(t) =
S(t) Ik sin wst, where S(t) is the rectifying function and can be
expressed as

1, O<wst<m
S(t) = {17 T < wst < 27

The frequency components of i;,(t) can be obtained through
Fourier analysis and can be expressed as

2

0o
4
tin = Ipk Z — sin nwt sin wgt
n=1,3,5 nm
20 = 1
= 7" Z ﬁ{cos(n — Dwst — cos(n + 1wt}
n=1,3,5
20 ALy 1
= 71) — TP Z m COS(’erst). (3)
n=2,4,6

Thus, it can be inferred from (3) that the frequency components
will be at nws, where n = 2,4, 6, ... is the even harmonic order
of switching frequency.

2) With Frequency Dithering: In the case of frequency
dithering, DABSRC will be operated with multiple switching
frequencies. Each switching frequency lasts for a certain period
of time, named persisting time or dithering duty. Thereafter,
it shifts to the next switching frequency and so on and finally
returns to the initial switching frequency. This causes a periodic
triangular variation in switching frequency with the time period
termed as dithering time (7). Considering m different switching
frequencies (w1, wa, ..., Wk, - . ., W), tin(t) of each switching
frequency operation is named from 7 to 7,,,. The dithering duties
of i1—i,, are taken as d,—d,,, respectively. Thus, from (3), iy, for
kth switching frequency is expressed as

o0

) 2l 4l 1 ‘
= — - n:QZAﬁ e cos(nwst). )
Now, a set of pulse functions 41—, is considered to have duty
cycles di—d,,, respectively, and has a frequency equal to the
dithering frequency (f,). Thus, ¢,y; denotes ¢; persisting for
d,T, time. Similar is the case for i in ioy> and i in ixYg.
Therefore, the input current for the frequency dithering with m
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Fig.2. Representation of the input current individually at different frequencies

and with frequency dithering.

switching frequencies can be expressed as

m

iin(t)z Z ikyk-

k=1,2,3

&)

Now, yj, can be expressed as

k—1 k
1, deTo <t < deTo
t=0 t=0

k-1 k

0, t< deTo & deTo <t<T,.
t=0 t=0

yr(t) (6)

The Fourier series expansion of y is

=2
Yy = di + Z q—ﬁ sin(gmdy) cos(quot — qmdy).  (7)
qg=1

Thus, ¢y, denoting the input current with FDT for kth switch-
ing frequency, is expressed in (8) shown at the bottom of this
page. Term-I denotes a dc component, while Term-III denotes
the dithering frequency and its harmonic components. Since the
dithering frequency (w,) will be much lower in the range of
10 Hz, it will not be in the conducted EMI zone. Thus, Terms-I
and IIT in (8) need not be considered in EMI analysis. The input
current for individual frequencies and the same current after
FDT are represented in Fig. 2. It can be inferred from (8) that
in the conducted EMI zone along with the existing switching
frequency harmonics at nwj, represented by Term-1II, additional
frequency components are generated at nwy, + qw, called side-
bands represented by Term-IV. Similarly, for every switching
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frequency (w1 — wyy,), the switching frequency harmonics and
the sidebands will be generated.

The magnitude of the switching frequency harmonic com-
ponents in single frequency operation is denoted by (A,,). The
magnitude of the switching frequency harmonics using FDT is
symbolized by BX (= dj A,,), while that of sidebands is repre-
sented by C,’;n. Here, ¢ is the harmonic order of the dithering

and C* from

frequency. The magnitudes A,, from (3) and Bf n

(8) are expressed as

41k
A, =—5_
(n? -7
41k
Bf = dj—5"—
" F (n? -7

ko 4l sin(gmdy)
N D)

Although frequency dithering increases the number of switching
frequencies, the sidebands are additionally generated. However,
the magnitude B’,f is lesser than A,, by a factor of dj. Also,
C’f;n is comparatively smaller in value than BX and A,,. Thus,
the resultant magnitude (M,,) considering 9 kHz RBW will be
lower than A,,. It can be inferred from (9) that the magnitudes
of the various components can be regulated through dj. The
placement of the frequency components and their magnitude
can be adjusted through dithering frequency and dithering duty
selection.

€))

B. Factors Affecting FDT

The FDT is affected by the mandated RBW of 9 kHz as well
as the controller bandwidth.

1) Effect of RBW: RBW combines all the frequency compo-
nents falling within the 9 kHz RBW window and generates the
resultant magnitude of the combination.

As shown in Fig. 3, multiple frequency components are gen-
erated due to FDT and those falling within the span of 9 kHz are
combined. Thus, the resultant magnitude can be expressed as

M, = \/Z (Brli>2 + Z (an>2'

The resultant noise magnitude is M,,, which is higher than B
or C’,’im but will be lesser than A,,[13]. Thus, as RBW reduces
the maximum achievable attenuation, it plays a significant role
in designing the FDT.

2) Effect of Controller Bandwidth: FDT is also affected by
the controller bandwidth. A higher dithering frequency and

(10)

21 A 1 2o o~ 2
gk = dp =2 — 4= Z —5— cos(nwst) + — Z — sin(gmdy) cos(qwot — gmdy,)
us us ns—1 m qm
N—— n=2,4,6, g=1
Term—1
o Term—II Term—III
41 SN 1 .
-5 % 24 Z I =D sin(qmdy)] cos{(nwy + qu,)t — qmdy } + cos{(nwy, — quo )t + qmdy} ¢ ¢ . (8)
n=2,4,6, g=1

Term—IV
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Fig. 3. Resultant of frequency components within 9 kHz RBW.

lower dithering duty will cause a fast change in the switching
frequency. In case, the persisting time of each frequency is
lower than the settling time of load or input transients. The
effective settling time will increase as the controller considers
the frequency change as a separate transient condition. This is
due to the dependence of output variables on frequency. Thus,
the frequency dithering will cause a large ripple in the output
variables. As the controller will be ineffective in reaching the
steady state.

Thus, to achieve maximum attenuation of EMI noise magni-
tude, the switching frequency, dithering frequency, and dithering
duty need to be selected with the following objectives.

1) Minimizing the frequency components within RBW.

2) Eliminating the effect of control bandwidth on FDT.

C. Proposed FDT

The parameters of the proposed FDT are selected based on
the abovementioned factors governing the EMI attenuation.

1) Switching Frequency Selection: The designed DABSRC
has a resonant frequency of 61 kHz. Thus, as per [21] and
[27], the optimum operational switching frequency range can
be 1.08-1.2 times the resonant frequency, which comes to be
66-73 kHz to reduce losses [21]. As per (8), i1y, and subse-
quently ;;, have even harmonics of switching frequency compo-
nents. This will make the fourth harmonics of the switching
frequency fall in the conducted EMI zone, as it goes above
150 kHz. In order to maximize the EMI attenuation, the aim
is to select the switching frequencies in a way such that fourth
harmonic component of only one of the selected switching
frequencies falls in a 9 kHz RBW window. Thus, to keep fourth
harmonic component of two subsequent switching frequencies
9 kHz apart, the frequency gap (A f,) between fourth harmonic
component of two subsequent switching frequencies should
be Afy > 9 kHz. This will make the frequency gap between
two subsequent switching frequencies to be Af > 2.25 kHz.
Thus, considering Af of 2.5 or 3 kHz, only three switching
frequencies can be selected in the operational frequency range
of 66-73 kHz, which spans only over 8 kHz. The maximum
attenuation possible with three switching frequencies can be
of 9.5 dB based on the formula, A, () = 20log(1/m) [13].
Here, A, (max) and m denote maximum attenuation and number
of switching frequencies, respectively. However, the sidebands

falling within the 9 kHz RBW considerably affect the atten-
uation achieved by the FDT. Due to the higher number of
sidebands falling within the 9 kHz RBW, the actual attenuation
(A;) will be significantly lower than A,.(pax) [13]. In addition,
2.5 or 3 kHz, being a higher step change in frequency, will
increase the overshoot/undershoot and settling time of output
voltage and reactive power due to higher frequency step-change.
Both of these factors bring the need to increase the number of
switching frequencies and reduce the frequency step-change as
well.

Thus, to increase the number of switching frequency compo-
nents and attenuation, the alternative is to keep fourth harmonic
component of two subsequent switching frequencies within
the RBW window. This makes the frequency gap between the
fourth harmonic components of two subsequent switching fre-
quencies to be A f, > 4.5 kHz. Thus, the step-change between
two subsequent switching frequencies becomes Af > 1.125
kHz. Thus, considering the switching frequency to be fi_5
and with Af = 1.5 kHz, five switching frequencies can be
selected as

f1 =66, fo=67.5, f3=069, fr =705, fs = 72kHz.

Thus, with five switching frequencies, A,.(max) = 201log(1/m)
= 14 dB. However, because of the sidebands arising out of
frequency dithering, the achieved A, will be lesser than A, (pay)-
The effective EMI attenuation A,. can be calculated considering
the sidebands, which need the selection of dithering frequency
and dithering duty.

2) Dithering Frequency and Duty Selection: The dithering
frequency dictates the rate of change of switching frequency.
A higher dithering frequency leads to faster variation in the
switching frequency, which affects the controller bandwidth. In
case the switching frequency varies within the settling time of
the converter during any load or input transient, the control will
be unable to reach the steady state. Thus, since the proposed
control algorithm achieves a settling time of 5 ms, the persisting
time of each frequency is kept higher than 5 ms. At the same
time, to eliminate large transients in converter state variables
due to higher step-change in frequency, continuous triangular
switching frequency variation is chosen. Thus, to accommodate
the load transient setting time within the persisting time of each
frequency, the persisting time is selected as 10 ms. Hence, for
triangular frequency variation, the dithering time and frequency
cometobe 7Ty =4 x 10 4+ 10 = 90 ms and f, = 11 Hz, respec-
tively. Thus, the dithering duty of the five switching frequency to
be di =dy =ds=dy = 2(;3) =0.22, and d5 = (gg) =
0.11.

3) EMI Attenuation: The EMI attenuation is calculated for
the fourth harmonics component of f1—f5 as these are the first
frequency components in the conducted EMI zone. Also, the
filter is to be designed based on the initial frequency region [13].
Now, within the 9 kHz RBW, the frequency components 4 f;,
4fs, and their respective sidebands fall. Therefore, the resul-
tant magnitude considering till the significant 21st harmonic of
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sidebands is calculated using (8)—(10) as

21
(B1)?+2) (Cp)?
qg=1
21

+ (B2 +2) (C2)*

q=1

My = an

Thus, the attenuation (A,) at the fourth harmonic region of
switching frequencies can be calculated as A, = ]‘\% ~ 7 dB.
Here, B} and B3 denote the magnitude of fourth harmonic com-
ponents of f; and fo, while C;4 and 6’34 denote corresponding
sidebands, respectively.

The FDT in DABSRC causes variation in the state variables
because of its dependence on switching frequency. This varies
the output variables, which demands a frequency-independent
control system to regulate the output voltage and reactive power
simultaneously. The next section describes the modified large-
signal model-based control technique to assist frequency dither-
ing in DABSRC.

IV. CONTROL ALGORITHM

The large-signal modeling of DABSRC is presented, and
then represented into active and reactive power control models
separately. Thereafter, the estimation of active and reactive com-
ponents of the HF-link current is performed. Finally, the control
algorithm is formulated, including the feedforward terms, which
makes the control transfer functions independent of switching
frequency.

A. Large Signal Modeling

The DABSRC circuit diagram shown in Fig. 1 has been
simplified using the fundamental harmonic approximation
(FHA) [21], [27]. The FHA equivalent circuit and timing di-
agrams are shown in Fig. 4(a). Here, v, and v, denote input and
output bridge voltages, respectively, and v, is capacitor voltage.
In Fig. 1, S1-5,4 denote the switching devices of primary-side
bridge and P;—P, denote the switching devices of secondary-
side bridge. The external phase-shift between the input and
output bridges is denoted by ¢, which is phase-shift or time-lag
between the turn-ON instants of S; and P;. Here, S1—5, are
operated at w, switching frequency at 50% duty-ratio. S2 and
Ss are switched complementary to S; and Sy, respectively. In
this case of square-wave operation of the input-bridge, S7 and
S, are turned ON simultaneously. The variable, 6, denotes the
internal phase-shift of the output bridge, which is essentially the
phase-shift or the time-lag between the turn-ON instants of P;
and Py. Here, P;—P, are operated at wy switching frequency
at 50% duty-ratio. P, and Ps are switched complementary to
P, and Py, respectively. The variables ¢ and 6 are shown in
the timing diagram of DABSRC in Fig. 4(b). The resonant tank
comprises a series connected inductance (L), capacitance (C'),
and equivalent resistance (/) and HF transformer. As per FHA,
considering the fundamental components, the large-signal state
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Fig. 4. (a) Equivalent circuit diagram. (b) Timing diagram of DABSRC.

equations are

di .
Ly d;c = Vg — Uy — Rglac — Ve

dv,
Cs E = lac- (12)

The output current equation from Fig. 1 can be written as
dv, . v,
C =1— 13
4t 'R, (13)

Now, the variables can be represented as a summation of sin wst
and cos w,t terms as follows:

Vg = kVip sinwgt = 44 Sinwgt
vp = kV, sin(wst — @) = Upg SINwst + Vpy COS Wil
tac = Lye sin(wst — &) = i, Sinwst + 4, cOSwst

Ve = Vesin(wst — ) = veq SINwst + e €OS wit. (14)

The coefficients of sin w,t and cos w,t are the active and reactive
variables represented by subscripts “a” and “r,” respectively.

The active—reactive variables are expressed as

Vaa = kVin
Vpa = kV,coscos ¢, vy = —kV,cosfsin ¢
1q = e cOS 0, ip = —Icsind
Veq = Vi COS 3, Ve = — V. 8in . (15)

The rectified output current (¢) can be expressed by using the
power balance at the output bridge as

¢(1+T5‘) 2
1= / Gacdt = —(iq COS d — iy SIN ). (16)
@ ™

T,
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The state equations in terms of active—reactive variables from
(12) can be written as

Ls% = wsLgiy — Rsiq — Vea + Vaa — Vba
s% = —wsLsiq — Rsiq — Ver — Vbr
C, d;;‘”' — w,CVer + i
stj = —w,Cyveq + i (17)

Similarly, the output state equation from (13) can be written as

dv, 2. . o
Cy ;; = ;(zacosqﬁ—zrsinqﬁ)— ;To (13)

Now, two equivalent state-space representations can be obtained
from (17) representing active and reactive power separately.
Through the phasor expansion of the converter variables, the
active power (P) can be related to I, = I,. cos ¢ as

P =Re[V,I] = Re[(V,£0)(IoeZ — 6)"]

Re gVian(cosd + jsind)

= ngIaC cos o

™

= iwn-[a

2 P

I==—.
- 7T Vin

19)

Similarly, reactive power () can be related to I, = —I,sind
as

Q = Im[V, ] = Im[(V,£0)(LcZ — )]
=1Im gVinIac(cosé + jsind)

- gvmfac sin &

™

-5 inIr
2V
2Q

I =--%

. 20
. (20)

Thus, the active and reactive power control can be achieved by
controlling 7, and 7., respectively. This necessitates estimating
the same from 7,., manifested in the next section.

B. Estimation of Active—Reactive Variables

The active-reactive current components (i, and ¢,.) are esti-
mated from 7, for the continuous switching frequency variation.
The estimation uses the sensed current (i; = 4,.) and the unit
vectors (sinwst and coswst), which are generated from the
microcontroller through DAC as per the switching frequency
variation. A new variable 75 is generated from 7, by integrating

Analog Digital

1 Vca
 —

1 l Wi/ildt 22

Integrator

sin wgt

Fig.5. Estimation of i4, ¢y, Veq, and v, independent of switching frequency.

11 and multiplying by ws. Thus, ¢ and ¢5 can be expressed as

lae = 11 = I sin(wgt — 9)

1o = Wy < / I sin(wst — 5)dt>

= — T, cos(wst — 0). (21)
Now, i, and 7,- can be expressed as
1q = 11 COS Wl + 1o Sin wgt
1 = 11 SiDwgt — 19 COS Wit. (22)

Now, putting (22) in (17), v, and v, can be estimated as

1
Veaq = c. /(za + wsCsvep )dt

1

c. (23)

Ve = /(zr — wsCseq )dt.
The estimation of 7, and 7, are carried out in the analog domain
to reduce the complexity and eliminate the requirement of high-
speed ADCs for sensing ,.. While v, and v, are estimated
in the digital domain in digital signal processor (DSP). This
requires sensing ¢, and ¢,, which can be performed using the
internal ADC of DSP, as they are primarily dc components.
The integrators are aided with a low-pass filter having a cutoff
frequency of ten times the switching frequency. The estimation
isrepresented in Fig. 5. The DSP internal ADCs have a sampling
time of 50 s, which can be modeled as a first-order LPF with
a single pole (w1) at 20 kHz. The switching frequency is kept at
66 kHz, and the controller bandwidth is selected 10 times less,
around 6.6 kHz. Thus, in the case of low-frequency variation,
the ADC sampling time does not interfere with the controller
bandwidth.

In Fig. 6(a) and 6(b), the percentage error is shown between
the actual and estimated i, and 7, at various switching fre-
quencies. The error is calculated by samples of 7, and 7, at
three different loading conditions over the switching frequency
variation range. The maximum error is below 6% even at 25%
loading, which is in the acceptable range [21], [27].
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Fig. 7. Control block diagram for active and reactive current control loops.

C. Control System Design

The modified large-signal model-based control (MLSMC)
comprises two inner control loops for controlling active and
reactive currents, ¢, and ¢,.. In addition, an outer voltage control
loop is presented to regulate output voltage. The reactive current
reference is fixed at zero, which makes the output voltage
dependent on ¢,, alone. So, the output of the voltage control loop
provides the reference of the active current control loop (I} (s)).
The reactive current being zero minimizes the reactive power
flow in the HF ac link, which satisfies the condition of minimum
rms current and zero voltage switching (ZVS) operation. The
inner active—reactive current control loops produce the active—
reactive component of v, vpe, and vy, respectively. In this
control method, the double-phase-shift modulation technique
is adopted, where ¢ and 6 are modulated.

1) Current Controller: The plant model for the current con-
trol design is obtained by Laplace transform of (17), and the
plant transfer functions can be written as

Ta(s)
Gva(s) Vba () | Vea(s)=0
Vaa(5)=0 1
I,.(s)=0 = 24
1,(s) Ry + 5L ey
GUT(S) = Vir-(5) Vo (5)=0
I(5)=0

The plant transfer function for active and reactive current
control loops are denoted by G, (s) and G,,-(s), respectively.
The terms Vo (s), Ver(s), Vaa($), wsLsla(s), and wsLsI,(s)
constitute the feedforward terms and do the cancellation. Due to
the feedforward cancellation technique, G, (s) and G.,,-(s) be-
come independent of switching frequency and operating points.
The active—reactive current control loops have been shown in
Fig. 7.

Since Gyq(s) and G,.(s) are first-order, the regular
proportional-integral controllers (G.,(s) and G.(s)) can

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 1, JANUARY 2026

60/

-
=)
S

g jzw g_o-\\\iz\ Ryt w1 /ZOOij)d/;_ec
£ Plds P il i
0 08B 3 ==
g2 g O
=40 s
=5 — Guils)
90 == 20 _
2 s % ol | o)
g 45 N 2 i (s
S, S T T T+7T0(5)
i . P N E- 9o —mesa T 5
[ l \ NG R s i s 2 90°
—90— — -180 - - L _
1072 1071 100 10 10% 10* 10! 10* S 10’ 10° 10°
Frequency (kHz) Frequency (kHz)
(a) (b)
Fig. 8. Bode plot of (a) i, current control loop and (b) voltage control loop.
Voltage Loop I, sin¢ Iq"lnd) """""""""""" :
Vo (s) Id cos o | R, L Vo(s)
—’ & g T+ sCoR,| |
Vo(s) e Plant;
Fig. 9. Control block diagram for voltage loop.
achieve the control, which is of the form
K
Geo(8) = Ger(s) = Kpi + -~ (25)

The parameters K; and K;; can be designed using the chosen
crossover frequency (w.;). The Bode plots of Go,4(s), Tea(s) =
Goua(5)Gea(s),and #g;ga(s) are shown in Fig. 8(a). Since
the switching frequency (fs) varies from 66 to 72 kHz, w,; is
fixed at 38.9 krad/s (= 276.6 kHz), which is 1 decade lower
than the lowest switching frequency of 66 kHz. The gain,
|Gya(jweil, is compensated by designing the controller gain
t0 |Geo(jwei)| = —|Ger(jwei)| = —10.6 dB. Now, using the
pole-zero cancellation method, the PI-controller parameters are
K, = 3.2 and Kj;; = 30230. This places w; of T.,(s) at the
desired frequency. The plot of closed-loop transfer function
#g%a(s) remains below 0 dB as well, making it efficient
in disturbance rejection. As G4 (s) and G- (s) are independent
of switching frequency, G..(s) and G.,(s) can control i, and
ir, irrespective of switching frequency variation. G....(s) can be
designed similar to G ().

2) Voltage Controller: The plant model is obtained by the
Laplace transform of (18), which is

Vo(s) T < R, >
= I ) 26
I (s) 11 ()0 1+sCtR, (26)

2
where I/ (s) = I,(s) cos ¢ and I.(s) = I,.(s) sin ¢. C,, denotes
output capacitance, R, denotes load resistance, and I/.(s) is the
feedforward term. The voltage control loop has been depicted
in Fig. 9. The Bode plots of plant (G.;(s)), controller (G, (s)),
Gyi(s)

14+Gey (8)Gui(s)
are shown in Fig. 8(b). G,;(s) being first order system, a PI
controller (G, (s)) is chosen for the control. The setting time
(Ts) is kept at 5 ms [2], [28], which also equals 107 where 7 is
the time-constant of loop gain (T, (s) = Gy (5)Gei($)).

In case of the first-order transfer function, the settling time
T, = 107 = 5 ms, which makes 7 = 0.2 ms, where 7 is the time

Gvi(s)

and disturbance rejection transfer functions
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constant of the system. Thus, GCF (w., ) comes out to be w,, =
7-1 = 2000 rad/s. Here, w,, is considered to be the bandwidth of
the system. The controller gain required at wey 18 |G ey (jwey )| =
—|Gui(jwen| = —16.5 dB, which is obtained by K, = 0.25
and K, = 52. As shown in Fig. 8(b), with increasing R,, the
pole (Rolcf> shifts to the left side, which does not affect w,,

as it is always higher & lcf . Thus, as evident from Fig. 8(b), for

15% and 100% loading, w,, and phase-margin does not vary.
The phase-shifts, ¢ and 6, are generated from vy, vp,, and

U, as
_ Up
¢ = tan! (T>
Vba

6 =cos ! (W‘ Ui + Ug‘l).

4 Vo

27)

V. EXPERIMENTAL RESULTS

This section experimentally validates the proposed frequency
dithering along with the control technique on a 1.5 kW SiC-
based DABSRC hardware prototype.

A. Hardware Prototype

The selected SiC MOSFETs are C3M0065100 K, which has a
rated blocking voltage of 1 kV and drain current of 35 A. The
proposed FDT and the control algorithm are implemented using
a TMS320F28335 DSP and a Cyclone IV field-programmable-
gate-array-based hybrid platform. The generation of ¢, and %,
from i, are carried out in the analogue domain. The DABSRC is
designed with the available series inductance and capacitance of
62 yHand 0.11 uF, respectively, making the resonant frequency
61 kHz. The switching frequency variation is within 66—73 kHz,
considering the validity of FHA [21]. In single-switching fre-
quency operation, DABSRC is operated at 66 kHz. The input
and output dc-bus capacitances are 100 pF. The hardware setup,
along with the EMI measuring setup, is shown in Fig. 10(a)
and (b), respectively.

B. Frequency Dithering Technique

The proposed FDT, with and without the variable frequency
control, is implemented in a DABSRC prototype and experimen-
tally validated at 1.5 kW power rating. The CM and DM noise are
shown in Fig. 11(a) and (b), respectively. It can be observed that
there is an attenuation of 7 and 8 dB in DM and CM noise, respec-
tively, as compared to single-switching frequency operation. The
same has been mathematically calculated in Section III-C3. As
shown in Fig. 11(a), after implementing the proposed FDT, the
DM noise level goes below the specified EMI noise limit in
CISPR-11 throughout the conducted EMI frequency range of
0.15-30 MHz. This eliminates the requirement of a DM filter to
attenuate EMI noise at a power rating of as high as 1.5 kW. Since
the CM noise does not pass the CISPR-11 standard, as shown in
Fig. 11(b), an additional CM filter will be required for complete
CM noise attenuation. However, the achieved 8 dB attenuation

Secondary
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Fig. 10.  (a) DABSRC hardware setup. (b) EMI measuring equipment.

in CM noise will cause a significant reduction in filter size by
34% compared to single-frequency operation. The CM filter size
reduction has been validated through a conventional filter design
in Section V-D. The input current in Fig. 11(c) is routed through
LISN.

C. Control Algorithm

The MSLMC technique has been validated experimentally in
this section. Fig. 12(a) shows the response of the DABSRC state
and output variables to continuous frequency variation or fre-
quency dithering in open-loop conditions. It can be observed that
with the variation in f,,, the output variables v,, i, and i, also
vary in a similar fashion as expected. The output voltage varies
from 270 to 310 V for a frequency variation from 66 to 72 kHz
with a constant load. The required nominal voltage is 300 V,
with the allowed fluctuation for most of the applications being
+5% [2], [28]. However, in Fig. 12(a), the voltage fluctuation
is +13.5%, which is unsuitable for the applications. Also, the
variation of reactive power increases losses. Therefore, with the
proposed control technique as shown in Fig. 12(b), for the same
variation of f,,, the output variables v,, i,, and i, are constant
for a fixed load. The output voltage is fixed to the nominal value
of 300 V (+2%), and i, is regulated at zero irrespective of
frequency dithering. The transient response of the converter is
shown in Fig. 12(c), which shows a settling time of 5 ms for v,,
14, and ¢,- subjected to 62.5% step-load change. In Fig. 12(d)—(f),
the reactive power at three different switching frequencies varies
due to frequency dithering in open-loop even with constant load.
Since reactive power depends on switching frequency as well,
however, with the closed-loop control, it becomes constant with
switching frequency variation at any given load, as shown in
Fig. 12(g)-(i).
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D. Filter Size Reduction

As the DM filter is eliminated, the design of the CM filter has
been shown. As per [29], the required attenuation for the CM
noise (A,) in dB pV can be calculated as

A, [dBuV] = Acm[dBuV] + 6 dBuV — Ay, [dBuV]  (28)
where Acv[dBpV] is the actual noise value, 6 dBuV is the con-
sidered safety factor, and Ay, [dBpV] is the international noise
limit as per CISPR-11 Class A (QP) [7]. A regular second-order
LC filter, as shown in Fig. 13, has been chosen.

active power condition at three different switching frequency in case of frequency

Fig. 13.  Conventional CM filter circuit diagram.

The filter parameters are designed for both single-frequency
operation and with the proposed FDT.

1) Single Frequency Operation: A, from (28) comes out to
be A, =102+ 6 — 79 = 29 dBuV, required at the first peak
position of 190 kHz. Thus, the second-order filter having
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TABLE I
PERFORMANCE COMPARISON OF THE PROPOSED METHOD AGAINST EXISTING TECHNIQUES

FDT Converter Performance Parameters
TO Vi e Freq Y Sideband RBW Value Attenuation Control
opology Range (KHz) | Considered | (As per CISPR-11) (dB) Variables

Spread Spectrum with
Single Phase-Shift [16] Current-Fed LLC 24 No - (No) 22 Output Voltage
Spread Spectrum with ] . ]
Single Phase-Shift [17] Half-Bridge LLC 80 No - (No) 25 Output Voltage
Spread Spectrum with
Hybrid Modulation [14] LLe 14 No 100 Hz (No) 16 Output Voltage
Spread Spectrum with
Single Phase-Shift [15] LLC 13.5 No 100 Hz (No) 12 Output Voltage
Spread Spectrum with
Single Phase-Shift [18] DAB 10 No - (No) 12 Output Voltage
Spread Spectrum with
Ripple Rejection Control [19] LLC 10 No 100 Hz (No) 17 Output Voltage
Spread Spectrum with Current-Fed
Pulsewidth Modulation [20] CLLC 70 No 9 kHz (Yes) 4 Output Voltage
Proposed Method DABSRC 6 Yes 9 K (Yes) 8 | Reavive Power

40 dB/decade slope should have a cutoff frequency at 35 kHz.
Thus, considering C'y = 2.2 nF, L; becomes 9 mH.

2) Proposed FDT: After implementing the proposed FDT,
A, can be calculated form (28) as A, =93+6—79 =
21 dBuV. Also, the first noise peak shifts to 220 kHz, which
makes the cutoft frequency becomes 65 kHz. Thus, with C'y =
2.2 nF, the required Ly is 2.5 mH.

It can be observed that the filter inductor value is reduced by
as high as 77% on implementing the proposed FDT as compared
to single-frequency operation. This causes an inductor size
reduction by 34% based on the market-available inductors [30],
[31]. Since the inductor size dominates in any filter topology,
the reduction in filter size can be directly related [13].

VI. PERFORMANCE COMPARISON

The proposed technique is compared against the existing
techniques, as shown in Table I. The technique in [14] achieves
16 dB attenuation and output voltage regulation in an LLC
resonant converter with a wide switching frequency variation
of 14 kHz. It deviates the switching frequency far from the
resonant frequency, producing a higher voltage ripple. Similarly,
in [16], 22 dB attenuation is reported in a current-fed LLC
converter with a frequency variation of 24 kHz. In [17], 25 dB
attenuation is achieved with frequency variation of 80 kHz in
a half-bridge LLC converter through partial power processing
concept. A similar FDT with improved phase-shift control for
DAB in [18] achieves 12 dB attenuation with 10 kHz frequency
variation. In [15], an LLC converter achieves 12 dB attenuation
with a frequency variation of 13.5 kHz. Ripple rejection control
technique in [19] for LLC converter achieves 17 dB reduction
with 10 kHz variation. However, none of the methods considers
the RBW of 9 kHz mandated by CISPR-11. In [20], only 4 dB
attenuation is achieved considering 9 kHz bandwidth in a CLLC
converter through pulse-width modulation. However, all the
abovementioned methods achieve only output voltage control.
The reactive power control is not attempted, which increases
the losses. The wide switching frequency variation in the re-
ported literature will increase the losses in DABSRC, whereas,
the proposed technique achieves 8 dB attenuation considering
9 kHz RBW with a narrow frequency variation of 7 kHz. It

also achieves control of both output voltage and reactive power
independent of switching frequency.

VII. CONCLUSION

This article proposes an FDT combined with frequency-
independent control to attenuate EMI and eliminate the effect
of frequency dithering on state variables in a DABSRC. The
switching frequency in the proposed technique is varied over
a range of 7 kHz from 66 to 72 kHz in steps of 1.5 kHz.
The switching frequencies and dithering frequency are selected
considering the effect of 9 kHz RBW as mandated by CISPR-11.
This article also proposes a modified large-signal model-based
control technique to regulate the output voltage and reactive
power irrespective of frequency dithering. This removes the de-
pendence of state variables of DABSRC on switching frequency.
The proposed technique achieves around 8 dB attenuation in DM
and CM noise, which achieves a CM filter size reduction by 34%
and eliminates the DM filter. The control technique achieves
output voltage and reactive power regulation independent of
frequency dithering along with load transient settling time of
5 ms for as high as 62.5% step-load change. The achieved results
are validated experimentally on a 1.5 kW DABSRC prototype.
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