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Multifrequency Model of Dual Active Bridge
Resonant Converters With Phase-Shift Control

Xin Li
Wu Chen

Abstract—The dual-active-bridge (DAB) resonant converters are
a cluster of efficient bidirectional dc-dc converters. It is commonly a
challenge to obtain the analytic expressions of the control-to-output
transfer functions especially in multi-element resonant converters.
In this article, the multifrequency modeling technique is adopted to
derive the general small-signal model for DAB resonant converters
with various resonant tanks. The analytic expression of phase-shift-
angle-to-output-voltage transfer function as well as the general
control block diagram of DAB resonant converter is obtained. It
is interesting to see that the models are different depending on
primary side phase shift or secondary side phase shift. To have a
clear picture of the differences, order reductions of the models are
conducted with the example of the DAB series resonant converter.
Finally, the prototype of the DAB series resonant converter is built
in the lab, and the phase-shift-angle-to-output-voltage transfer
function is measured, which successfully verifies the validity of the
proposed model.

Index Terms—Dual active bridge (DAB) resonant converter,
multifrequency model, primary side phase shift or secondary side
phase shift, small-signal modeling.

I. INTRODUCTION

HE dual-active-bridge (DAB) resonant converter, as shown
T in Fig. 1, inherits both the advantages of DAB converters
and the unidirectional resonant converters, such as easy achieve-
ment of soft switching, flexibility of power control, wide input
voltage range, low EMI issue, making them favored bidirectional
converters in medium and high-power occasions nowadays [1],
(2], [3], [4].
Small-signal modeling is the foundation for dynamic analysis
of converters, with which, it is possible to obtain a precise
control loop design procedure, thus systematically improving
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Fig. 1.  General topology of a DAB resonant converter.

the stability and dynamic performance of the converter. In [4],
a discrete-time small signal model of DAB series resonant
converter (DABSRC) with both frequency and PWM control is
established, and the relevant symbol transfer function is derived.
It shows when the time constant of the load is much higher
than the switching frequency and for pulsewidth regulation, the
converter is similar in properties to the stationary linear element
of the third order. In [5], a discrete model for single phase-shift
control DABSRC is also proposed to qualitatively discuss the
impact of dead zone on the resonance peak of the model.
Despite being accurate, discrete-time modeling rarely yields
closed-form transfer functions that can be expressed in terms
of circuit parameters, owing to the computational complexity
associated with the matrix exponential function. Consequently,
these functions cannot be evaluated symbolically in a manner
conducive to design-oriented analysis.

To simplify the modeling process, a method that mixes the
Fourier and the state-space averaging was developed in [6] to
investigate the transient response of the discontinuous mode
DABSRC. This method facilitates the modeling of converters
with multiple operating modes within one cycle and in one
of them the current is zero. However, as the authors admitted,
the accuracy is worse than the traditional state-space averaging
method. In [7] and [8], modeling under fault tolerance operation
is discussed, where the resonant network of DABSRC is approx-
imated as a single inductor as per the principle of storing the same
total energy. This leads to a second-order small signal model
of DABSRC, which is essentially a periodic averaging model
that is only applicable for analyzing low frequency oscillation
mechanisms.

It is worth mentioning that the above modeling methods are
basically limited to modeling simple converters. Some modeling
methods that combine time and frequency analysis have been
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broadly used in modeling various DAB resonant converters
owing to its relatively simple and systematic derivation. These
methods mainly include the generalized state space averag-
ing (GSSA) method, the extended describing function (EDF)
method, and the Laplace phasor transform (LPT). In [9] and
[10], the EDF and GSSA methods are, respectively, employed
to obtain the DABSRC with single phase-shift control. Seltzer
et al. [11] utilized the DPT method to construct the small
signal phasor modeling of DABSRC with multiangle phase shift
modulation, and transfer functions from random angle to the
output are deduced. Subsequently, a gain-scheduled approach
for DABSRC was demonstrated on the basis of the models
in [12], providing optimal performance at different conversion
ratios and power levels. In [13], a GSSA-based model of a dual
active half-bridge resonant converter with LC filtering circuit
is established. In [14] and [15], the small-signal models of
CLLC resonant converter are obtained by the EDF and DPT
methods, respectively. Malan et al. [16] did a similar work to
DAB CLLC converter with [14]. Although it is claimed the
dq modeling method, but essentially also fallen in the scope
of the aforementioned three methods. Li et al. [17] extended it
to bidirectional CLLLC converter. Scandola et al. [18] adopted
the DPT method to model and analyze the digital controlled
dual active half bridge resonant converter. This study extended
known results for uniformly sampled pulsewidth and phase shift
modulators, and illustrated the effects of sampling delays on the
modulator output dynamics.

Although EDF, DPT, and GSSA methods provide a clear and
universal modeling process for all kinds of resonant converters,
it should be pointed out that to obtain the explicit transfer func-
tions, all the state variables in the resonant tank are decomposed
into real and imaginary parts, forming a high-order matrix. If
the DAB resonant converter has n resonant elements, the order
of the matrix will be 2n+1. Therefore, it will be very hard to
obtain explicit transfer functions of multielement DAB resonant
converter in this way.

In addition, as shown in Fig. 2, DAB resonant converter with
phase-shift modulation has two different implementation meth-
ods. In Fig. 2(a), the secondary bridge is fixed while the primary
side bridge is regulated. In Fig. 2(b), the bridge on primary side
bridge is fixed while that on the secondary bridge is regulated.
According to the authors’ review, most of the existing literature
focuses on the modeling of Fig. 2(a), which gives the illusion
that the small-signal models of the two SPS implementation
methods are the same. However, in this article, it is interesting
to find that the two implementation methods lead to two distinct
models. In other words, there exists two possible models for any
DAB resonant converter with single-phase-control, which has
not been explained.

To address these issues, a simpler and more accurate modeling
method is expected. The multifrequency modeling method was
developed in [19] to investigate the sideband effect of the PWM
converters. In 2021, it was successfully applied to modeling
resonant converter by the authors [20]. The core idea of multifre-
quency modeling is using the ratio of the complex Fourier coef-
ficients of different frequencies to represent the transfer function
between the two frequencies. Based on this, the resonant tank
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Fig.2. Key waveforms of a DAB resonant converter with different phase shift
schemes. (a) Primary-side regulation. (b) Secondary-side regulation.

can be regarded as a whole during the modeling, thus avoiding
the 2n+1 matrices, and making it possible to obtain analytic
expressions of the transfer functions. However, the state-of-art
research is limited to unidirectional resonant converters with
simple diode rectification. With the considerations above, this
article intends to have a thorough modeling of the phase-shift
DAB resonant converters using the multifrequency modeling
method, and distinguishes the two implementation methods of
phase shift mathematically.

The rest of this article is organized as follows. Sections II
and III give the generalized modeling process of DAB reso-
nant converter with primary side regulation and secondary side
regulation, respectively. Section IV takes the DABSRC as an
example to have the order of the models reduced to obtain the
analytic expressions, based on which, the differences between
the primary side regulation and secondary side regulation are
discussed mathematically. Section V provides the experimental
result to validate the analysis. Finally, Section VI concludes this
article.

II. MODELING OF DAB RESONANT CONVERTER WITH
PRIMARY SIDE REGULATION

For the DAB resonant converter in Fig. 1, Q1—Q4 are the
switches on the primary side, O5—Qs are the switches on the
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converter when the modulation signal of the phase-shift angle is perturbed with
wp component.

secondary side, Cy is the output filter capacitor with the equiv-
alent series resistor R.. Ry,q is the load resistor. vy, is the input
voltage, vap and i, are the output voltage and output current of
the bridge on the primary side, vop and ig are the input voltage
and input current of the bridge on the secondary side, i, is the
rectified current, vr is the voltage across Cy, v, is the output
voltage. The phase shift angle ¢ presents the phase that vap is
in advanced of v¢op, which ranges from -7 to 7.

As depicted in Fig. 3, when the phase-shift angle ¢ under-
goes a small-signal perturbation at the frequency w; (where
wp<<ws), signals throughout the converter produce compo-
nents of nws + w, (with n # 0), referred to as sideband
components. Given that the switching frequency is closely tuned
to the resonant frequency, the wy & w;, components become
dominant within the resonant tank. Due to the low-pass filter
characteristics, the w;, component predominantly influences v,
and i,. Therefore, it is essential to account for the ws £ wy,
components in the resonant tank and the w;, component in the
output port waveforms.

In this section, the multifrequency model of the DAB resonant
converter with primary-side regulation will be derived. The key
signals under phase-shift angle perturbation, including vap, is,
ir, Vo, and vep, Will be derived separately and ultimately form
a complete block diagram.

A. Small-Signal Expression of vap

As shown in Fig. 2(a), when the phase-shift angle ¢ is
perturbed with a small-signal component $(t), vap will vary
accordingly, the expression of vap in a switching cycle is as
follows:

Vi if - 2T <t < iT - £T,
UAB(t):

. 5 (D
e 1
*‘/in lf §Ts - %Ts S t S Ts - %Ts
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Obviously, vap is a square wave comprising numerous har-
monics. Given that the switching frequency is typically tuned
close to the resonant frequency, only the fundamental harmonic
component of v is effective in generating the resonant current.
Therefore, vop can be approximated using the fundamental har-
monic analysis (FHA) method. By performing Fourier transform
on (1), the fundamental harmonic component of vap can be
expressed as follows:

4
vag (t) =~ ;Vin sin [wst + @(¢)] . )

Linearizing (2) around the equilibrium point leads to the
following equation, the small-signal expression of vo, denoted
as 0ap(t) is as follows:

a’UAB (t)
dp

Assuming the perturbation frequency is wy, $(t) can be
expressed as follows:

4 Vinp(t) cos (wst) . 3)

oan () ~ 55 E5(1) =

. d ., o ,
P(t) = Pcos (wpt + 0,) = 5630*"63“Pt + 56’39¢673“Pt
) “)
where ® and 6, are the amplitude and initial phase of (t),
respectively.
Moreover, according to Euler’s formula, we have

1 . 1 .
cos (wgt) = 56JWSt + 567](”57:. 5)

Substituting (4) and (5) into (3), the expression of Oap(t) in
complex frequency domain is as follows:

. 4_
OaB(t) = = Vin cos (wst)

™
4 d S, 1o, 1
:;‘/In <2 Jewejwpt + 56 Jewe J"th> (2€Jwﬁt+2€ ]Wst>
= &Cﬁ (ej0¢ejwpt + efjevae’jwpt) (e79F + e7Twst)
m
_ Yoo g0, itop—wat | Yin g omi6, iton—wp)t
m m
L Vi g0, itoptwnt L Ying o, —itwatap)t ©)
m m

Note that there exist wy, & ws components and wy =+ wy, com-
ponents in (6), which are conjugate. As a result, only wy, & wg
components need to be considered for convenience. According
to (6), the Fourier coefficients of the w;, + nws component in
0ap(t) is expressed as follows:

. ‘/in “ )

vaBlj(wp — ws)] = ?(1)6]9“’ 7
. Vin T 76

vaB[j(wp + ws)] = 7‘136 . (8)

Considering the Fourier coefficient of the w;, component in
() is as follows:

o .
pliwp) = 5% ©
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Therefore, the transfer function from ¢(jw,,) to vap [j(wp +
nws)], defined as GyaB /,_n. is obtained as follows for n = +1:

v | (Wwp — Wy 2Via
GuAB/p 1 = AB[; ((j‘;p) | _ 2V (10)
_ vaplj(wptws)]  2Via
GVAB/Lp_l - o (jwp) = T (11)

The control block diagram of the model from ¢ to vaop under
primary-side regulation is depicted in Fig. 4.

B. Small-Signal Expression of I

For the DAB resonant converter in Fig. 1, the resonant tank
can be uniformly depicted with the linear time-invariant two-port
network, as shown in Fig. 5. The two port voltages are vap and
vep. The expression of the input current of the rectifier, is, can
be represented in frequency domain as follows:

in(s) = vag(s)  vep(s)
s ZAB(S) ZCD(S)

where Zap(s) and Zcp(s) are the impedances subject to the
topology selected. When ¢ is perturbed, both vaop and vcp
contain the w, & ws components. As a result, we have

Ws)} _ UAB[j(Wp - WS)} . vCD[j(wp - ws)] '

N ZAB [j(wp - Ws)} Zcp U(wp - WS)]
(13)

12)

Equation (13) is the model of the resonant tank that applies to
various DAB resonant topologies under primary-side regulation.
The corresponding control block diagram is shown in Fig. 6.
Please note that there is no interaction between wy, + ws com-
ponent and w;, — ws component since it is a linear time-invariant
network.
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C. Small-Signal Expression of I,-and V,

According to the previous deduction, is contains wj, £ ws
components, which can be expressed as follows:

Z Ispe(lkn cos (wpt + nwst + bin)
n=-—1,+1

(14)

where the values of n are +1.
Besides, the steady-state fundamental harmonic component
is represented as follows:
I(t) = Ipeak cos(wst + O). (15)
Combining (14) and (15) together, i is expressed as follows:

is(t) = Ispeak COS(wst + Oq)

+ Z gpeakn cos (wpt + nwst + Gisn). (16)
n=—1,+1
The expression of i, is as follows:
() = {z‘s(t) if 27, <t < 2T+ 1T, )
—is(t) if s Te+ AT <t < 2Ty + Ty

The w;, component in i will be derived here. To facilitate the
derivation, it is assumed that there exists a common frequency
wo, satisfying

wp = Mwg,ws = Nwy. (18)
Thus, the periods of the three frequencies meet
To = MT, = NTx. (19)

Here, wy is regarded as the “virtual” fundamental frequency,
hence, the frequency w,-+nws (n = %1) can also be expressed
as (M + nN)wg. Based on (16)—(19), the Fourier coefficient of
the w;, component in i, can be obtained as follows:

ir (jwp) = ir (jMwo)
1 Nl AT 2Tt s T |
= — / Ispeakn cos[(M + nN )wot
!

1—0 / Ts+o%Ts
+ eisn]e—jﬂﬂuotdt

1 NZb pITA S T T
E— / Lspeakn cos[(M + nN wot
To = Jin+2n+in

+ Oigpn)e I Mt s, (20)
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After extensive derivations, it is obtained that
f5peaan6j9“" eIn(@+m) _ ojn®
2Ty

o i0n ( [nN+2]\/[]w0(%T +iT2)

ir (jwp) =

jnNwo

A e—] [nN+2M] wo
speakn

2Ty
N-1

X e
1=0

—j [nN +2M] wg

—j[nN+2M]2n

 ipean Nt e3n(242m) _ gin(@+7)

270

jnNwg

o—d0isn ((o=I(nN+2M)wo (55 T+Tx)

i eI (nN+2M)wo (S T +3 T, ))

speakn

2To

—1

X e
l

—j(nN +2M) w,

2

—j(nN+2M)27 &

2n

I
=

Since the sigma terms in (21) are zero, it is further simplified
to be

Ispeaanejaim ;

Jjn® (_jnm
N2 e/ (e 1). (22)

ir (Jwp) =
It is found that the coefficient of the complex exponential
Fourier series at wy, is as follows:
IA‘ . ejeisn .
iv (Juop) = — =TI, (23)
jnm
According to (14), the complex Fourier coefficient of the
wp+nws component in i is as follows:

. . I n 7 6.
is [j (wp+nws)] = %eﬁm, 24)
Considering n = %1, the transfer function from i[j(wp+ws)]
and is[j(wp—ws)] to ir(jwy,), denoted as Gi;__1 and Gj;_1, respec-
tively, are found to be

Gy 1= M — le*jq’ (25)
- Zs[](wp - ws)] Jm
oo ualws) 2 e

T e g @O

With (25) and (26), Fig. 7 gives the control diagram of the
multifrequency model from i to i,.

As for the output filter after rectification, the impedance of
the C¢-Ry,q network is as follows:

Rig

_ 27
1+ sRyaCt @7

ZRc(S) ==
With (27), the output volage can be readily obtained as follows:

UO(jwp) = ir(jwp)ZRC(jwp) (28)

13011
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+
X
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EE—— Gii;l

Fig. 7. Control diagram of the multifrequency model between is and i, under
primary-side regulation.

D. Small-Signal Expression of vcop

Similarly, the expression of vop in a switching cycle is as
follows:

1f0<t< T
vep (1) = < v, 1f§TS§t§%+%TS
v, if L+ 2T <t <L

—,

(29)

Performing Fourier transform on (29), the fundamental har-
monic component of vop is expressed as follows:
UCD(t) =

—v, sin (wgt — @) . 30)
™

Linearizing (30) around the equilibrium point leads to the
small-signal component of vcp, denoted as Ocp (t), is as follows:

v
o
With the perturbation of ¢(t), the small-signal variable of the

output voltage 0, (t) contains the wy, component, which can be
expressed as follows:

Ocp (1) =~ = %@0 sin (wgt — D). 31

Eejevoejwpt + Eefjevoe*jwpt.

(32)

Therefore, the small-signal expression of vcp(t) caused by
0o (t) is as follows:

74 cos(wpt + Oyo) =

o (t) =

4
Oep(t) = ;ﬁo sin (wst — @)

= — i Voej(9v0+q>) €j (wp 7w5)t+ P —J (6w +®P) ej (ws—wp)t
™

.if/oej(evofé)ej(wp“r‘*%)t _ .if/oe*j(evofq))e*j(wfi'wp)t.
jm 0
(33)

Hence, the Fourier coefficient of the w;, £ ws component in
Ocp(t) is expressed as follows:

: 1 . .
veplj(wp — ws)] = *j?Voej(ev"*@) (34)

(35)

; 1o o
vep [j(wp + ws)] = j?VOeJ(GW, 2)

Considering the Fourier coefficient of the w;, component in
0o (t) below:

17
706390

> (36)

Vo (Jwp) =
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the transfer function from v, (jw,) to vep[j(wp £ wy)], defined
as GycDp /vo_+1, 18 obtained as follows:

_ veplj(wp —ws)] 2 e
GvCD/vo_fl - Uo(jwp) - —Cc . (37)
_veplj(wptws)] 2 g
GVCD/VCLI — vo(jwp) — j7T€ . (38)

The control block diagram of the multifrequency model from
vin to vap is depicted in Fig. 8.

E. Complete Multifrequency Model

Combining the control block diagrams in Figs. 4-8, the com-
plete control block diagram from ¢ (jwy) to v,(jw,) is finally
obtained in Fig. 9.

On the basis of Fig. 9, the transfer function from ¢(jw,) to
Vo(jwp), designated as Gy, (jwp) for primary-side regulation can
be solved to be

Gy pri (j Wp) =

. e i
4V, Zre(jup) (ZAB[fkwpfws)] - ZAB[jprws)])

o ? 4Zrc(jwp) 1 1
I+ 2 (ZCD[j(wp—ws)] +Z(‘,D[J'(Wp-*'ws)])

(39)

Equation (39) is the analytic transfer function valid for
all kinds of DAB resonant converters under primary-side
regulation.

III. MODELING OF DAB RESONANT CONVERTER WITH
SECONDARY SIDE REGULATION

When secondary-side regulation is employed, vap is fixed,
whereas vcop varies in accordance with the phase-shift angle ¢.
Consequently, the signal flow pattern alters, and the subsequent
derivation is outlined below.

A. Small-Signal Expression of I

As observed in Fig. 2(b), the pathway from ¢ to v p is absent,
having been supplanted by a new path from ¢ to v¢p. This
implies that vaAg[j(wp = ws)] equals zero. So, the model of the
resonant tank is simplified to be

. _ veplj(wp — ws)]
s roms) B
_ vep[j(wp + ws)]
i oy E
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The corresponding control block diagram of it is shown in
Fig. 10.

B. Small-Signal Expression of I, and V,,

Under secondary-side regulation, the relationship between iy
and i, becomes

: 1
if 2T, <t < 2T, + 1T,

ix(t) = bt . 42)
—is(t) if £T+ 3T, <t < £Ts + T,

Unlike (17), changes in ¢ affect the zero-crossing instant of
i, directly, as illustrated in Fig. 11. This indicates that, besides
being influenced by is [as shown in (25) and (26)], i, also has a
close relationship with (, which will be derived below.

In Fig. 11, the steady-state value of i at T, is denoted as
I(T,). At Ty, is steps from I(T,) to —Is(T,). Therefore, the
small-signal component part of i, caused by phase-shift angle
change is approximated to be a pulse signal with the amplitude
being —2/(T,) and the pulsewidth being be ¢T; /27, which can
be expressed as follows:

. {—2IS(T¢) if 2T, <t < LT+2T,

iw(t) = R .
e D P T,
0 if T+ <t < =T+ 5
43)
Using the concept of periodic averaging, the quantitative
relationship between ¢, and ¢ component is derived to be

. 9 ol
)~ 2 / i (t)dt

Ts %Tﬁ
2 [T 2L (T,)d
= — — s t
Ts /2@,1—‘g ( W)
21,(T,
— _M@_ (44)
T
So, the transfer function from ¢ to L is as follows:
i (Jw 21,(T,
Guryp = (' p) _ 2L(T) 45)
o(jwp) m

Consequently, the actual i,(jwp) is the result of the superpo-
sition of (25), (26), and (45), as shown in Fig. 12.

C. Small-signal Expression of vcp
As shown in Fig. 2(b), the expression of v¢p is as follows:
—v, if0 <t < 2T
vep () = v, fE2T,<t<L4 271
—v, if L4+ £Ty <t < T

(46)

Comparing to (29), it is apparent that apart from v,, changes
in ¢ also affect the vcp. The relationship linking v, and vep
stays consistent with (37) and (38), while that between ¢ and
vep 1s unique for secondary-side regulation. Further elaboration
on this aspect will be provided subsequently.

The fundamental harmonic component of vcp is as follows:

4
vep (1) =~ — Vo sin (wst — @) . (47)
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Linearizing (47) leads to the following small-signal equation:

o (%CD (t)

. R 4
Ocp (1) =~ 00 o= —;Vogo cos (wst — ). (48)

—1/Zeplj(wr—w;)]
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Control block diagram of the general multifrequency small-signal model for resonant converter under primary side regulation.
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Fig. 13.  Control block diagram of the multifrequency model from ¢ and v,
to vep under secondary-side regulation.
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Considering the expression of ¢(¢) givenin (4), icp(t) caused
by p(¢) is as follows:

. 4

Oep(t) = ——Vopcos (wst — @)

= Yo i0u49) itwp—wa)t _ Vo g (0, 4+®) i(w.wp)t
e

o
_ Yo4,i00-®) gitwptwt _ Yo g —i0,-2) —iwitwp)t
™ T

(49)

The Fourier coefficients of the w, & ws component in vcp (t)
are expressed as follows:
Vo

venlj(wp — wy)] = — 2@ o)

(50)

Vo, .
UCDU(WP + ws)] = _?Oq)ej(%—@). (51

Considering the Fourier coefficient of the w;, component in

@(t) is p(jwp) = Ze%. Therefore, the transfer function from

o(jwp) to veplj(wp £ wy)], defined as Gycp/y_+1, is obtained
as follows:

veplj (wp — we 2V,
GVCD/AP_*l CD[j((jp p) )] = _763(13 (52)
vep |7 (wp 4wy 2V, .
GVCD/L,O,l - CD[.]((jpp) )] = ——€ Jq). (53)

Equations (52) and (53), along with (37) and (38), collectively
form the final control block diagram, which is depicted in Fig. 13.
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D. Complete Multifrequency Model

Combining the submodules’ models, the complete control
block diagram of DAB resonant converter under secondary-side
regulation is finally obtained as Fig. 14. Equation (54) is the
expected analytic transfer function valid for DAB resonant con-
verters with various resonant tanks.

Vo (pr)
Gro-eel®) = L)

“2L(Ty) | 4V, ( 1 _ 1 )
. ™ g2 \ Zeplj(wp—ws)] Zeplj(wp+ws)]
= Zre(jwp) — ; : :
1455 Zre(jwp) (zco[j<wp+ws>1 + zcnuwpfws)])
(54)
where
I(Ty)
4V ) d—-0 in ©
W G (@ — Ou) + C(TZ( — AB) Sin O¢cp
7| Zag (jws)| wRiquS + cos Ocp
(55a)
o5 (® — Opp)
Vo — Vin ‘ZAB(]WS)I‘%C‘I . (SSb)
et ©08 (Ocp)

IV. EXAMPLE AND DISCUSSION
A. Model Applicability to Different Resonant Tanks

Among the numerous DAB resonant converters, the DABSRC
and the DAB CLLC converter are the most prevalent. Here,
we will take these two converters as examples to showcase the
effectiveness of the proposed model for DAB converters with
various resonant tanks.

The corresponding resonant tank of DABSRC is shown in
Fig. 15(a), from which, the expressions of Z5p(s) and Zcp(s)
are readily solved to be

1
ZAB(S) = ZCD(S) = SLr—f—i + Rr.

SC. (56)

Wi@yton]
va 1 -

Control block diagram of the general multifrequency small-signal model for resonant converter under secondary-side regulation.

(b

Fig. 15. Two-port network representation of different resonant tanks. (a)
DABSRC. (b) DAB CLLC converter.

As for the CLLC resonant tank in Fig. 15(b), this derivation
process is relatively complex. Converting the secondary side
impedance of the resonant tank to the primary side, and then
employing the superposition theorem, we can finally obtain the
expressions for Zp(s) and Zcp(s) as follows:

(s + st + ) (20 + 5
N - =

Zan(s) = sL

+ N (sLS + 1) (57a)
sCy
Zcp(s) = sL Jrifi L’ —sL
CDA2) = 2% sCs N2\ s(Lym+ Lp) + Sés e
(57b)

A set of circuit parameters for DABSRC converter and DAB
CLLC converter are designed, as tabulated in Tables I and II,
respectively. Incorporating these values into the model, the trans-
fer functions from the phase-shift angle to the output voltage
can be obtained. These results are depicted in Figs. 16 and
17, accompanied by corresponding Simplis simulation results.
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Fig. 16.  Bode diagrams of Gy, of the DABSRC by the proposed model and by simulation when (a) ® = 0.3, (b) ® = 0.57, and (c) ® = 0.77.
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Fig. 17.  Bode diagrams of Gy, of the DAB CLLC converter by the proposed model and by simulation when (a) ® = 0.3, (b) ® = 0.57, and (¢) ® = 0.77.

TABLE I
Parameters of the DABSRC
Parameters Values Parameters Values
Vi 15V Ct 22 uF
s 57 kHz Ria 30
L, 211 uH [} 0.391
C; 51 nF Vin 5V
R, 2.53Q H, 0.601
TABLE II
Parameters of the DAB CLLC Converter
Parameters Values Parameters Values
Vi 400V Ly 128.5 uH
L, 185 uH Cs 13.68 nF
s 125 kHz N 1.2
Gy 50 nF C, 22 uF
L 83.2 uH Rig 90 Q

Notably, within the range of the switching frequency, the the-
oretical results, both Gy, i and Gy _sec, matched closely
with that by simulation results. This underscores the universal
applicability of the proposed model to different DAB resonant
converters.

B. Difference Between Primary and Secondary-Side
Regulation

It is evidently found from the previous text that primary-side
and secondary-side regulation exhibit significant differences.
Based on the derivations, Fig. 18 summarizes the signal flow
graphs for both regulations, revealing the differences in the
relationships between the phase-shift angle and vap, vep, s,
and i;.. Ultimately, this results in different transfer functions from
the phase-shift angle to the output voltage for primary-side and
secondary-side regulation. To further distinguish the differences,
the DABSRC is taken as an example here.
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Fig. 18.  Small-signal-flow graphs for primary side regulation and secondary
side regulation of a DAB resonant converter. (a) Primary-side regulation.
(b) Secondary-side regulation.

For the purpose of facilitating analysis, the model is sim-
plified, with the simplification process detailed in Appendix
Section. The final approximated expressions of Gy,_pri(s) and
Gyy_sec(s) are as follows:

Gy pri (s)

_ ViaReq[=8L: Kegsin (@) + Xeq cos (@) — R, sin (D)]
(22 + 282 L2 Keq + 25 Re L + 235
X (1 + SCORLd) (SLrKeq + Rr) Req
(58)
Re,
Gy sec(s) = =2
p_sec Zeq

— [Vinsin (® — O ) + V,, sin O] (22, + 25* L1 Ko
+28R L + QSR > + ZeqvoXeq
25R )

(sL:Keq T Rr) Reg

(qu n 252L2Keq + 28R, Ly + 2
X (1 + SCORLd)
(59)

where s = jwp, Xeq = wsLy — ﬁ, Zeq = \| X&+RE, Req =

s Reqcos(©z,—P)
Vo =Vin [Z:(jws)|+Req cos(© 7))

wrRu, Keq=(1+ 2L o)
and Oz = arctan X¢q /R .

From (58) and (59), it can be seen that Gy, p:i(s) and
Gyy_sec(s) share the same poles, but the zeros are different,
which will resultin significant differences in the dynamic perfor-
mance. The zeros will be solved here for comparison. To ensure
the generality, the normalization of the zeros is performed. For
Gvy_pri(s), the zero is found to be

1) fowr

o ( I? -
Zpri = m (60)

while Gy _sec(s) has a pair of conjugate zeros as follows:

Zsecl,2 =
(72— 1) ey R [sn (29) — 2000 @) (1, — 1)
(f2+1) 2 [sin (@) — Qeos (@) (f, — +]

n

(61)
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Fig. 19.  Two possible relationships between Gy _pri and Gyyp_sec of the
DABSRC. (a) Gyy_sec is ahead of Gy _pri in phase at low frequencies @
® = 0.57, fs = 63.5 kHz, Rpg = 10€Q. (b) Gyy_pri is ahead of Gy _sec in
phase at low frequencies @ ® = 0.39, fs = 57 kHz, Ry,q = 3Q2.

where

fb_w 1 L.

f r w Req Cr .

It can be observed that the zeros are closely correlated with
Jfn» ®, and Q. For primary-side regulation, z,; is a real root.
Considering that the switching frequency is usually greater than
the resonant frequency for DABSRC, i.e., f;, > 1, the size and
sign of z,; is determined by ®. When ® approaches 0.57 from
0, zZpri 18 located in the right half plane and gradually approaches
the origin; when @ approaches 7 from 0.5 7, z,,; is located
in the left half plane and away from the origin. However, the
intricate relationships between zgec1,2 and f,,, @, Q inherently
produce transcendental equations during solving, which pre-
cludes precise quantitative analysis. Therefore, it is exceedingly
challenging to quantitatively discern the superiority between
Gve_pri(s) and Gy _sec(s). Butafter extensive numerical analysis
and simulation, it is found that Gy, _pri(s) and Gy _sec(s) have
two possible relationships from the curves, as illustrated in
Fig. 19(a) and (b), with the majority corresponding to Fig. 19(a)
and rare instances resembling Fig. 19(b). Obviously, the scenario
in Fig. 19(a) shows Gy,_sec(s) has better phase characteristics

fo= >,Q = (62)
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Fig. 21.  Loop gain curve of the DABSRC using controller in (64) according
to the proposed model.

than Gy, _pri(s), indicating that secondary-side regulation is
easier to achieve good stability and dynamic performance. The
scenario in Fig. 19(b) shows that G, _pri(s) exhibits superior
phase characteristics compared to Gy_sec(s) at low frequencies,
but has a more pronounced resonant peak in the mid-frequency
range [16 kHz in Fig. 19(b)]. This heightened resonance peak of
Gy _pri(s) may potentially induce multiple crossing in the loop
gain after compensation, risking the stability of the system. As
a result, secondary-side regulation is still better than primary-
side regulation, unless the latter uses other control methods to
dampen its resonance peak.

In conclusion, secondary-side regulation generally surpasses
primary-side regulation for DABSRC. However, in practical
design, it is advisable to draw both transfer functions according
to the specific circuit parameters first, and then select the optimal
regulation method.

On the basis of the open loop transfer function in Fig. 19(a),
a closed loop system in the form of Fig. 20 is designed, where
1/Vy, is the gain of the phase-shift modulator, H, is the voltage
sensor, and G.(s) is the compensator parameter.

The loop-gain expressions for both primary-side and
secondary-side regulations are as follows:

1

T R
‘/m

pri(sec) (S) - (63)

HVGC(S)GVga_pr(sec) (8) .
For the main circuit parameters in Table I, set the expected
output voltage to 1.65 V, the compensator parameter G.(s) to

Ge(s) = 1243t )

) (64)
s (1 + gov007)
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Fig. 22.  Simulation waveforms of the closed-loop DABSRC with different
phase-shift schemes. (a) Primary-side regulation, unstable. (b) Secondary-side
regulation, stable.
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Fig.23.  Comparison of the transfer functions of G, by EDF method and the
multifrequency method when & = 0.37.

Fig. 21 displays the Bode plots of the corresponding loop
gains. It can be observed that the cut-off frequency and phase
margin for primary-side regulation are 13 kHz and —175°. There
exists a negative crossover at approximately 6 kHz. As for
secondary-side regulation, they are 2 kHz and 132°, and there is
no crossover. This indicates that the system should be unstable
in the former case but stable in the latter according to Nyquist
criterion. The time-domain simulation waveforms presented in
Fig. 22 aligns perfectly with the prediction by proposed model,
thereby validating the difference between primary-side regula-
tion and secondary-side regulation in control loop design and
stability assessment.

C. Comparison With Other Modeling Methods

Other popular modeling methods available for DAB resonant
converters include the GSSA, EDF, and LPT methods, whose
core idea is to find a set of slow variables with dc operating
points to depict the pure ac variables in the resonant tank. These
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Fig. 25.  Test platform for transfer function measurement.

methods are essentially equivalent. Here, a comparison with the
EDF method is made.

When using EDF method, a nonlinear state-space represen-
tation of the converter is built first. Then, all the state variables
in the resonant tank are decomposed into sine term and cosine
term as follows:

2 (t) = @is(t) sin (wst) + x4c(t) cos (wst) i = 1,2,...1n
(65)
where x;5(f) and x;.(f) are dc values in steady state, but vary
slowly around the dc values when perturbed. By substituting

(h) Results when the Q value is 0.1 and 10, respectively @ & = 0.27, f;, = 1.1.

(65) into the nonlinear state-space representation and subse-
quently applying harmonic balance combined with local lin-
earization techniques, we can obtain the following linearized
small-signal (66), (67), with x;5(#) and x;.(f) and the output
capacitor voltage vcy being the new state variables.

d Xs Xs
E :c :Ass }:(c +Bss¢ (66)
Uct Uct
Xs
Dy = Css )Acc (67)
Oct

where Agg, Bgs, and Cgg are the coefficient matrices of the
equations.

Finally, the transfer function Gy, (jwp) are obtained via
Laplace Transform as follows:

Gyo(jup) = Cu(sT — Ay) "By (68)

In light of the fact that existing literature, such as [9] and [10],
predominantly addresses small-signal modeling of DABSRC,
this work adopts DABSRC as the representative case study for
subsequent comparison. For DABSRC, the new state variables
are

[)A(S X ﬁCf] = [%Lrs Dcrs %ch Dcrs ﬁCf:I . (69)
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The coefficients matrices have been derived to be
I —R. -1 4
I, Ws . 0 —x-cos(®)
TN 0 0 ws 0
~R, —1 4
A, = —Ws T, 0 . L. sin ((I))
0 & —ws 0 0
2 2 . P 0 0 1
Een cos d —c; sin ~ kL
(70
- 4 .
m‘/o Sin (@)
0
4
B = - Vo cos () (71)
0
|~ 727 irs sin (@) + I cos ()]
Cs=1[0 00 0 1] (72)

where Ir.s, Itre, Vors, Vore, and 'V, are the corresponding
steady-state values of the new state variables.

By substituting (70)—(72) into (66) and (67), the EDF-based
transfer functions of the DABSRC can be obtained and il-
lustrated in Fig. 21 for comparative analysis against the pro-
posed model. It reveals that the EDF model coincides with the
secondary-side regulation, but it loses the result of primary-
side regulation. This discrepancy arises from an inherent
limitation in conventional phase-shift control modeling
approaches—specifically, the prevalent assumption that adopts
vap as the fixed reference frame, where vAp remains stationary

while vep varies with perturbation. Consequently, the intricate
coupling relationship between vap and phase-shift angle per-
turbation is overlooked, inadvertently discarding a valid dy-
namic model that could otherwise account for primary-side
regulation.

In addition, the implementation of EDF method involves
decomposing each state variable into sine term and cosine
term when modeling the resonant tank. This decomposition
necessitates the individual derivation of state equations for each
newly created variable, leading to a significant proliferation of
equations. Specifically, for an Nth-order resonant converter in-
corporating output filtering capacitors, the total number of state
equations escalates to 2N+-1. This becomes prohibitively com-
plex when applied to high-order resonant topologies, severely
limiting its practical applicability. The decomposition of reso-
nant variables one by one also makes it difficult to intuitively
reflect the overall dynamic characteristics inside the resonant
tank, masking the subtle inherent relationships between resonant
elements, and posing obstacles to the simplification of the model.
In contrast, the methodology proposed herein depicts the model
of resonant tank using just two impedance parameters Z,p and
Zcp, which can be easily obtained for various high-order reso-
nant converters, based on which, a unified transfer function for
various DAB resonant converters with different resonant tanks
is derived. Therefore, this modeling method greatly simplifies
the modeling process and is very friendly to high-order resonant
converters. Also, as it treats the entire resonant network as a
whole, the inherent coupling between resonant elements is well
preserved.

D. Effect of the Parameters on the Accuracy of the Model

This section will study the impact of circuit parameters as well
as some overlooked parameters on model accuracy. The param-
eters are basically consistent with Table I, while the differences
have been marked in the title of Fig. 24.

1) Effect of the Dead Time: The dead time (DT) is ignored
while modeling. Fig. 24(a) and (b) have a comparison of the
proposed model with the simulation results at different dead
times. It shows that the dead time has little effect on Gy, _pri(s)
up to the switching frequency. In contrast, Gy, sec(s) coincides
well with the model below 1/10 of the switching frequency,
but at higher frequency range, it has some error. The main
reason is that the dead time changes the turn-ON instant of the
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rectifier bridge switches, causing calculated errors of I(T,),
which affects Gir/¢(s) and finally leads to errors.

2) Effect of the Forward Voltage Drop of MOSFET’s Antipar-
allel Diode: Forward voltage drop across MOSFETs’ antiparallel
diode is also not factored into the model. Fig. 24(c) and (d) show
the simulation results for diode voltage drops of 0.7 Vand 5V,
respectively. It can be seen that for G, i, the forward diode
voltage drop has little effect and the simulation result overlaps
with the proposed model curve across the entire frequency range.
For Gy _sec, the deviation of the model is small below 1/10
of the switching frequency, and is relatively large at higher
frequencies. However, note that in the high frequency range, the
amplitude and phase of G, _scc changes so fast that the cut-off
frequency will never be set in this range in practice. Therefore,
this deviation does not affect the use of the model.

3) Effect of the Switching Frequency: Given that this article
adopts the fundamental approximation, the proposed model
achieves the highest accuracy when the switching frequency is
close to the resonant frequency. Fig. 24(e) and (f) highlight the
results when the switching frequency is far from the resonant
frequency. It can be observed that the model accuracy is accept-
able no matter when the switching frequency is below (f;, = 0.8)
or above (f;, = 3) the resonant frequency. As DABSRC is usually

designed in this frequency range, the proposed model is capable
of meeting practical needs.

4) Effect of the Quality Factor: The quality factor Q value
is an important parameter that characterizes the performance of
DAB resonant converters. Here, the impact of Q on the proposed
model is discussed by changing the load resistor R4 on the basis
of the parameters in Table 1. The Bode plots when Q value equal
0.1 and 10 are depicted here in Fig. 24(g) and (h). It can be seen
that when the Q value is low, the proposed model exhibits very
good accuracy. When Q increases to 10, a 2 dB error between
Gvy_sec and the simulation model in the high frequency range.
This error is acceptable. Therefore, the proposed model has good
adaptability to the change of Q.

V. EXPERIMENTAL VERIFICATION

A test platform composed of a DABSRC prototype,
phase-shift controller and a vector network analyzer (VNA)
Bode 100 is designed and built in the lab, as provided in Fig. 25.
The circuit parameters are listed in Table I. The parameters
of the DABSRC prototype closely match those outlined in
Table I. Here, the load is configured to 73.8 €2, and the switching
frequency is adjusted to 60.3 kHz. The digital signal processor
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(DSP) TMS320F280034 is employed to implement the phase
shift schemes. The enhanced pulsewidth modulator (ePWM)
modules of the DSP generate the driving signals, among which,
ePWMI is used to generate signals Q1, Qo on the primary
side, while ePWM2 is used to generate signals O3, Q4 on the
secondary side, which is consistent with Fig. 1.

Steady-state analysis is conducted first. three different steady-
state phase-shift angle, ® = 0.37 rad, ® = 0.57 rad, and ® =
0.7 rad are selected. Fig. 26 gives the time-domain operational
waveforms, including the inverter-bridge voltage vap, the rec-
tification voltage vcp, the resonant current iap, and the output
voltage v,. Note that no matter using primary-side regulation or
secondary-side regulation, the steady-state time-domain wave-
forms are exactly the same.

Transfer function measurement is the gold standard for vali-
dating models. The schematic diagram for measuring the transfer
function Gy, (s)isillustrated in Fig. 27. The measurement pro-
cess initiates with Bode100 generating a sinusoidal sweep signal
spanning frequencies from 100 Hz to 60 kHz. This signal under-
goes galvanic isolation via a signal injection transformer, then is
superimposed with offset voltage V4.1 or Ve to, respectively,
modulate the comparator register values of ePWM1 or ePWM?2
module after ADC conversion. In this way, the phase shift angle
perturbation can be generated. After that, Q;/Q4 and Q2/Q3
are processed through parallel AND gates, with their respective
outputs subsequently combined via an OR gate. The OR gate
generates a rectangular wave with the pulsewidth proportional
to the phase shift angle, and is transmitted to the Ref port of
the VNA. The output voltage of the DAB resonant converter
is sent to the Test port of VNA. The transfer function is the
ratio of the Test port signal to the Ref port signal. The selection
switches @}, and Qg determine the measurement mode of the
transfer function, with Q,, specifically assigned to primary-side
regulation and Qg to secondary-side regulation.

The open-loop transfer function from the phase-shift angle to
the output voltage, as derived in (39) and (54) are experimentally
measured, which are, respectively, provided in Figs. 28 and 29,
where we can see that they are consistent within half of the
switching frequency range. Besides, comparing Figs. 28 and 29,
it is also evident that the two models are indeed different. All of
these have verified the correctness of the theoretical analysis.

VI. CONCLUSION

This article established a small-signal multifrequency model
for DAB resonant converters with various resonant tanks. Gen-
eral control block diagram and the loop gain are obtained. The
findings indicate that the model of the DAB resonant converter is
contingent upon the particular manner in which its phase shifting
is implemented; specifically, opting for primary-side regula-
tion versus secondary-side regulation results in different zero
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distributions, and brings about distinct dynamic performance.
Even if the same controller is used, the stability of the system
will be different. Finally, A prototype of a DABSRC was built,
and the accuracy of the proposed model was verified through
transfer function measurements.

APPENDIX

This appendix gives the order reduction process of the DAB-
SRC converter.

With regard to Gyy_pri(jwp), it can be mathematically ma-
nipulated into the following equivalent form (A1) shown at the
bottom of this page.

It can be found that Gyy, pri(jwp) and Gyy sec(jwp) are
closely related to Z, [j(wp—ws)]-Z:[j(wp+ws)], Z:[j(wp—ws)]+
Z:j(wpFws)] and Z; [j(wp+ws)] — Z;[j(wp—ws)], which will
be simplified in sequence.

First, Z,[j(wp—ws)]-Z:[j(wp+ws)] can be solved to be

Z2[j(wp — ws)| Ze [ (wp + ws)]

1
— 'W — Ws Lr++Rr}
[j( P ) J(wp — ws)Cr
1
] SLr N~ T
X |:.7(Wp+w) +](wp+ws)cr+R]

 WALC (24 202 LGy — WL Cy)

B (wp —w2)C?

(1-w2L,C)* 1 )
S + j2wp Ry Ly | 14 IO + R;.
P s r s Hr-r

(A2)
When wj, << ws, (A2) can be simplified as follows:
Zy[j(wp — ws)| Ze[j(wp + ws)]
1 1\?
— o, 272 o
~ QUJer (1 + ngrOr> + <wer Wscr)
2449 Ly |1+ ———| . A
+ R:* + j2wp R +wS2LrCr (A3)
Defining
Xeq = wSLr — my Zeq2 = Xeq2+Rr27Keq =1+ m
(A4)
(A3) becomes
Zi[j(wp — ws)| Ze [ (wp + ws)]
= 2L Keq + Zeg” + j2wp Re L Kog. (A5)

As for Z, [j(wp—ws) | +Z, [j(wp+ws)], we have
Zi[§(wp — ws)] + Zx [ (wp + ws)]

_ 4‘/;nZRC(jwp)  cos (@) (Zr[j(wp + WS)] — Zr[j(wp - WS)]) — jsin (®) (Zr[j(wp - WS)} + Zr[j(wp + WS)D

Gvip_pri (J Wp) =

jm? Ze[j(wp — ws)| Z: [ (wp + ws) |+ 75 Zre (jwp) (Ze[j(wp

—ws)] + Zi[j(wp +ws)])
(AD)
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VinReq [—5Ly Keg sin (®) + Xeq cos (@) — R, sin ()]

Gvcp_pri(s) - o5 (A9)
(qu + 252 L2 Keq + 28R, Ly + 255 ) (1+ sCoRia) + (5L Kog + Ry) Req
; Rey — Vinsin (@ = Oz) + Vo sin Oz (qu + 25202 Ko + 25Ro Ly + 32) + ZegVoXeq
§) = —"- > Al2
vesee®) = 7 72 + 25202 Kog + 2Ry Lo + 238 ) (1 + sC, R LK+ R R (A1
eq S rfieq Sty r+ws20r ( + sCo Ld)+(5 T eq+ r) eq
2w [6] F.Ibanez,J. M. Echeverria, J. Vadillo, and L. Fontan, “Fre;
. p . LI M. . , . s quency response
=J 2WPL r T ,] ( w2 — wz)c + 2Rr' (A6) analysis for bidirectional series resonant DC/DC converter in discontinu-
p s/~ ous mode,” IET Power Electron., vol. 7, no. 9, pp. 2374-2386, 2014.
When w,, << We (A6) can be simpliﬁed as follows: [7]1 Y. Pan, Y. Yang, J. He, A. Sangwongwanich, and F. Blaabjerg, “Low-
p ’ frequency oscillation suppression in series resonant dual-active-bridge
Z il — we Zli(w wI &~ 2w L. K. 2R... converters under fault tolerant operation,” in Proc. 2019 IEEE Energy
r[]( p b)] t r[J( bt b)] J2wp b fteq ' Convers. Congr. Expo., 2019, pp. 1499-1505.
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