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Abstract—A decomposed discrete-time model of the dual active
bridge (DAB) converter is proposed in this article, which has
significantly simplified the conventional discrete-time model with-
out affecting the calculation accuracy of the exponential matrix.
Therefore, the decomposed discrete-time model is also applied to
the design of the digital controller to compensate the digital control
delay, which could deteriorate the stability of the system. Besides,
the comprehensive and systematic analysis of all the possible unsta-
ble phenomena of the DAB converter is conducted to reveal their
intrinsic mechanism. The corresponding multiscale oscillations and
the sudden jump phenomena are also presented to exhibit their
dynamic characteristics. In addition, the closed-form expressions
of the state variables are obtained, which are utilized to explic-
itly express the analytical relationships among the state variables,
system parameters, and the Floquet multipliers. Accordingly, the
parameter spaces of the selected crucial system parameters are
obtained, which can provide the guidance for the parameters design
of the DAB converter.

Index Terms—Decomposed discrete-time model, digital control,
dual active bridge (DAB) converter, multiscale oscillations.

I. INTRODUCTION

THE dual-active-bridge (DAB) converter is a prominent iso-
lated topology, which can realize the bidirectional power

transfer and voltage matching [1]. With the development of the
distributed generation [2], [3] and energy storage [4]–[7], the
DAB converter has been a research focus with the characteristics
of high efficiency, high power density, simple structure and flex-
ible control. As a pivotal interface, the DAB converters are also
widely applied to the solid-state transformers [8], [9], electric or
hybrid vehicles [10]–[13] and the uninterruptible power supplies
[14].

However, the parasitic nonlinear effects are inevitable in
the DAB converter because of the digital control delay and
the switching modes of the power switches [15], [16], which
could result in some undesired oscillations and other unexpected
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unstable phenomena [17]–[19]. The corresponding fast-scale
subharmonic oscillation, slow-scale low-frequency oscillation
and the sudden jump phenomena will lead to the large ripples
in the state variables or the undesired current and voltage levels,
which could increase the devices stress, decrease their reliability
or even damage the DAB converter and its interconnected equip-
ment. Therefore, it is essential to apply the effective modeling
methods and analyzing tools to reveal the dynamic behaviors of
the DAB converter.

The conventional state-space averaging method [20] is widely
applied to the modeling of the converters [21]. However, the
small ripple hypothesis no longer holds in the DAB converter
because the inductor current is the pure ac component. There-
fore, the generalized average model of the DAB converter is
proposed in [22]. Since only the dc term and first-order terms of
the inductor current are utilized, the precision of this continuous-
time model is quite low especially when there are large harmonic
distortions. There are also the reduced-order average model [23],
[24] and inductor current average model [25], [26] proposed
to avoid the ac inductor current. However, the averaged output
inductor current will inevitably lose the fast-scale dynamics of
the inductor current. What is more, the reduced-order average
model completely loses the inductor current dynamics. Since
the continuous-time average model of the DAB converter can-
not unfold the fast switching-frequency scale dynamics of the
inductor current, many works about the discrete-time model have
been proposed. According to the discrete-time modeling method
of the non-isolated dc–dc converters [27], the discrete-time
small-signal model of the DAB converter is also developed in
[28]. The discrete-time small-signal models in [16] and [29] are
accurate up to 1/3 and 1/10 of the switching frequency as shown
in [26]. Based on the half-cycle symmetry characteristics of the
state variables, the discrete-time models [30], [31] are proposed,
which are suitable for the modeling of the half-cycle delay
control. Besides, the bilinear discrete-time model of the DAB
converter is proposed in [17] to simplify the complex exponential
matrices iteration. However, the bilinear approximation is based
on the first-order Taylor approximation of the stable operating
point, which restricts the transient characteristics of the DAB
converter [31].

In this article, the decomposed discrete-time model of the
DAB converter is proposed. The discrete-time model has been
simplified without affecting the calculation accuracy of the expo-
nential matrix compared with the conventional discrete-time it-
eration [17], [32], [33]. Therefore, the decomposed discrete-time
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model is applied to the design of the digital controller to compen-
sate the digital control delay, which could deteriorate the stability
of the system. According to the decomposed discrete-time model
of the DAB converter, the closed-form expressions of the state
variables are also obtained, which can be utilized to explicitly
express the analytical relationships among the state variables and
the system parameters. Besides, only the slow-scale oscillation
of the DAB converter under the proportional control is analyzed
in [17] and [32]. However, the fast-scale subharmonic oscillation
and sudden jump phenomena of the DAB converter are very
common in the practical applications. Therefore, the comprehen-
sive and systematic analysis of these different kinds of unstable
phenomena is conducted to reveal their underlying mechanism
according to the decomposed discrete-time model. The rela-
tionships among the system parameters, state variables, and the
Floquet multipliers are also revealed analytically based on the
proposed discrete-time correlation factor, sensitivity analysis
and the Gershgorin bands analysis. Accordingly, the parameter
spaces of the crucial system parameters are obtained, which
can provide the reliable guidance for the parameters design.
However, it is also shown that the parameters design according
to the conventional stability margin criteria [34], [35] cannot
guarantee the stable operation of the system with sufficient
stability margin.

The structure of this article is as follows. The system de-
scription and the decomposed discrete-time model of the DAB
converter are presented in Section II. Then, in Section III, the
characteristics of the multiscale oscillations are described in de-
tail. In Section IV, the mechanism of the multiscale oscillations
and other unstable phenomena are investigated systematically.
Besides, the parameters design methods are also proposed to
prevent these different kinds of unstable phenomena. The ex-
perimental results are also illustrated in Section V to verify the
analysis and the simulation results. Finally, the conclusion is
drawn in Section VI.

II. SYSTEM DESCRIPTION AND DECOMPOSED

DISCRETE-TIME MODELING

A. System Description

The DAB converter prototype studied in this article will be
utilized in a bidirectional power flow application, where the input
of the DAB converter is an infinite dc bus and the output is the
energy storage device when operating in the forward direction.
The diagram of the digitally controlled DAB converter is shown
as Fig. 1. The controllable power switches S1–S8 make up
the two H bridges, which are interfaced through the magnetic
network. The magnetic network is composed of the external
auxiliary inductor and the high-frequency transformer with the
turns ratio of n. L is the sum of the external inductance and
the equivalent leakage inductance of the transformer. V1 and V2

are the input and output voltage, respectively. Req is the sum
of the winding resistance and the ON-resistance of switching
devices. The magnetic network provides not only the galvanic
isolation but also the voltage matching and the energy storage.
Besides, the phase-shift modulation is applied to the digital
controller.

Fig. 1. Diagram of the digitally controlled DAB converter.

The phase-shift modulation is the most popular modulation
method for the nonresonant DAB converters. The modula-
tion techniques of the phase-shift modulation mainly include
the single-phase-shift (SPS), extended-phase-shift (EPS), dual-
phase-shift (DPS), and the triple-phase-shift (TPS) modulation.
In this article, the most widely used SPS modulation is applied
to the DAB converter for the sake of simplicity. The operation
waveforms in the steady state are illustrated in Fig. 2. The ac
voltage vp and vs of the magnetic network terminals are phase-
shifted according to the phase shift angle ϕn in each switching
cycle. Therefore, there are four subintervals with the length of
tni (i = 1, 2, 3, 4) in each switching cycle (the influence of dead
band [36], [37] is not considered in this article). Besides, the state
variables iL and vC are symmetric within a switching cycle.

B. Decomposed Discrete-Time Modeling

1) Power Circuit Modeling: Because the switches of the H
bridges periodically change their configurations, the DAB con-
verter toggles between four circuit topologies in one switching
cycle. According to the circuit structure and operating principle
of each circuit topology, the state equation of the ith subinterval
with the ith topology can be obtained as

ẋ = Aix+BiV1, i = 1, 2, 3, 4 (1)

where x represents the state vector, which is comprised of the
inductor current iL and the output capacitor voltage vC . V1 is the
input voltage of the DAB converter. Besides, the system matrix
Ai and vector Bi corresponding to each topology are expressed
as follows:

A1 = A2 =

⎡
⎣−

n2Req+RoRC/(Ro+RC)
n2L − Ro

nL(Ro+RC)

Ro

nCo(Ro+RC) − 1
Co(Ro+RC)

⎤
⎦

A3 = A4 =

⎡
⎣−

n2Req+RoRC/(Ro+RC)
n2L

Ro

nL(Ro+RC)

− Ro

nCo(Ro+RC) − 1
Co(Ro+RC)

⎤
⎦ (2)

B1 = B4 =

[
1

L
0

]T
, B2 = B3 =

[
− 1

L
0

]T
. (3)
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Fig. 2. Operation waveforms in the steady state.

The schematic diagram of the iterative relationship of the state
vector within a switching cycle is shown in Fig. 3 under the SPS
control. For the DAB converter under the DPS or TPS control, it
is just required to increase the number of the subintervals from
4 to 8. According to the state equation of each subinterval, the
continuous-time orbit of the state vector in each subinterval can
be obtained with the fundamental theorem of calculus as shown
in (4). The state vector at the end of each subinterval can be
expressed by the initial state vector of the subinterval

xni = fni
(
xn(i−1), tni

)

= Φi (tni)xn(i−1) +ψi (tni) (4)

where Φi(tni) = eAitni , ψi(tni) =
∫ tni

0 Φi(t)BiV1dt.
By combining the iterative (4) of each subinterval, the

discrete-time iterative relationship between the state vector xn

and xn+1 of the two switching cycles is expressed as

xn+1 = f (xn, ϕn)

= ΦTxn + ψT (ϕn) (5)

where

ΦT =

1∏
i=4

Φi (tni)

ψT (ϕn) =

3∑
j=1

((
j+1∏
i=4

Φi (tni)

)
ψj (tnj)

)
+ ψ4 (tn4)

tn1 = tn3 = Ts/2− ϕnTs/2π, tn2 = tn4 = ϕnTs/2π.
(6)

The discrete-time iterative expression (5) is quite compli-
cated, which is difficult to be applied to the digital controller. Be-
sides, the discrete-time iterative process is based on the iteration
of the state vector and the product of the matrix exponentials. It is
inconvenient to analytically express the relationship among the

Fig. 3. Iterative relationship of the state vector within a switching cycle.

state variables and the relationship among the system parameters
and the state variables. Therefore, the modal decomposition is
applied to the matrix exponential as shown in (7), where μ and
v are the matrices composed by the right and left eigenvectors
of the system matrix A3, respectively

eA3Ts/2π

= μ

[
eλ1 0

0 eλ2

]
ν =

[
μ11 μ12

μ21 μ22

][
eλ1 0

0 eλ2

][
ν11 ν12

ν21 ν22

]

=

[
μ11ν11e

λ1 + μ12ν21e
λ2 μ11ν12e

λ1 + μ12ν22e
λ2

μ21ν11e
λ1 + μ22ν21e

λ2 μ21ν12e
λ1 + μ22ν22e

λ2

]
.

(7)

Define the function σ(x, y, z) = μyxνxz , then

H (ϕ) = eϕA3Ts/2π

=

[
ρ (ϕ, 1, 1) ρ (ϕ, 1, 2)

ρ (ϕ, 2, 1) ρ (ϕ, 2, 2)

]

ρ (ϕ, a, b) =
[
eϕλ1 , eϕλ2

]
[σ (1, a, b) , σ (2, a, b)]T . (8)

Accordingly, the product of the two matrix exponentials can
be expressed as

N (ϕ1, ϕ2) = eϕ1A3Ts/2πeϕ2A1Ts/2π

=

[
ρ (ϕ1, 1, 1) ρ (ϕ1, 1, 2)

ρ (ϕ1, 2, 1) ρ (ϕ1, 2, 2)

]

×
[
ρ (ϕ2, 1, 1) −ρ (ϕ2, 1, 2)

−ρ (ϕ2, 2, 1) ρ (ϕ2, 2, 2)

]
. (9)

By further analyzing the discrete-time iterative expressions
(5) and (6), it can be concluded that the selection of the sampling
moment of the state vector xn has the significant influence on
the complexity of the iterative expressions. Compared with the
conventional discrete-time iteration [17], [32], the complexity
of (5) and (6) will drastically decrease when the moment of the
power switches S5 and S8 turning ON is selected as the sampling
moment. The operating waveforms, in this case, are shown as
Fig. 2. According to the decomposed matrix exponentials (7)
and (8), the simplified coefficient matrices of the discrete-time
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iterative model (5) can be expressed as

ΦT = N (π, π)

ψT (ϕn) = (N (π, π)− 2N (π, ϕn) +H (π)) ξ1

+ (2H (ϕn)−H (π)− I) ξ2 (10)

where ξ1 = A−1
1 B1V1, ξ2 = A−1

3 B1V1.
Substituting the decomposed matrix exponentials into (10),

the decomposed discrete-time model of the state variables can
be obtained directly and analytically, as shown in (11). The state
variables are also expressed separately instead of the vector
form in (5). Therefore, the relationship among the state vari-
ables such as iL(n+1), vC , and iLn, and the relationship among
the circuit parameters and state variables can be analytically
obtained. Accordingly, the decomposed discrete-time model
will be applied to the multiscale oscillations analysis of the
DAB converter for simplicity in the subsequent sections. The
decomposed discrete-time iterative process is also feasible to be
implemented in the digital controller

iL(n+1) = N1,1iLn +N1,2vCn

+

2∑
i=1

(N1,i (π, π)− 2N1,i (π, ϕn) +H1,i (π)A)ξ1(i)

+ (2H1,1 (ϕn)−H1,1 (π)− 1) ξ2 (1)

+ (2H1,2 (ϕn)−H1,2 (π)) ξ2 (2)

vC(n+1) = N2,1iLn +N2,2vCn

+

2∑
i=1

(N2,i (π, π)− 2N2,i (π, ϕn) +H2,i (π))ξ1 (i)

+ (2H2,1 (ϕn)−H2,1 (π)) ξ2 (1)

+ (2H2,2 (ϕn)−H2,2 (π)− 1) ξ2 (2) . (11)

2) Discrete-Time Modeling of the Digital Controller: In the
previous works on the discrete-time modeling and the stabil-
ity analysis of the DAB converter, the proportional control
is always selected in the controller for simplicity. However,
the proportional integral (PI) controller is widely utilized in
the practical applications. The discrete-time models of the PI
controller under the different conditions are obtained in this
part. The ideal discrete-time model of the PI controller is shown
as (12), where Kp and KI are the proportional and integral
constant, respectively.

ϕ (n) = Kpe (n) +KI

n∑
j=0

e (j)

Δϕ (n) = KpΔe (n) +KIe (n) . (12)

The error value e(n) is expressed as

e (n) = Vrefn − v2n

= Vrefn −Vexxn (13)

where Vex = [−RoRC/(Ro +RC), Ro/(Ro +RC)] repre-
sents the relationship between the output voltage and the state

Fig. 4. Digital controller under the different control schemes.

variables, which can be obtained according to the power circuit
structure.

However, the inherent control delay is inevitable in the digital
controller. Therefore, the discrete-time iterative model of the PI
controller [38] under the one-step control delay can be expressed
as

ϕ (n) = Kpe (n− 1) +KI

n−1∑
j=0

e (j) . (14)

Accordingly, the discrete-time model of the incremental dig-
ital PI controller with the one-step digital control delay is ex-
pressed as

ϕ (n+ 1) = ϕ (n) + Δϕ (n)

Δϕ (n) = KpΔe (n) +KIe (n)

= Kp (e (n)− e (n− 1)) +KIe (n)

= k1e (n) + k2e (n− 1) (15)

where k1 = Kp +KI , k2 = −Kp, KI = KpTs/TI . Ts and
TI are the switching cycle and integral time constant,
respectively.

The inherent one-step delay could deteriorate the system
performance or even lead to the instability of the DAB converter
in some cases. Fortunately, the decomposed discrete-time model
of the DAB converter has a simple structure, which can be easily
applied to the digital controller to compensate the control delay.
The digital controller under the different control schemes is
illustrated in Fig. 4. The additional predictive algorithm is shown
as (16), where the predictive function fpre is realized through the
decomposed discrete-time iterative process of (11). It can also
be found that the additional predictive algorithm is noninvasive,
which can be easily implemented in the conventional one-step
delay digital controller without changing any parts of the original
controller to eliminate the effect of the digital control delay.
Besides, compared with the methods in [17] and [33], the
decomposed discrete-time iteration can be easily realized in the
digital controller without affecting the calculation accuracy of
the exponential matrices. In addition, the predictive algorithm
still works when the more complicated modulation method is
applied to the DAB converter [39] or some system parameters
frequently change. Therefore, the proposed method also has
the potential to be applied to other converters with the digital
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control delay

xpre
n = fpre

(
iL(n−1), vC(n−1), ϕn−1

)

= ΦTxn−1 + ψT (ϕn−1) . (16)

III. MULTISCALE OSCILLATIONS OF THE DAB CONVERTER

A. Jacobian Matrix and Floquet Multipliers of the
DAB Converter

The Jacobian matrix and Floquet multipliers are the effective
tools to conduct the stability analysis of the DAB converter. In
this part, the Jacobian matrices of the digitally controlled DAB
converter under the different control schemes are analytically
obtained according to the decomposed discrete-time model.
The DAB converter system with the discrete-time digital PI
controller under the one-step delay can be expressed as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iL(n+1) =
[
1 0
]
x(n+1)

vC(n+1) =
[
0 1
]
x(n+1)

ϕ(n+1) = ϕ(n) + k1 (Vrefn −Vexxn)

+ k2
(
Vref(n−1) −Vexx(n−1)

)

ϕ(n+1) ∈ [0, π/2] .

(17)

Since the phase shift angle ϕ(n+1) is related to the state vari-
ables in both the nth and (n-1)th switching cycles, the following
formula transformation is utilized to rewrite the discrete-time
system:

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

y1n = iL(n−1)

y2n = iLn

z1n = vC (n−1)

z2n = vCn .

(18)

The standard form of the discrete-time iterative model of the
DAB converter system is finally expressed as (19) when the
formula transformation is applied to (17)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

y1(n+1) = y2n

y2(n+1) = [1 0]

(
ΦT (ϕn)

[
y2n
z2n

]
+ ψT (ϕn)

)

z1(n+1) = z2n

z2(n+1) = [0 1]

(
ΦT (ϕn)

[
y2n
z2n

]
+ ψT (ϕn)

)

ϕ(n+1) = ϕ(n) + k1

(
Vrefn −Vex

[
y2n
z2n

])

+ k2

(
Vref(n−1) −Vex

[
y1n
z1n

])
.

(19)

According to the discrete-time iterative map of the state
variables, the Jacobian matrix of the DAB converter system as
shown in (20) can be calculated by taking the partial derivatives

of (19) on the fixed point (X φ)

J =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∂y1(n+1)

∂y1n

∂y1(n+1)

∂z1n

∂y1(n+1)

∂y2n

∂y1(n+1)

∂z2n

∂y1(n+1)

∂ϕn

∂z1(n+1)

∂y1n

∂z1(n+1)

∂z1n

∂z1(n+1)

∂y2n

∂z1(n+1)

∂z2n

∂z1(n+1)

∂ϕn

∂y2(n+1)

∂y1n

∂y2(n+1)

∂z1n

∂y2(n+1)

∂y2n

∂y2(n+1)

∂z2n

∂y2(n+1)

∂ϕn

∂z2(n+1)

∂y1n

∂z2(n+1)

∂z1n

∂z2(n+1)

∂y2n

∂z2(n+1)

∂z2n

∂z2(n+1)

∂ϕn

∂ϕ(n+1)

∂y1n

∂ϕ(n+1)

∂z1n

∂ϕ(n+1)

∂y2n

∂ϕ(n+1)

∂z2n

∂ϕ(n+1)

∂ϕn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(X, φ)

.

(20)

Then the Floquet multipliers can be obtained by calculating
the eigenvalues of the Jacobian matrix J through

det (λI− J) = 0 (21)

where I is the identity matrix of the appropriate size.
1) Calculation of the Fixed Point: According to the sym-

metric characteristics of the state variables in the steady state as
shown in Fig. 2, the state variables at the half a switching cycle
can be derived as

xn2 = IHCxn (22)

where

IHC =

[−1 0

0 1

]
.

Based on the discrete-time iteration of the state variables in
Fig. 3, the relationship between xn and xn2 can also be obtained
in (23) according to the decomposed discrete-time iterative
process

xn2 = fn2 (fn1 (xn, ϕn))

= H′ (π)xn + (H′ (π)−2H′ (ϕn) + I) ξ1 (23)

where H′(ϕn) = eϕnA1Ts/2π.
Through the simultaneous formulas (22) and (23), the fixed

point can be expressed as

X = (IL, VC)

= (IHC −H′ (π))−1
(H′ (π)−2H′ (ϕn) + I) ξ1. (24)

Since the steady-state error of the DAB converter with PI
controller is zero, the phase shift angle φ in the steady state can
be calculated according to

Vref = VexX. (25)

2) Jacobian Matrix of the DAB Converter Under One-Step
Delay Control: According to the decomposed discrete-time
model of the DAB converter, the elements of the Jacobian matrix
can be easily obtained in the analytical form
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P =
∂xn+1

∂xn
= N (π, π)

Q =
∂xn+1

∂ϕn
= −N (π, ϕn)TsB1V1 −H (ϕn)TsB2V1.

(26)

Let

[−k2Vex −k1Vex ] = [ c1 c2 c3 c4 ],

P =

[
a1 a2
a3 a4

]
,

Q =

[
b1
b2

]
,

then the Jacobian matrix of the DAB converter under the one-
step delay control is expressed as

J1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 1 0 0

0 0 0 1 0

0 0 a1 a2 b1

0 0 a3 a4 b2

c1 c2 c3 c4 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(X, φ)

. (27)

3) Jacobian Matrix of DAB Converter With the Predictive
Control: The dual active bridge converter system with the ad-
ditional predictive control algorithm is shown as (28). The
discrete-time iterative relationship of the state variables in the
power stage is the same as that with a one-step digital control
delay. However, the discrete-time map of the state variables in
the digital controller is quite different. The phase shift angle
ϕ(n+1) is no longer related with the state variables in the (n-1)th
switching cycle
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iL(n+1) = [1 0]

(
ΦT (ϕn)

[
iLn

vCn

]
+ ψT (ϕn)

)

vC (n+1) = [0 1]

(
ΦT (ϕn)

[
iLn

vCn

]
+ ψT (ϕn)

)

ϕ(n+1) = ϕ(n) + k1

(
Vref(n+1) −Vex

[
ipreL(n+1)

vpreC(n+1)

])

+ k2

(
Vrefn −Vex

[
iLn

vCn

])
.

(28)
Similarly, the Jacobian matrix of the DAB converter with the

additional predictive algorithm can be easily obtained according
to the decomposed discrete-time model. It is notable that the
dimension of the Jacobian matrix as expressed in (29) is shown
at bottom of the page has declined to three compared with that
under the one-step delay control.

TABLE I
SPECIFICATIONS OF THE DAB CONVERTER PROTOTYPE

B. Multiscale Oscillations of the DAB Converter

In the practical applications, the digitally controlled DAB
converter could encounter the different kinds of oscillations or
even abruptly jump to the unstable state under some system
parameters and working conditions, which could downgrade the
system performance and have a damaging effect on the converter.
The oscillation phenomena can mainly be summarized as the
slow-scale low-frequency oscillation and the fast-scale subhar-
monic oscillation. According to the Jacobian matrices of the
DAB converter under the different control schemes, the Floquet
multipliers can be easily obtained via (21), which determines
not only the stability of the system but also the oscillation type
and the sudden jump phenomena.

There are four Floquet multipliers in the one-step delay con-
trolled DAB converter with the parameters of Table I. The loci of
the Floquet multipliers are illustrated in Fig. 5 with the variation
of inductance L. The corresponding magnitude and phase of
the Floquet multipliers are also shown in Fig. 6 when L varies
from 34 to 59.03 μH. It can be found that there is a Floquet
multiplier λ4 almost remaining settled on the real axis within
the unit circle. Besides, there is a conjugate pair of Floquet
multipliers λ1 and λ2 moving from outside of the unit circle to
the inside. Accordingly, the DAB converter will transit from the
unstable state to the stable one. In addition, there exists a Floquet
multiplier λ3 moving along the real axis from the inside of the
unit circle to the outside in the positive direction. Contrary to the
conjugate Floquet multipliers crossing case, the DAB converter
will jump from the stable state to the unstable one in this case.

J2 =

⎡
⎢⎢⎣

a1 a2 b1

a3 a4 b2

c1 + c3a1 + c4a3 c2 + c3a2 + c4a4 1 + c3b1 + c4b2

⎤
⎥⎥⎦

∣∣∣∣∣∣∣∣
(X, φ)

(29)
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Fig. 5. Loci of the Floquet multipliers under the one-step delay control.

Fig. 6. Magnitude and phase of the Floquet multipliers under the one-step
delay control.

The stable inductor current of the DAB converter with the
parameters of Table I is shown in Fig. 7. According to the
magnitude plot of the Floquet multipliers in Fig. 6, the conjugate
pair of Floquet multipliers will locate on the unit circle when
the inductance L decreases to about 34.7 μH. In this case, the
Hopf bifurcation will occur in the DAB converter with a one-
step digital control delay and the inductor current will exhibit
the slow-scale low-frequency oscillation. The corresponding
inductor current and its fast Fourier transformer (FFT) with the
low-frequency oscillation are shown in Fig. 8. According to the
FFT analysis result, the oscillation frequency of the inductor
current in this case is about 3700 Hz, which corresponds to the

Fig. 7. Stable state inductor current waveform.

Fig. 8. Slow-scale low-frequency oscillation of the inductor current. (a) In-
ductor current waveform. (b) FFT of the inductor current.

frequency of the inductor current envelope. Compared with the
stable state, the inductor current has a much higher amplitude
and is not symmetric within a switching cycle, which could lead
to the saturation of the transformer and increase the stress of
other devices.

According to the magnitude plot of the Floquet multipliers
in Fig. 6, the conjugate pair of Floquet multipliers will enter
the interior of the unit circle when the inductance L continues
to increase from 34 μH, whereas the Floquet multiplier λ3 will
move along the real axis in the positive direction. When the
inductance L increases to 59.03 μH, λ3 will reach the unit
circle along the real axis. In this situation, the extremely small
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Fig. 9. Sudden jumps phenomena of the DAB converter.

Fig. 10. Phase-plane waveform of the inductor current and output voltage.

disturbance on the inductance L could cause the DAB converter
to suddenly jump to the unstable state, even though the system
is supposed to have a large stability margin according to the
conventional stability margin criteria [34]. As shown in Fig. 9,
the stable periodic operation of the DAB converter could sud-
denly disappear when the inductance suffers from the extremely
small disturbance from L1 to L2, which has been plaguing
the engineers a lot. This phenomenon is actually caused by
the collision of the stable periodic solution and the latent unstable
periodic solution (The periodic solutions are on the phase plane
where the inductor current iL is the y-axis and the output voltage
vo is the z-axis). Accordingly, the stable periodic solution is
suddenly annihilated and no normal periodic operation exists in
the DAB converter [40], [41]. Finally, the DAB converter will
switch from the normal periodic operation state to the state where
the controller is saturated. As shown in Fig. 10, a tiny disturbance
of the inductance L at the bifurcation point will cause the output
voltage to jump from 72 V to about 69.5 V.

When the additional predictive algorithm is applied to the
digitally controlled DAB converter with the parameters of Ta-
ble I, there are three Floquet multipliers. The loci of the Floquet
multipliers are illustrated in Fig. 11 when the inductance L varies
from 23 to 59 μH. The corresponding magnitude and phase of
the Floquet multipliers are also shown in Fig. 12. Similar to
the DAB converter with the one-step delay, there also exists a
Floquet multiplier λ3 remaining settled on the real axis within
the unit circle and a Floquet multiplier λ2 moving along the
real axis from the inside of the unit circle to the outside in the
positive direction. Different from the conjugate pair of Floquet
multipliers entering the interior of the unit circle from the outside
in the one-step delay controlled DAB converter, there is only one
Floquet multiplier λ1 entering the unit circle along the real axis
in the positive direction.

Fig. 11. Loci of the Floquet multipliers when the predictive algorithm is
applied.

Fig. 12. Magnitude and phase of the Floquet multipliers with the predictive
algorithm.

The stable intervals of system parameters expand when the
additional predictive algorithm is applied to compensate the
digital control delay. However, when inductance L is further
decreased to 24.5 μH, the Floquet multiplier λ1 will locate at
the unit circle, which indicates the period-doubling bifurcation
of the DAB converter. The inductor current will correspond-
ingly exhibit the fast-scale subharmonic oscillation as shown
in Fig. 13. In this case, the inductor current has the very high
amplitude and large ripple. According to the FFT analysis, there
exists a large spectral component at half the switching frequency,
which indicates the subharmonic oscillation.

Besides, the DAB converter without digital control delay
could also experience the sudden jump phenomena under some
system parameters or working conditions. For example, when



GAO et al.: DECOMPOSED DISCRETE-TIME MODEL AND MULTISCALE OSCILLATIONS ANALYSIS OF THE DAB CONVERTER 9141

Fig. 13. Fast-scale subharmonic oscillation of the inductor current. (a) Induc-
tor current waveform. (b) FFT of the inductor current.

the inductance L increases to about 59 μH, the normally oper-
ated DAB converter with the sufficient stability margin could
suddenly jump to the unstable state under the slight disturbance
on the inductance L.

It can be discovered that the sudden jump phenomena could
occur in both the one-step delay controlled DAB converter and
the DAB converter without digital control delay. However, the
slow-scale low-frequency oscillation is prone to appear in the
one-step delay controlled DAB converter, whereas the fast-scale
subharmonic oscillation is limited to the DAB converter without
digital control delay. The detailed analysis of the sudden jump
phenomena and the multiscale oscillations of the DAB converter
is carried out in the rest of the article.

IV. MULTISCALE OSCILLATIONS ANALYSIS

Since the different characteristics of the Floquet multipliers
determine the multiscale oscillations of the DAB converter,
the analysis of the Jacobian matrix and Floquet multipliers
is conducted from different perspectives in this section. The
correlation factor of the discrete-time DAB converter system is
first proposed to reveal which state variable has the significant
influence on the Floquet multipliers that determine the multi-
scale oscillations. Accordingly, the Gershgorin bands analysis
of the selected state variables is applied to reveal the influence of
the digital control delay to the multiscale oscillations. In order
to prevent the occurrence of the multiscale oscillations through
the reasonable parameters design, the key system parameters to

the system stability are selected through the sensitivity analysis.
Finally, the criteria of all the possible unstable phenomena of the
DAB converter are obtained to form the stable parameter space
of the selected key parameters.

A. Correlation Factor

According to the multiscale oscillations phenomena of the
DAB converter in Section III, it can be found that the differ-
ent forms of the Floquet multipliers and their unique way of
moving have the decisive influence on the dynamic features
of the different state variables. In this part, the correlation
factor of the discrete-time system is proposed to analyze the
relevance between the different Floquet multipliers and the state
variables.

If the small disturbance δx0 is applied to the fixed point x∗

at the initial moment, the fixed point at the kth switching cycle
will evolve as

xk = x∗ + δxk

= x∗ + J(x∗)kδx0 (30)

where J is the Jacobian matrix that is analytically expressed in
(27) and (29) according to the decomposed discrete-time model.

The disturbance δx0 will evolve as (31) at the kth switching
cycle. D is the diagonal matrix composed of all the Floquet
multipliers. U and VT are the matrices of the right and left
eigenvectors of the Jacobian matrix J, respectively. Besides, the
matrices U and VT have the relationship of (32)

δxk = Jkδx0

=
(
UDVT

)k
δx0

D = diag
(
λ1 λ1 · · · λN

)
(31)

VT = U−1. (32)

By performing the equivalent transformation of X = UY,
the ith element of the state variable disturbances in the kth
switching cycle with the initial disturbance vectory0 = U−1δx0

is expressed as

δxi
k =

N∑
j=1

Uijy
j
0(λj)

k (33)

where yj
0 is the jth element of y0.

Assume only the ith state variable is applied the initial unit
disturbance, then y0 can be expressed as

y0 = VT δx0 =

⎡
⎢⎢⎢⎣

(
VT
)
1i

...
(
VT
)
Ni

⎤
⎥⎥⎥⎦ . (34)

When the initial disturbance (34) is substituted in (33), the
evolvement of the state variables disturbance is finally expressed
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TABLE II
CORRELATION FACTOR |Pij | WITHOUT CONTROL DELAY

Fig. 14. Correlation factors between the state variables and Floquet multipliers
without the digital control delay.

as

δxi
k =

N∑
j=1

Uij

(
VT
)
ji
(λj)

k =

N∑
j=1

UijVij(λj)
k. (35)

Accordingly, the correlation factor Pij of the discrete-time
system is proposed as (36). The elements of the correlation factor
matrix are the dimensionless quantities, which are irrelevant to
the physical units of the state variables. The modulus of the
correlation factor represents the relevant degree between the ith
state variable and the jth Floquet multiplier

Pij = UijVij . (36)

The correlation factors between the state variables and the
Floquet multipliers of the DAB converter without digital control
delay are shown in Table II. The Floquet multipliers λ1, λ2, and
λ3 are in accordance with those of Fig. 11. λ1 is the Floquet
multiplier that will lead to the fast-scale subharmonic oscillation
of the system when crossing the unit circle along the negative
direction of the real axis.

In order to intuitively represent the relationships between the
state variables and the Floquet multipliers without the digital
control delay, the correlation factors are illustrated in Fig. 14. It
is obvious that each state variable corresponds to a Floquet mul-
tiplier with the close correlation. The fixed Floquet multiplier λ3

is closely related to the dc voltage vC . In addition, the inductor
current iL has the close relevance with the Floquet multiplier λ2,
which could lead to the sudden jump phenomena of the system.
Besides, the phase shift angle ϕ is closely related to the Floquet
multiplier λ1, which could result in the subharmonic oscillation.

TABLE III
CORRELATION FACTOR |Pij | WITH CONTROL DELAY

Fig. 15. Correlation factors between the state variables and Floquet multipliers
with the digital control delay.

The correlation factors between the state variables and Floquet
multipliers of the DAB converter with one-step digital control
delay are shown in Table III and Fig. 15. The fixed Floquet mul-
tiplier λ4 is still closely related to the dc voltage vC . Similarly,
the inductor current iL has the close correlation with the Floquet
multiplier λ3, which could lead to the sudden jump phenomena
of the system. Besides, the phase shift angle ϕ is closely related
to the conjugate pair of Floquet multipliers λ2 and λ1, which
could result in the slow-scale low-frequency oscillation. It is
noticeable, however, the coupling between the state variables
and the Floquet multipliers increases a lot compared with the
correlation factors of Fig. 14 without the digital control delay.

B. Gershgorin Bands Analysis

According to the Floquet multipliers analysis, the conjugate
pair of Floquet multipliers λ1 and λ2 are responsible for the slow-
scale low-frequency oscillation in the DAB converter under the
one-step delay control. Besides, the Floquet multiplier λ1 in the
DAB converter without digital control delay is responsible for
the fast-scale subharmonic oscillation. It also indicates that these
three Floquet multipliers have the close relationship with the
phase shift angle ϕ according to the correlation factor analysis.
In fact, the multiscale oscillations of the system are essentially
the multiscale oscillations of the phase shift angle ϕ in the
DAB converters under the SPS control. Therefore, the multiscale
oscillations analysis of the DAB converter is also conducted in
this part according to the Gershgorin bands analysis [42], [43]
of the phase shift angle ϕ.
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Fig. 16. Gershgorin bands of the phase shift angleϕn+1 in the DAB converter
without digital control delay.

The discrete-time small-signal relationship of the state vari-
ables can be expressed as x̂(n+ 1) = J · x̂(n) based on the
Jacobian matrix J. The Jacobian matrices under the different
control schemes have been obtained in Section III according
to the decomposed discrete-time model. The perturbations of
the state variables at the different frequencies actually have the
diverse influence on the state variables. The transfer function
matrix of the system can be expressed as

W (s) =

⎡
⎢⎢⎢⎢⎢⎢⎣

W11 (s) W12 (s) · · · W15 (s)

W21 (s) W22 (s) · · · W25 (s)

...
...

...

W51 (s) W52 (s) · · · W55 (s)

⎤
⎥⎥⎥⎥⎥⎥⎦

(37)

where Wij(s) represents the transfer function relationship be-
tween the ith state variable and the disturbance of the jth state
variable at the different frequencies. Let ri =

∑5
j=1
(j �=i)

|Wij | be

the sum of the absolute values of the nondiagonal entries in
the ith row. Then the circle centered at Wii with radius ri is
called a Gershgorin circle. When the state variables of the DAB
converter without digital control delay are, respectively, applied
the unit disturbance with the frequency from 1 Hz to 20 kHz,
the Gershgorin bands of the phase shift angle ϕn+1 is shown
in Fig. 16. Each Gershgorin circle corresponds to a certain
disturbance frequency. It can be discovered from Fig. 16 that
the Gershgorin circles gradually shrink and no longer contain
the origin of the coordinates with the increase of the frequency.
Therefore, the phase shift angle ϕ is gradually diagonally dom-
inant and the coupling between ϕn+1 and other state variables
like vCn, iLn, vC(n−1), and iL(n−1) is gradually decreasing.

In order to evaluate the coupling characteristics of the state
variables in the DAB converter without digital control delay, the
magnitude of the coupling betweenϕn+1 andϕn and other state
variables under the different disturbance frequencies is shown
in Fig. 17. It is obvious that ϕn+1 is irrelevant with vC(n−1) and
iL(n−1). Besides, ϕn+1 has high degree of coupling with vCn

in the frequency range less than 100 Hz. However, ϕn+1 turns

Fig. 17. Coupling of ϕn+1 with other state variables in the DAB converter
without digital control delay.

Fig. 18. Gershgorin bands ofϕn+1 in the DAB converter with one-step digital
control delay.

to have the close relationship with ϕn in the frequency range
more than 1000 Hz, where the state variable vC has the weak
influence on the phase shift angle ϕn+1.

When the one-step delay exists in the digitally controlled
DAB converter, the Gershgorin bands of ϕn+1 are shown in
Fig. 18. The radius of the Gershgorin circle does not change
much with the slow-frequency state variable disturbances but
increases significantly with the high-frequency disturbances,
which is opposite to the DAB converter without digital control
delay. Compared with the Gershgorin bands of ϕn+1 in Fig. 16,
the Gershgorin circles, in this case, have much larger radii and
contain the origin of the coordinates, which indicate that ϕn+1

of the DAB converter system with a one-step delay has the strong
coupling with other state variables.

The detailed correlation of ϕn+1 with ϕn and other state
variables in the one-step delay controlled DAB converter is
shown in Fig. 19. It is obvious that ϕn+1 is still related with
vC(n−1) and iL(n−1) because of the delay effect, which is differ-
ent from Fig. 17 without the digital control delay. Besides,ϕn+1
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TABLE IV
PARAMETER SENSITIVITY OF THE DAB CONVERTER WITH ONE-STEP DELAY

Fig. 19. Coupling of ϕn+1 with other state variables in the DAB converter
with one-step delay.

is strongly coupled with the state variables vCn and vC(n−1) in
the whole frequency range. Since the state variable vC exhibits
the low-frequency characteristics, the phase shift angle ϕn+1

is prone to show the slow-scale low-frequency oscillation in
the DAB converter with one-step delay. Whereas, ϕn+1 of
the DAB converter without digital control delay is diagonally
dominant and has the weak coupling with vC . Therefore, the
DAB converter, in this case, is prone to exhibit the fast-scale
subharmonic oscillation.

C. Sensitivity of the Floquet Multipliers

According to the loci analysis of the Floquet multipliers, the
forms and moving features of the specific Floquet multipliers
have the decisive influence on the multiscale oscillations and
other unstable phenomena of the DAB converter. In order to
prevent those phenomena by the reasonable parameters design,
it is essential to analyze the relationship between the Floquet
multipliers and the system parameters. Thus, the sensitivity
analysis of Floquet multipliers to the system parameters of the
DAB converter is proposed in this part.

The sensitivity of the Floquet multiplier λi to the system
parameter Kj is expressed as (38), where U and V are the
matrices of the right and left eigenvectors of the Jacobian matrix

Fig. 20. Sensitivity of the Floquet multipliers under one-step delay.

J, respectively. Substituting the decomposed Jacobian matrices
(27) and (29) into (38), the sensitivity of the Floquet multipliers
to the system parameters can be easily obtained without calcu-
lating the Floquet multipliers in advance. Besides, the sensitivity
of Floquet multipliers as shown in (38) is also dimensionless and
irrelevant with the unit of the parameter Kj

Sλi

Kj
=

∂λi

∂Kj
Kj =

VT
i

(
∂J
∂Kj

)
Ui

VT
i Ui

Kj . (38)

The parameter sensitivity of the Floquet multipliers in the one-
step delay controlled DAB converter is shown in Table IV. The
power stage parameters like the inductance L, load resistance
Ro, input voltage E, equivalent series resistance RC , and the
digital controller parameters like the proportional constant kp,
integral constant kI , and the output reference voltage vref are
selected to conduct the sensitivity analysis. The sensitivity of
the Floquet multipliers is also illustrated in Fig. 20, where the
height of each bar represents the modulus of each element in
Table IV. It can be intuitively discovered that the conjugate pair
of Floquet multipliers λ1, λ2, and the real Floquet multiplier λ3,
which are related to the low-frequency oscillation and sudden
jump phenomena, have high sensitivity to the system parameters
L and kp. It is also noticeable that the signs of the image parts
of Sλ1

L and Sλ2

L are opposite to those of λ1 and λ2, respectively.
However, the signs of the image parts of Sλ1

RC
, Sλ2

RC
, Sλ1

kp
, and

Sλ2

kp
are the same as those of λ1 and λ2, which indicates that λ1

and λ2 will gradually approach the unit circle with the increase
of RC and kp and the system stability margin will accordingly
shrink. Whereas, λ1 and λ2 will gradually move away from the
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TABLE V
PARAMETER SENSITIVITY WITHOUT CONTROL DELAY

Fig. 21. Sensitivity of the Floquet multipliers without digital control delay.

unit circle with the increase of L and the system stability margin
will accordingly expand.

When the additional predictive algorithm is applied to the
DAB converter, the parameter sensitivity of the Floquet multi-
pliers is shown in Table V. In this case, the Floquet multipliers
λ1 and λ2 are related with the fast-scale subharmonic oscillation
and the sudden jump phenomena, respectively. As illustrated
in Fig. 21, the Floquet multipliers λ1 and λ2 still have the
high sensitivity with the system parameters L, RC , and kp. The
increase of L will also expand the stability margin, whereas the
increase of RC and kp will decrease the stability margin.

Since the Floquet multipliers corresponding to the different
unstable phenomena have high sensitivity to the system parame-
ters like L,RC and kp, it is necessary to pay more attention to the
design of these parameters. The loci of the Floquet multipliers
when kp varies from 0.5 to 1.5 are also shown in Fig. 22. It
can be concluded that the loci of Floquet multipliers are similar
to those when the inductance L varies as shown in Figs. 5
and 11. However, the direction of the loci, in this case, is the
opposite of that when the inductance L varies, which verifies
the conclusion above that the decisive Floquet multipliers to the
multiscale oscillations of the DAB converter have the opposite
sensitivity to the key system parameters kp and L. Since the
Floquet multipliers have quite low sensitivity to the integral
constant kI , the Floquet multipliers almost remain settled when
kI varies.

D. Parameter Spaces and Stability Boundaries

In this part, the parameter spaces and stability boundaries
of the crucial system parameters L, RC , and kp are obtained

Fig. 22. Loci of the Floquet multipliers when kp varies from 0.5 to 1.5.
(a) Without one-step delay. (b) With the one-step delay control.

according to the criteria of the multiscale oscillations in the
digitally controlled DAB converter.

1) Stability Criteria of the DAB Converter With One-Step
Delay Control: The Jacobian matrix J1 of the DAB converter
with the one-step delay is obtained in (27) according to the
decomposed discrete-time model. Then, the characteristic poly-
nomial of J1 can be expressed as

f (λ) = det (λI− J1)

= λ4 + F3λ
3 + F2λ

2 + F1λ + F0 (39)

where

F3 = −1− a1 − a4

F2 = a1 + a4 + |P|+ k2VexQ

F1 = −|P| − k2VexΥ+ k1VexQ

F0 = k1VexΥ

Υ =
[
b1a4 − b2a2 b2a1 − b1a3

]T
.

It is obvious the DAB converter with the one-step delay is a
fourth-order system according to the characteristic polynomial
of (39). Then, the Jury stability criterion can be applied to obtain
the stability constraints of the fourth-order system. The charac-
teristic polynomial coefficients yielding to (40) will guarantee
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the stable operation of the DAB converter

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

|F0F3 − F1| < 1− F 2
0

|F0| < 1

(F0 − 1)2 (F0 − F2 + 1)− (F3 − F1) (F3F0 − F1) > 0

f (1) > 0, f (−1) > 0 .
(40)

Actually, the parameters satisfying f(1) = F3 + F2 + F1 +
F0 + 1 = 0 correspond to the parameter boundary of the jump
phenomena in the DAB converter. The equation f(−1) = −F3

+ F2 − F1 + F0 + 1 = 0 constrains the parameter boundary
of the fast-scale subharmonic oscillation phenomena. Besides,
the parameters satisfying the equation (F0 − 1)2(F0 − F2 + 1)
− (F3 − F1)(F3F0 − F1) = 0 form the parameter boundary of
the slow-scale low-frequency oscillation phenomena. It can also
be discovered that the system parameters of the DAB converter
with the one-step delay will not satisfy the equation f(−1) =
−F3 + F2 − F1 + F0 + 1 = 0. In other words, the subharmonic
oscillation actually does not exist in the DAB converter with
the one-step digital control delay, which is consistent with the
analysis of the previous parts.

As shown in Fig. 5, there exists a conjugate pair of Floquet
multipliers λ = a± bi crossing the unit circle when the low-
frequency oscillation appears. The corresponding oscillation
frequency can be analytically expressed as

fosc = fs ×
(
arctan

∣∣∣∣
b

a

∣∣∣∣
)
× 1

2π
(41)

where a = F3−F1

2F0−2 , b =
√
1− a2. The analyzed oscillation fre-

quency is in accordance with the simulation results of Fig. 8
when the system parameters of Table I are substituted into the
expression of analytical oscillation frequency.

2) Stability Criteria of the DAB Converter With the Addi-
tional Predictive Algorithm: When the proposed additional pre-
dictive algorithm based on the decomposed discrete-time model
is applied to the DAB converter, the characteristic polynomial
of the Jacobian matrix J2, as shown in (29), can be expressed as

f (λ) = det (λI− J2)

= λ3 + F ′
2λ

2 + F ′
1λ + F ′

0 (42)

where

F ′
2 = −1− a1 − a4 + k2VexQ

F ′
1 = a1 + a4 + |P|+ k1VexQ− k2VexΥ

F ′
0 = −|P|+ k1VexΥ.

According to the characteristic polynomial of (42), the DAB
converter without digital control delay changes into a third-order
system. Similarly, the Jury stability criterion will be applied to
obtain the stability constraints of the system. Therefore, the DAB
converter will work in the stable state when the characteristic

polynomial coefficients yield to the following constraints:
⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

|F ′
0| < 1

F ′2
0 − 1 < F ′

0F
′
2 − F ′

1

F ′
0 + F ′

1 + F ′
2 + 1 > 0

F ′
0 − F ′

1 + F ′
2 − 1 < 0 .

(43)

In this case, the equation F ′
0 − F ′

1 + F ′
2 − 1 = 0 constrains

the parameter boundary of the fast-scale subharmonic oscillation
of the DAB converter. Besides, the system parameters satis-
fying F ′

0 + F ′
1 + F ′

2 + 1 = 0 correspond to the sudden jump
phenomena. In addition, the equation F ′2

0 − F ′
0F

′
2 + F ′

1 = 1
constrains the parameter boundary of the low-frequency os-
cillation phenomena. Similarly, the system parameters will not
satisfy the criterion of the slow-scale low-frequency oscillation
phenomena in the DAB converter without digital control delay,
which validates the analysis of the previous parts again.

3) Parameter Spaces and Stability Boundaries: According
to the sensitivity analysis of the Floquet multipliers, the induc-
tance L, equivalent series resistance RC of the output capacitor
and the proportional constant kp of the controller have the signif-
icant influence on the system stability. Therefore, the parameter
spaces about these system parameters can be obtained based on
the proposed stability criteria of the different kinds of unstable
phenomena. The detailed parameter spaces are illustrated in
Fig. 23. Besides, the stability boundaries with the 50◦ phase
margin are also obtained according to the conventional stability
margin criterion [34], [35]. Both the stability boundaries and
the boundaries with the 50◦ phase margin constraint expand
significantly when the proposed additional predictive algorithm
is applied. It is noticeable that there is 50◦ phase margin and
the magnitude margin is actually also very large when the
inductance L is about 49 μH according to the conventional
stability margin criteria. However, in the practical operations, the
sudden jump phenomena will occur in the DAB converter with
this parameter and the system will jump from the stable operation
to the undesired unstable state. Therefore, the parameters design
according to the conventional stability margin criteria is not
quite suitable for the DAB converter and cannot guarantee the
stable operation of the system with sufficient stability margin.
Whereas, the parameters design in this article will consider the
criteria of all the possible unstable phenomena in the DAB
converter. Therefore, the parameter spaces obtained are more
comprehensive and reliable, which can provide the guidance for
the practical parameters design.

V. EXPERIMENTAL VERIFICATION

In order to validate the theoretical analysis and the simulation
results presented in the previous sections, an experimental pro-
totype was built according to the specifications of Table I. The
prototype of the digitally controlled DAB converter is depicted
in Fig. 24. Each H-bridge consists of four IPP110N20N3G
power-transistors from Infineon, rated at 88 A, 200 V. The
power-transistors are driven by the circuit boards, which are
composed of the 1ED020I12-F insulated-gate bipolar transistor
(IGBT) driver integrated circuits (ICs) and other isolation and
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Fig. 23. Parameter spaces and the stability boundaries.

amplifier parts. The high-frequency transformer is made up
of the magnetic wires and the ferrite core from Ferroxcube.
Besides, the auxiliary inductor is connected in series with one
end of the transformer. The output voltage signal will be trans-
mitted to the ADC module of the TMS320F28335 digital signal
processor (DSP) controller through the voltage conditioning
circuit, which contains the LV28-P voltage transducer and the
TL082 operational amplifier. The inductor current signal will

Fig. 24. Experimental prototype of the DAB converter.

Fig. 25. Inductor current of the DAB converter with one-step delay.
(a) kp = 0.77 (b) kp = 0.78.

also be sent to the ADC module of the DSP controller through
the current sensing and conditioning circuits, which contain the
LA100-P/SA50 current transducer and the TL074 operational
amplifiers. With the sampled inductor current and output voltage
signals, the phase shift angle of the next switching cycle can be
calculated in the digital controller according to the proposed
algorithm.

The inductor current waveforms of the DAB converter with
the one-step digital control delay are shown in Fig. 25. It can be
observed that the converter is stable when the proportional con-
stant kp is 0.77, which corresponds to point A of the parameter
space as shown in Fig. 23. However, the inductor current will
exhibit the slow-scale low-frequency oscillation with the high
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Fig. 26. Inductor current of the DAB converter without digital control delay.
(a) kp = 1.36 (b) kp = 1.37.

amplitude components when kp increases to 0.78, which corre-
sponds to the point B of the parameter space. When the proposed
additional predictive algorithm is applied to compensate the
digital control delay, the stable parameter intervals will expand
a lot and the system is still stable when kp increases to 1.36.
However, the DAB converter will also enter the unstable state
when continuing to increase kp to about 1.37 and the inductor
current will exhibit the fast-scale subharmonic oscillation with
high amplitude. The inductor current waveforms of the DAB
converter without digital control delay are shown in Fig. 26,
which correspond to point C and D of the parameter space,
respectively.

If the inductance L is decreased to 24.9 μH, the inductor
current and output voltage waveforms of the DAB converter with
one-step digital control delay are shown in Fig. 27. The system
is stable when kp is 0.46 and the slow-scale low-frequency os-
cillation will occur when kp changes to 0.47, which correspond
to point E and F of the parameter space, respectively. Besides,
the inductor current and output voltage of the DAB converter
without digital control delay are shown in Fig. 28. When kp
increases from 0.77 to 0.78, the system will transform from the
stable state to the subharmonic oscillation, which corresponds
to the point G and H of the parameter space, respectively. In
addition, the inductor current amplitudes of Figs. 27(b) and 28(b)
are much higher than those when the inductance L is 35.49 μH.

It can be observed that the ripple of the inductor current and
output voltage will dramatically increase when the multiscale
oscillations occur in the DAB converter, which has the jeopar-
dizing effects on the performance of the system. Besides, the
oscillation of the inductor current is particularly significant. The
inductor current with the slow-scale oscillation contains a lot
of undesirable low-frequency harmonic components. Whereas,

Fig. 27. Inductor current and output voltage of the DAB converter with one-
step delay when L is 24.9 μH. (a) kp = 0.46. (b) kp = 0.47.

Fig. 28. Inductor current and output voltage of the DAB converter without
digital control delay when L is 24.9 μH. (a) kp = 0.77. (b) kp = 0.78.

the harmonic of half the switching frequency becomes the main
component of the current spectrum when the fast-scale subhar-
monic oscillation occurs. These harmonic components could
cause the undesirable noise. In addition, the inductor current
under these two kinds of oscillations has the characteristics
of high amplitude and asymmetry. The asymmetrical inductor
current will lead to a dc bias and generate the flux bias in the
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transformer. The accumulation of the biased magnetic flux will
eventually result in the transformer saturation and the sharp
increase of the current flow, which could increase the device
stress or destruct the power switches.

VI. CONCLUSION

In this article, the multiscale oscillations of the DAB converter
are systematically analyzed based on the proposed decomposed
discrete-time model. The decomposed discrete-time model has
significantly simplified the conventional discrete-time model
without reducing the calculation accuracy. Accordingly, the
decomposed discrete-time model is applied to the controller
design to eliminate the digital control delay. It also indicates
that the characteristics of the multiscale oscillations in the DAB
converter are determined by the forms and moving features of
the Floquet multipliers. Therefore, the relationships among the
state variables, system parameters and the Floquet multipliers
are analytically investigated according to the proposed discrete-
time correlation factor, sensitivity analysis, and the Gershgorin
bands analysis of the DAB converter. Finally, the stability cri-
teria of all the three kinds of unstable phenomena of the DAB
converter are obtained, which are utilized to get the stability
boundaries of the system parameters. It is also shown that
the conventional margin criteria cannot guarantee the sufficient
stability margin. Whereas, the parameter spaces obtained in
this article consider all the possible unstable phenomena of the
DAB converter and therefore is more reliable in the practical
parameters design. The experimental results are also shown to
be consistent with the simulation and theoretical analysis.
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