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1Abstract—The dual active bridge (DAB) converter is gaining 

more and more attention in various applications such as energy 
storage systems, electric vehicles and smart grids. To improve the 
quality of the input current, a LC filter is often cascaded at the 
input side of the DAB converter. However, there are instable 
problems of this cascaded system due to the impedance 
interactions of the DAB converter and the LC filter, although the 
DAB converter is stable at the individual operation mode. To 
assess the stability of the cascaded system of the DAB converter 
and the LC filter, the impedance model of the DAB converter is 
firstly developed based on generalized state-space averaging 
method. The developed impedance model can be used to 
accurately predict the stability of the DAB converter with its LC 
input filter. Based on the stability analysis, the optimum filter 
parameter design guideline is determined. The impedance model 
and stability analysis are validated by the simulation and 
experimental results. 
 

Index Terms—Dual active bridge, generalized state-space 
averaging, stability analysis, phase-shift modulation.  
 

I. INTRODUCTION 
HE bidirectional dc-dc converters have greatly increased in 
popularity with the rapid expansion of uninterruptible 

power supply systems, distributed resources interface, electric 
vehicles and the energy storage systems. Compared to other 
traditional bidirectional buck/boost converters, the dual active 
bridge (DAB) converter is becoming more and more popular 
because of its advantages such as the high power density, soft 
switching properties, galvanic isolation and less passive 
components. Fig. 1 shows the circuit topology of the DAB 
converter cascaded with the LC filter, which is used to improve 
the input current quality of the DAB converter. The battery is 
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connected to the output side of the DAB converter. By 
regulating the transformer current of the DAB converter, the 
shift between the charging and discharging mode of the battery 
can be achieved. 

However, although the DAB converter is stable when 
operating individually, the dc-link voltage may become 
oscillating when the LC filter is cascaded with the DAB 
converter due to poor design of the circuit parameters. The 
stability issues have also been found in other dc and ac 
cascaded systems [9-13]. To investigate the stability issue in 
cascaded systems, the impedance based stability criterion was 
first proposed by Middlebrook in [14], implying that the 
stability of the cascaded converter must take the impedance 
interaction into consideration, and the required input 
impedance should be far greater than the output impedance of 
cascaded filter. Based on the impedance of the converters, some 
improved stability criteria with the concept of the forbidden 
region are proposed in [15, 16]. It is found that the minor loop 
gain, which is the ratio of the source output impedance to the 
load input impedance, should satisfy the Nyquist criterion to 
ensure the stability of the cascaded system [17, 18].  

Therefore, to apply the above-mentioned stability criteria, 
the closed-loop impedance models are necessary for the 
stability analysis of the cascaded systems [10, 19, 20]. However, 
because the transformer current is pure ac, the traditional 
state-space averaging (SSA) method cannot be applied to the 
modeling of the DAB converter [21, 22]. The reduced-order 
impedance models of the DAB converter are derived in [7, 23], 
neglecting the dynamics of the transformer current. Based on 
the concept of the dynamic phasor, a generalized model is 
proposed in [24] and shows more accuracy than reduced-order 
models [25]. But this model is not extended to the derivation of 
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Fig.1. circuit topology of the DAB converter with its LC filter. 
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the DAB closed-loop impedances. Moreover, the stability of 
the DAB converter with its LC input filter has not yet been 
analyzed.  

To fill up this gap, the impedance of the DAB converter is 
developed in this paper based on the concept of dynamic phasor. 
The leakage inductance current and the resonant transition 
intervals are taken into consideration in the impedance model, 
thus enabling the dynamics to be studied and improving 
accuracy. The stability of the DAB converter with its LC input 
filter is analyzed. For the stability consideration, the optimum 
parameters of the LC filter are also provided. 

The rest of the paper is organized as follows: Section II 
describes the instability phenomenon when the DAB converter 
is cascaded with a LC filter, and Section III shows the 
derivation of a full-order continuous-time average model for 
the DAB converter and the small-signal control-to-output 
transfer function through GSSA to obtain the converter input 
impedance. In section IV, the stability of the cascaded system 
consisting of the DAB converter and a LC input filter is 
assessed. Section V verifies the theory through experimental 
results. The conclusion will be summarized in Section VI. 

II. INSTABILITY PHENOMENON DESCRIPTION 
The cascaded system of the DAB converter and the LC filter 

can be interpreted by the small signal model shown in Fig. 2.   
The LC filter is aimed to decrease the load current 

fluctuations so as to improve the quality of the input current for 
the DAB converter. However, the stability of the cascaded 
system can be degraded due to the mismatch of the output 
impedance of the LC filter and the input impedance of the DAB 
converter. When the DAB converter is operating individually 
the waveforms of the dc-link voltage Vdc, output current Io and 
output voltage Vo are shown in Fig. 3. As can be seen from Fig. 
3, the DAB converter is operating stably. However, when the 
input LC filter is cascaded with the DAB converter, as shown in 
Fig. 4, the dc-link voltage Vdc is oscillating and diverging, 
indicating that the cascaded system is no longer stable.  

What should be emphasized is that for stability analysis, this 
paper only focuses on the forward interactions of the input 
impedance and other converters, excluding the reverse 
interaction. According to [7], different power flow direction 
gives rise to different impedance interaction and it is more 
stable in the reverse direction (battery discharging) than in the 
forward direction (battery charging). 

III. FULL-ORDER MODEL OF DAB CONVERTERS 
As shown in Fig. 1, the DAB converter consists of two 

full-bridge on both the primary and secondary sides of the 
high-frequency transformer. The transformer here matches the 
voltage difference between the two sides and provides galvanic 
isolation. And the leakage inductance of the transformer serves 
as the energy storage element. By adjusting the phase shift 
between the output voltages of the two H-bridges, the direction 
and magnitude of the transferred power in the DAB converter 
can be controlled.  

To realize the phase shift of the output voltages, three 
modulation strategies can be used. The first one is the single 
phase-shifted (SPS) modulation, which generates square wave 
of 50% duty ratio for each bridge. The average power 
transferred is adjusted by the phase-shift angle of the two 
bridges. The second one is the dual phase-shifted (DPS) control, 
in which two bridges generates three-level voltage and the inner 
phase shift ratios in two bridges are the same. The last 
modulation strategy is the triple phase-shifted control (TPS), 
which adds one more angle to be modulated on the basis of DPS. 
In other words, the inner phase shift ratios of two bridges are 
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îni
1̂i

ˆdcv+
-

+

-

LC
Filter

inZoutZ

ˆcv
+

-

 Rb
+
- ˆbv

 
Fig. 2.  Small-signal model of cascaded system. 
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Fig. 3.  Waveforms of the DAB converter without an LC filter. 
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Fig. 4.  Waveforms of the cascaded system. 
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Fig. 5. Operating waveforms of the DAB converter in one switching cycle. 
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different from each other. This paper focuses on the stability 
analysis of the DAB converter with its LC input filter. So the 
most commonly used SPS modulation method is adopted. Fig.5 
describes the operating waveforms of the SPS method. θ is the 
phase shift between the output voltages of the primary and 
secondary bridges: vh1 and vh2. The impedance model of the 
DPS or TPS based DAB converter can also be derived with the 
similar derivation process.   

A. Generalized averaging of the DAB converter 
Because of the ac components in the transformer, the 

generalized state average modeling is adopted to set a 
continuous-time DAB model. In this method, the state variable, 

( )x τ  is expressed by Fourier series terms at multiples of the 
converter switching frequency to represent the ac states during 
the period of one cycle [22]. 

 

( )( ) s
jkkw

k
k

x x t e ττ
∞

= −∞

= 〈 〉∑  (1) 

where 2 ;
s sw fπ= fs is the switching frequency of the DAB 

converter and ( )k
x t〈 〉 is the coefficient in the Fourier series 
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ττ τ−

−
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    Applying more terms of the Fourier series will lead to a 
higher accuracy in modelling. In this paper, the model uses the 
first harmonic approximation, which includes the k = 0 and k = 
±1 terms in the Fourier series decomposition.  
    From the operating waveforms shown in Fig. 5, the 
switching function at the input bridge, ( )1 ,s τ is expressed as:  
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where 1/ sT f= andτ is a parameter representing the time. 
    From Fig. 5, the switching function at the output 
bridge, ( )2s τ is calculated as (4). 
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where d is the phase shift ratio and satisfies 0 < d < 1. 
    According to the equations of Fourier series decomposition, 
firstly we get the zeroth coefficients of 1( )s t and 2 ( )s t are both 
zero: 

1 20 0
0s s= =  (5) 

    And the first coefficient of 1( )s t and 2 ( )s t can also be derived 
as: 

1 1
0Rs =  (6) 

1 1

2Is
π

= −  (7) 

2 1

2sinR ds π
π

= −  (8) 

2 1

2cosI ds π
π

= −  (9) 

where the superscript R represents the real part of the complex 
variable; and the superscript I represents the imaginary part of 
the complex variable. And these rules apply in the whole paper. 
    The state equations of the DAB converter can be expressed 
as (10) and (11): 

1 2
L

dc c
diL s V s V
dt

= −  (10) 

2
c c b

L
b

du V V
C s i

dt R
−

= −  (11) 

    And the input current i1 and output current ib can be 
expressed by the forgoing parameters: 

1 1 Li s i=  (12) 

c b
b

b

V V
i

R
−

=  (13) 

    The ac ripples of dc variables can be neglected. So only the 
zeroth coefficient of vc and vdc are considered in the state 
equations. Likewise, due to the pure ac characteristics of iL the 
k = ±1 terms in the Fourier series of iL are included in the state 
equations. By means of the multifrequency averaging method 
in [26], the derivative of the zeroth coefficient and the first 
coefficient of state variables, iL and vc in (10) and (11) can be 
derived and organized in matrix form as (14): 
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Since the ac components of i1 and ib can be neglected, the dc 
component in i1 and ib in (12) and (14) can be also be achieved: 
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B. Impedance modelling of the DAB converter 
The open-loop small signal model of the DAB converter is 

obtained by applying perturbation to the average model shown 
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in (14) and (15). The uppercase letters represent the steady state 
values of the variables and x̂ represents the small signal value 
of the variable x. The resulting matrix equations are expressed 
as (16) and (17).  
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(17)   

The battery current is measured for the control of the DAB 
converter. The small signal control block diagram of the output 
current regulation is shown in Fig. 6. The open-loop transfer 
functions. ,OL

inY
1 b

OL
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b dc

OL
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b b
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1
,

b
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i dG  defined in (18), 

can be calculated using MATLAB based on the small signal 
model (17) and (18). The current controller Gc is expressed as 

cG = kp + ki/s. kp and ki are the proportional and integral 
coefficients of the controller.  
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The close-loop admittance CL
inY of the DAB converter could 

be derived on the basis of the block diagram as follows: 
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Fig. 6. Small-signal block diagram of the DAB converter.  
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Fig. 7. Bode plots of the open-loop input impedances. 
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Fig. 8. Bode plots of the closed-loop input impedances. 

TABLE I 
PARAMETERS FOR SIMULATION  

Symbols PARAMETERS Value
s 

bR  load of the DAB converter 25Ω  
n  turns ratio of the transformer 2 

D  phase-shift ratio of the first H bridge 0.5 

lI  rated inductor current in the DAB converter  38.82A 
C  DC side output filter capacitance 600μF  
L  DC inductor 100uH  

pK  proportional coefficient of the current controller  1 

iK  integral coefficient of the current controller  80 

sf  switching frequency of the DAB converter 20kHz  

dcV  input voltage of the DAB converter 660V  

bV  output voltage of the DAB converter 300V  
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    So, the closed-loop impedance CL
inZ can be calculated as (20). 

( )
1

1

1
1

b dc b

b dc b b dc

OL OL
i v i dCL

in OL OL OL OL
in i v i d c i v

G G
Z

Y G G G G
+

=
+ −
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C. Verification of the impedance model 
To verify the developed impedance model, a simulation 

model is built in MATLAB. The input impedance of the DAB 
converter is measured and compared with the bode plot of the 
model. The circuit and controller parameters of the DAB 
converter are listed in Table I. 

The bode plots of the open-loop impedance of the DAB 
converter are shown in Fig. 7. The blue line denotes the model 
prediction. And the scatter plots mean the simulation measured 
results on certain frequencies. It is proven that in the open-loop 
situations, the simulation results match well with the 
impedance model derived in Section III.B.  

Fig. 8 shows the closed-loop impedance of the DAB 
converter. As can be seen from Fig. 8, the simulation measured 
values also match very well with the prediction of the 
developed model. Hence, the open-loop and closed-loop 
measurements verify the correctness of the developed model. 

IV. STABILITY ANALYSIS OF THE CASCADED SYSTEM 
In the cascaded system of a LC filter and a DAB converter, 

since the control scheme keeps the same when the battery is 
charging or discharging, the source and load are well defined 
and do not change in operation. The equivalent circuit of this 
cascaded system is given in Fig. 9. outZ is the output impedance 
of the LC filter and inZ is the input impedance of DAB 
converter. 

According to Fig. 9, the minor loop gain Tm of the cascaded 
system should be organized as: 

out
m

in

Z
T

Z
=  （21） 

Therefore, the cascaded system will turn out to be stable if Tm 
satisfies the Nyquist criterion. 

According to [27], the output impedance of the LC filter is 
given as (22). 

f
2

f

s
1

f
out

f f f

L R
Z

s C L sC R
+

=
+ +

 （22） 

And the input impedance of the DAB converter has been 
given in section III.B. 

To assess the stability of the cascaded, three groups of LC 
filters are selected for stability analysis. The LC filter 
parameters are given in Table II. The bode plots of Zout and Zin 
are drawn using MATLAB, shown in Fig. 10. As can be seen 
from Fig. 10, at the low frequencies, Zin shows the negative 
resistance characteristics. Since the output impedance of the 
filter #1 and filter #2 both intersect with Zin and their phase 
differences are larger than 180 degree. According to the 
Nyquist criterion, the cascaded system of the DAB converter 
with the filter #1 or filter #2 is not stable due to their impedance 
interactions.  

As for the filter #3, the output impedance of the LC filter is 

always smaller than Zin within the whole frequency range. 
Therefore, the stability of the cascaded system is not degraded. 
For stability consideration, the filter #3 is preferred. 

As can be seen in Fig. 10, the peak value of the magnitude of 
Zout is increasing with the decreasing of the filter capacitance, 
which will lead to the impedance intersection with Zin. 
Therefore, although the cost and volume of the filters need to be 
considered for the system design, a general conclusion can be 
inferred from the above analysis is that the value of the filter 
capacitance should be relatively large to ensure the stability of 
the cascaded system.  

V. EXPERIMENTAL RESULTS 
The above analysis is further tested by the OPAL-RT based 

hardware-in-the-loop experiments. The circuit and controller 
parameters of the DAB converter are shown in Table I. The 
filter parameters are shown in Table II.  

As shown in Fig. 11, the dc-link voltage is oscillating when 
the filter #1 is cascaded with the DAB converter. This is 
expected as the bode plots of the output impedance of the filter 
#1 intersects with Zin. Moreover, the voltage is oscillating at 
200 Hz, which is also the intersection frequency of the output 
impedance of filter #1 and Zin. Therefore, the experimental 
results coincide with the analysis in section IV. The developed 
model is able to predict the instable problems of the DAB 
converter and its LC filter.  
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Fig. 9.  The equivalent circuit of this cascaded system. 
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Fig. 10.  Input filters and DAB converter for stability analysis. 

TABLE II 
PARAMETERS FOR LC FILTERS 

PARAMETERS Values 
Lf1 0.00318 H 
Cf1 0.0002 F 

Lf2 0.00159 H 
Cf2

 0.0004 F 
Lf3 0.0008 H 
Cf3 0.0008 F 
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To improve the stability of the cascaded system, the filter #1 
is changed by the filter #3. The waveforms are shown in Fig. 12 
As shown in Fig. 12, the dc-link voltage is no longer oscillating 
since the impedance of filter #3 is smaller than Zin as shown in 
Fig. 10. The stability of the system is improved as the filter #3 
is used. Because of the reduced output impedance of the LC 
filter, the stability margin of the cascaded system becomes 
larger. To test the dynamic performance of the filter, a load step 
change is applied to the system, the waveforms of the cascaded 
system are still stable as shown in Fig. 13. Therefore, the 
stability of the cascaded system is ensured when the filter #3 is 
cascaded with the DAB converter.   

VI. CONCLUSION 
The full-order impedance model of the DAB converter has 

been developed, which considers the ac components in the 
transformer current of the DAB converter. The open-loop and 
closed-loop impedance models have been both validated by 

simulation results. Based on the developed impedance model, 
the stability of the DAB converter with its LC input filter has 
been analyzed in detail. A general design guideline has also 
been provided for the stability consideration. The theoretical 
analysis has been validated by the experimental results. 
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Fig. 12.  The waveforms of the DAB converter with filter #3. 
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