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Abstract—Fast scale stability of Dual active bridge (DAB) 

converter with input filter under constant power load (CPL) is 

analyzed in this paper. Since the commonly used reduced-order 

average model is not effective to accurately describe the dynamic 

behavior of DAB converter, a discrete-time model is established. 

The bifurcation points of the system are predicted by using 

bifurcation diagrams. In addition, Poincaré map theory and the 

Jacobian matrix of the system are used for bifurcation analysis. 

The eigenvalue locis of Jacobian matrix are carried. Serval Hopf 

bifurcations and a saddle-node bifurcation, which are predicted 

by the eigenvalue locis, have been found in the converter. The 

influence of system parameters on the stability of the system is 

explained in detail. It is found that high output voltage bandwidth, 

input filter and light-load are the main causes of instability in this 

system. To stabilize the converter, a proper feedback control is 

presented. In addition, stable boundaries are given to help to 

avoid instability. All the findings have been verified by simulation 

and experimental results. 

 
Index Terms—Dual active bridge (DAB) converter, 

discrete-time modeling, nonlinear dynamics, stability analysis, 

constant power load (CPL), input filter. 

 

I. INTRODUCTION 

Some nonlinear behaviors such as subharmonic oscillation, 

Hopf bifurcation, saddle node bifurcation and period-doubling 

bifurcation can be found in power electronic systems [1-2]. 

DAB converter, as a typical bidirectional DC/DC converter, is 

widely used in distributed generation systems and electric 

vehicles due to its characteristics of isolation, two-way power 

transmission, symmetry, high efficiency and high power 

density [3]. Like other power converters, DAB may also exhibit 

some nonlinear behaviors [4-7]. These unexpected behaviors 
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will degrade system performance and affect system security [1]. 

Therefore, it is necessary to predict these behaviors and avoid 

them in practical applications. 

To predict these complex behaviors, proper modeling 

methods are essential. The conventional state-space averaging 

method [8] is widely used to model power electronic systems 

such as buck and boost converters [9], where ripples of voltages 

or currents are negligible. However, because the inductor 

current of DAB is pure AC current and the small ripples 

hypothesis no longer holds for DAB, other proper methods 

should be used. Generalized averaging method is proposed in 

[10-11], which considers multiple frequency components 

instead of only the dc component like in conventional 

state-space averaging method. This method can be used to 

investigate the small-signal behavior of DAB converter [12-13], 

but it is too complicated to guarantee its accuracy. Since the 

time scale of the leakage inductance current is small, the 

reduced-order average model of DAB based on singular 

perturbation theory is obtained [14-15]. In addition, the 

reduced-order average model of DAB taking effect of 

magnetizing inductance and core losses into accounting is built 

[16-17]. However, the reduced average models are only 

effective at low-frequency, because they completely ignore the 

dynamics of the leakage inductance current. Thus, they cannot 

be applied to predict fast-scale stability issues.  

Discrete-time models are a reliable solution to study the 

dynamic behavior of switching converters [18]. A discrete-time 

small signal model of DAB converter is established, which 

could predict the small-signal frequency response up to 

one-third of the switching frequency [19]. Based on the 

semi-periodic symmetry property of state variables, a discrete 

time model of DAB, which incorporates behavior during 

zero-voltage switching intervals are proposed [20-22]. Based 

on approximate discrete-time models, A discrete-time 

framework was proposed to analyze the stability of DAB 

converter at high frequency [30]. In addition, in order to 

simplify the iteration of complex exponential matrix, a bilinear 

discrete time model of DAB converter is proposed, and 

nonlinear behavior is studied [4-5]. In [7], a decomposition 

discrete time model is proposed to simplify the complex 

exponential matrix and the effect of time delay is investigated.   

In practice, it is common to add LC input filters before the 

power stage to suppress the noise and surge from the front stage 

power supply and to decrease the interference caused by 
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harmonic current to go back to the power supply. However, 

some researchers point out that the input filter can cause 

stability problems [23]. Moreover, constant power loads (CPL) 

are very common nowadays. CPL results in negative 

impedance and the negative impedance characteristics of CPL 

is a root cause of instability [24-27].  

In this paper, stability analysis of DAB converter system 

with input filter and constant power load is carried out. To the 

best of my knowledge, the effects of input filter and constant 

power load on stability of DAB are not considered in the past. 

The discrete-time model of the DAB is established, which 

includes the digital control delay and sample-and-hold process, 

input filters and CPL. Bifurcation diagrams are used to predict 

all the possible bifurcation of the system. In addition, to guide 

the controller and circuit design, eigenvalue analysis of 

Jacobian matrix was carried out to study the influence of all 

kinds of control parameters on stability boundary.  

The remainder of this article is organized as follows. Section 

2 gives a description of the digitally controlled DAB converter. 

Besides, a discrete-time model of the studied system is 

established. In Section 3, The influence of several parameters 

on the stability of the DAB converter, and the boundary of the 

stability curve is obtained. In Section 4 and 5, simulation and 

experimental results are given to verify the theoretical analysis. 

Finally, Section 6 gives conclusions. 

II. SYSTEM DESCRIPTION AND DISCRETE-TIME MODEL 

A. System Description 

The DAB converter investigated in this work is depicted in 

Fig. 1(a).  It is composed of an input LC filter, DAB converter, 

CPL and digital controller. The input LC filter is used to meet 

the requirements of the power quality at the input. The DAB 

converter consists of a high-frequency transformer with a ratio 

of 1: n and a pair of H-bridge converters.  

For the sake of simplicity, single-phase shift (SPS) 

modulation is employed for DAB converter [28]. And its 

operating waveforms and gate driving signals are illustrated in 

Fig. 1(b), where Ts is the switching period and the switching 

frequency fs=1/(Ts). As illustrated in Fig. 1(b), the DAB 

converter goes through four stages within one switching cycle 

according to the ON/OFF state of all switching devices. φ is the 

phase-shifting angle of the controller output. P is the power of 

the CPL.  

Sub-Period 1 pn1: S1, S4, S6, S7 are ON; S2, S3, S5, S8 are OFF;  

Sub-Period 2 pn2: S1, S4, S5, S8 are ON; S2, S3, S6, S7 are OFF;  

Sub-Period 3 pn3: S2, S3, S5, S8 are ON; S1, S4, S6, S7 are OFF;  

Sub-Period 4 pn4: S2, S3, S6, S7 are ON, S1, S4, S5, S8 are OFF. 

The negative impedance characteristic of the constant power 

load will cause the divergence of the system, so the damping of 

the system needs to be considered. Virtual impedance control is 

considered as a suitable method to solve the stability problem 

caused by CPL. A digital controller is designed for the DAB. Its 

control block diagram is shown in Fig. 2, which includes a 

proportional integral (PI) control for output voltage regulation 

and a proportional control for stabilization. The phase shift 

angle φ is the output of the controller and it ranges between 0 to 

0.5. The delay block represents computation time delay Td 

which is a sampling period.  and  are the references of 

input voltage u1 and output voltage u2. 
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Fig. 2 Control block diagram 

B. Reduced-order Average Model 

If the DAB is treated as a DC transformer and assumed to be 

lossless, a reduced-order average model of DAB converter is 

built as follows [16].  
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Fig. 1.    (a)Diagram of a digitally controlled DAB converter (b) State variables iteration relationship 
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where Po is the average power flowing through the DAB 

converter, which is expressed as 

( )1 2

2

= 1
2

o

s

u u
P

nL f
 −                      (2) 

where n is transformer ratio. This model is simple and widely 

used, but it is effective only in the range of low frequency 

because it neglects the dynamic behavior of the inductance 

current of DAB. To accurately predict some nonlinear 

fast-scale behavior of the power converter, more accurate 

models are needed. 

C. Switching Function Model 

Assume that the switches of the same bridge of the DAB are 

switched in a complementary manner. According to Fig. 1, the 

switching function model of the DAB converter is expressed as 

follows. 
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        (3) 

This is an accurate model, but it is not suitable for controller 

design and stability analysis in continuous time domain due to 

the unique nonlinear properties of the switching functions in 

(3).  

 

D. Discrete-time Model for Power Stage Circuit 

According to Fig. 1(b), there are 4 switching states in total 

during a control period. Using the approach in [29] to linearize 

CPL around its operating point. Therefore, on the basis of (3) 

the corresponding state-space description is expressed as 

follows  

       1,2,3,4j j

dx
A x B j

dt
= + =     (4) 

where state vector x = [i1 u1 i2 u2]T; matrices A j and Bj  are 

shown below: 
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Clearly, the equation in (4) for each switching states is a 

nonlinear differential equation.   

To obtain the discrete model of the DAB converter, assume 

that the initial conditions of the state variables at the beginning 

of the nth cycle is xn, and the n+1th cycle is xn+1. The key to the 

discrete modeling is to find the mapping between xn and xn+1. 

According to the analysis before, the mapping could be solved 

from Fig.  3. 
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Fig. 3 Mapping from xn to xn+1. 

As is well-known, if A j and Bj  in (4) are constant coefficient 

matrices, it is easy to get the analytic solution of (4). Thus, for 

simplicity, dynamic equation (5) is modified as follows without 

loss of much accuracy. 

       1,2,3,4j j

dx
A x B j

dt
= + =     (5) 

where  and  are obtained by replacing u2 in A j and Bj with 

the U2 which is the steady value of u2. 

According to Fig. 3, the large-signal discrete-time model of 

the system in one switching cycle is written as 
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After algebraic manipulations, (6) is rewritten as   

( ) ( )1 1n n n nx F x G + = +                 (7) 
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  Until now, a nonlinear large-signal discrete-time model of 

DAB under open-loop control has been obtained. 

E. Discrete-time Model for Digital Controller 

The schematic diagram of the proposed control is shown in 

Fig. 2.  Take into account the digital controller's delay Td, its 

continuous domain model is expressed as  

( )* *

2 2 2 1 1[( )( ) ]dT s i
p

k
e k u u k u u

s
 −

= + − + −        (8) 

By forward Euler method, the discrete–time model of (8) is 

expressed as  

( ) ( )

( )

* *

1 2 4 1 2 1 2

*

1 2 4

=

g g

n p n n n

n i s n n

k u E x g k u E x

k T u E x

 + +

+

 − + + −


= − +

      (9) 

where E2 = [0 1 0 0] and E4 = [0 0 0 1]. kp is the proportional 

coefficient and ki is the integral coefficient in the PI controller 

shown in Fig. 2. g is integral part of the PI controller. The 

subscript n represents nth modulation periods.  

    By combining (7) and (9), the discrete-time model under the 

digital control is obtained as 

+1= ( )n nX F X                             (10) 

where Xn=[xn
T φn gn]T and F(Xn) is expressed as: 
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III. STABILITY ANALYSIS OF DAB CONVERTER 

As bifurcations will bring undesired noise, power losses, 

harmonics and even damage to power converters, all kinds of 

bifurcations should be avoided in the control design process. 

Therefore, stability analysis is essential for DAB converters.  

A. Bifurcation diagram analysis 

 
Bifurcation diagrams show the values visited or approached 

asymptotically as a function of a bifurcation parameter in the 

system. The purpose of the diagram is to display qualitative 

information about equilibria. In this section, three bifurcation 

diagrams are plotted using kp, k2 and P as the bifurcation 

parameters. Note that the values of i2 shown in bifurcation 

diagrams are the sampled values at the start point of each 

modulation period. 

kp is an important parameter which is related to output 

voltage regulation. The larger kp is, the faster the output voltage 

responds. However, a large kp may lead to instability.  Take the 

case that P=100W and k2=-0.017 as an example, the bifurcation 

diagram using kp as the bifurcation parameter is plotted and 

shown in Fig. 4. The vertical axis represents current i2 and the  
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Fig. 4   Bifurcation diagram for i2 using kp as the bifurcation 
parameter(P=100W, k2=-0.017) 

2
/
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Fig. 5   Bifurcation diagram for i2 using k2 as the bifurcation parameter. 

(P=100W, kp =0.45) 

 

TABLE I 

Parameters Value Parameters Value 

E 30V Rt 0.1Ω 

L1 0.13mH n 1.9 

C1 30uF C2 400uF 
L2 35uH Uo

*
 60V 

fs 

ki 

20kHz 

400 

Td
 50μs 
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Fig. 6   Bifurcation diagram for i2 using P as the bifurcation parameter. kp=0.45, 

k2=-0.01 and kp=0.45, k2=0 

 

horizontal axis is kp. It is found that the first bifurcation occurs 

at kp =0.53. The system is stable when kp <0.53. It is worth 

noting that the parameters used for plotting bifurcation 

diagrams are listed in Table I. 

Due to the presence of input filter, k2 is designed to increase 

the damping of the system. The bifurcation diagram, when 

P=100W and kp =0.45, using k2 as the bifurcation parameter is 

shown in Fig. 5. It is found that the value range of k2 is between 

-0.017 and 0 for stabilization. 

Constant power load is a root cause of instability. Therefore, 

the bifurcation diagram using P as the bifurcation parameter is 

also plotted and shown in Fig. 6. As can be seen in Fig.6, the red 

case show that the converter loses its stability under light load 

conditions, and the bifurcation occurs at P =90W when k2=0. 

However, in the red case, the bifurcation occurs at P =34W 

when k2=-0.01. The comparison between red and blue cases 

indicates that without feedback control k2, the system would 

have a wider range of instability under light load. 

 

B. Jacobian Matrix analysis 

The Jacobian plays an important role in the study of 

dynamical systems. Bifurcations of the system can be 

accurately predicted by analyzing the eigenvalues of the 

Jacobian matrix of the discrete-time map in (12). If all the 

eigenvalues are within the unit circle, the system is stable. One 

of the ways to locate subharmonic oscillation boundary is by 

solving the following characteristic equation. 

det( ) 0J I− =                           (12) 

where |
X X

J F X
=

=   . 

Taking parameter kp as an example to analyze the stability 

and bifurcation of the system, the eigenvalue loci of 

characteristic equation are shown in Fig. 7. The maximal 

absolute values of the eigenvalues around the bifurcation point 

are listed in Table II. It is found that the eigenvalues move out 

the unit circle when kp is increased.  Hopf bifurcation is a local 

bifurcation where a pair of complex conjugate eigenvalues 

cross the unit cycle [2]. Therefore, a Hopf bifurcation occurs 

when kp=0.54 in the system. 

 

 
 

TABLE Ⅱ 

kp 

Maximal absolute value of 

eigenvalues 
Remarks 

0.49 0.977 Stable 

0.5 0.9826 Stable 

0.51 0.9882 Stable 

0.52 0.9938 Stable 

0.53 0.9994 Stable 
0.54 1.005 Unstable 

0.55 1.0106 Unstable 

 Similarly, the eigenvalue loci of the system by changing k2 

from -0.02 to 0.005 are plotted and shown in Fig. 8, where 

P=100W and kp =0.45. According to the moving directions of 

the eigenvalue loci shown in Fig. 8, it can be found that both too 

large and too small k2 will lead to instability. Therefore, there 

are two bifurcation points for k2 and both of them are Hopf 

bifurcation. The maximal absolute values of the eigenvalues 

around the bifurcation points are listed in Table Ⅲ and IV. 

Furthermore, the bifurcation points calculated based on 

Jacobian matrix are in agreement with the results from 

bifurcation diagram. 

 
TABLE Ⅲ 

k2 
absolute value of eigenvalues Remarks 

-0.013 0.9410 Stable 

-0.014 0.9532 Stable 

-0.015 0.9653 Stable 

-0.016 0.9772 Stable 

-0.017 0.9890 Stable 
-0.018 1.0007 Unstable 

-0.019 1.0122 Unstable 

0.93

0.92

0.91

0.38 0.39 0.4

0.54pk =

0.53pk =

 pincrease k

 
Fig. 7. Loci of eigenvalues by varying kp. (P=100W and k2=-0.017) 

 

 

 

0.98

0.94

0.9

0.36 0.4 0.44

2 0.018k = −

2 0.017k = −

0.7

0.65

0.6
0.72 0.76 0.8

2 0.001k =

2 0k =

2 increase k

 
Fig. 8 Loci of eigenvalues by varying k2. (P=100W and kp=0.45) 
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TABLE IV 

k2 
absolute value of eigenvalues Remarks 

-0.004 0.9713 Stable 

-0.003 0.9745 Stable 

-0.002 0.9814 Stable 

-0.001 0.9862 Stable 

0 0.9911 Stable 
0.001 1.0007 Unstable 

0.002 1.0122 Unstable 

 

The eigenvalue loci of the system by changing P on the 

intervals [15, 40] and [150, 170] are plotted and shown in Fig. 9 

(a) and (b), respectively, where kp =0.45 and k2=-0.01. The 

maximal absolute values of the eigenvalues around the 

bifurcation points are listed in Table V and VI. According to the 

moving directions of the eigenvalue loci in Fig. 9 (a), the 

eigenvalue loci move out of the unit circle with the decrease of 

output power P. When P = 34W, the eigenvalue loci cross the 

unit circle, and a Hopf bifurcation occurs in the system. In 

addition, Fig. 9 (b) shows the moving directions of the 

eigenvalue loci with the increase of output power. As seen that 

an eigenvalue crosses the unit circle from a positive real axis 

when P=163W, a saddle-node bifurcation occurs in the system. 

 

0.98

0.82

0.9

34P W=

33P W=

0.44 0.45 0.46

 decrease P

 
(a) 

 

164P W=

166P W=

 increase P0.01

0

0.01−

0.99 1 1.01

 
(b) 

Fig. 9 Loci of eigenvalues by varying P. 

(a)P from 40W to 15W (b)P from 140W to 170W 

 
 

 

 
 

 

 

TABLE V 

P/W 
absolute value of eigenvalues Remarks 

31 0.9994 Unstable 

32 0.9997 Unstable 

33 0.9999 Unstable 

34 1.0003 Stable 

35 1.0006 Stable 
36 1.0009 Stable 

37 1.0012 Stable 

 

TABLE VI 

P/W 
absolute value of eigenvalues Remarks 

158 0.9638 Stable 

160 0.9733 Stable 

162 0.9899 Stable 

164 0.9997 Stable 

166 1.0088 Unstable 
168 1.0143 Unstable 

170 1.0286 Unstable 

 

In this study, the cut-off frequency fc of the input filter is set 

to 2.5kHz. Therefore, the relation between L1 and C1 is as 

follows. 
2

1 1

1
/

2 c

C L
f

 
=  

 
        (13) 

 

Loci of eigenvalues when L1 increased from 0.1mH to 0.6mH 

are plotted and shown in Fig. 10, where P=100W, kp =0.45, k2 

=-0.01. As seen, Hopf bifurcation occurs in the system when L1 

= 0.37mH. In addition, loci of eigenvalues move outward as L1 

increases, which means that large L1 may cause instability. 

Therefore, a small inductor is preferred in input filter design. 

 

0.415

0.405

0.395
0.905 0.915 0.925

1 0.37L mH=
1 increase L

 
Fig. 10 Loci of eigenvalues by varying L1 and C1. (L1 from 0.1mH to 0.6mH)   

 

TABLE VI 

L1/mH 
absolute value of eigenvalues Remarks 

0.34 0.9921 Stable 
0.35 0.9954 Stable 

0.36 0.9983 Stable 

0.37 0.9997 Stable 
0.38 1.0008 Unstable 

0.39 1.0017 Unstable 

0.40 1.0025 Unstable 
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C. Margin of Stability Curve 

To guide the controller design of DAB intuitively, stable 

boundaries are given in this section. Fig. 11 shows the 

3-dimensional stable boundary of kp, k2, and P, where the points 

right above the stable boundary surface are stable. 

P

2k

pk

stable

unstable

 
Fig. 11.   stable boundary of kp, k2, and P. 

To show more details of Fig. 11, two 2-dimensional stable 

boundary pictures are plotted. Fig. 12 and Fig. 13 show the 

stability boundary of k2 and kp when P=100W and the stability 

boundary of P and kp when k2=-0.01, respectively. 

To select control parameters, stability and dynamic response 

requirements must be considered simultaneously. For example, 

to select a proper kp the following steps can be taken. First, the 

feasible range of kp can be determined according to Fig. 11. It is 

clear that the larger kp is, the faster the response is. Thus, a 

larger kp but less than its maximum allowable value is selected 

in the second step. Sometimes, trial and error will be taken 

according to practical requirements. 

stable

unstable

pk

2k  
Fig. 12.   The stability boundary of kp and k2. (P = 100W) 

   

/
P

W

stable

unstable

pk  
Fig. 13.   The stability boundary of P and kp. (k2= -0.01) 

D. Comparison with Different Models 

Besides the switching function model, the reduced-order 

average model is also introduced in section II. In this section, 

the confidence level in stability prediction will be tested by 

contrast. 

0.94

0.9

0.86

0.440.4 0.48

 proposed model

0.19pk =

0.2pk =

0.54pk =

0.53pk =

-   reduced order average model

 
Fig. 14.   eigenvalues loci of reduced-order average model and proposed 

model  

 

The eigenvalue loci of the reduced-order average model by 

changing kp are shown in Fig. 14. The parameter setting is 

completely the same as before. Compared to Fig. 7, it is found 

that both the eigenvalue loci move away the unit circle with 

increasing kp, but the eigenvalue loci under different models are 

different. As seen from Fig. 14, the calculated bifurcation point 

based on the equivalent average model is kp=0.2, while the 

proposed model predicts that the bifurcation point occurs at 

kp=0.54. The rest part of this paper verifies the bifurcation point 

occurs at kp=0.54 by simulations and experiments. Thus, the 

confidence level in stability prediction based on the equivalent 

average model is low, its predicting outcomes are 

too conservative. 

E. Comparison with DAB without input filter and CPL 

For comparison, similar analyses for the DAB without input 

filter and CPL are carried out. It is noted that the output voltage 

reference, output power and the other parameters are the same 

as those in this study.  

The bifurcation diagram with P=100W, k2=-0.017 is plotted 

in Fig. 15, where kp is the bifurcation parameter. Compared 

with Fig.4, it is clear that control parameter kp has a wider stable 

range in the DAB without input filter and constant power load.  

The bifurcation diagram with kp=0.45, k2=-0.01, using P as the 

bifurcation parameter is shown in Fig. 16. As seen, there is no 

bifurcation over a wide output power range. Compared with Fig. 

6, Hopf bifurcations under light load can be found in the DAB 

with input filter and CPL.  

Based on the comparisons above, it can be concluded that the 

dynamic behavior of DAB with input filters and CPL changes 

significantly compared to the existing ones. Moreover, it is 

easier for the DAB with input filters and CPL to lose its 

stability. Because in practical application input filters for DAB 

are usually installed, the stability analysis in this paper is 

important and meaningful to the design of the DAB. 
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2
/

i
A

pk
 

Fig. 15 Bifurcation diagram for i2 using kp as the bifurcation parameter 

(P=100W, k2=-0.017, without input filter and CPL) 

 

2
/

i
A

/P W  
Fig. 16   Bifurcation diagram for i2 using P as the bifurcation parameter. 

(kp=0.45, k2=-0.01, without input filter and CPL)  

IV. SIMULATION VERIFICATIONS 

In order to verify the theoretical analysis, simulations are 

carried out in this section. The model of the system is built in 

MATLAB/Simulink. System parameters are same as those in 

Table. I. The control delay is equal to the sampling period.  

To show the transient performance of the converter, two 

experiments are performed. Fig. 17 shows the dynamic 

response under step changes of load (40W to 140W) and Fig. 

16 shows the dynamic response under step changes of supply 

voltage E (25V to 35V) in the case of kp=0.45, k2=-0.01 and 

P=100W. As seen, the converter can return or reach to the 

steady state after disturbances quickly. 

   

/
P

W
2

/
u

V

/t s  
Fig.17 the dynamic performance under step changes of loads. (40W to 

140W). 

 

/
E

V
2

/
u

V

/t s  
Fig.18 the dynamic performance under step changes in supply voltage E. 

(30V to 40V). 

 

Fig. 19(a) shows the leakage inductance current waveform in 

the case of kp=0.52, k2=-0.017 and P=100W. Fig. 19(b) shows 

the leakage inductance current waveform when kp=0.55, 

k2=-0.017 and P=100W. Comparing the results in Fig. 19, it is 

observed that the system is stable when kp=0.52, and it loses 

stability when kp=0.55. Clearly, the simulation results are 

consistent with the analysis of Fig. 7. 

Fig. 20(a) shows the simulation result when k2=-0.016, 

kp=0.45 and P=100W. And Fig. 20 (b) illustrates the result 

when k2 =-0.019. As seen, the converter works normally when 

k2=-0.016, while it becomes unstable when k2 =-0.019, which is 

in agreement with the analysis of Fig. 8. 

Fig. 21 shows the simulation results under different values of 

load power with kp =0.45 and k2 =-0.01. According to Fig.21, 

the converter is stable when P=35W and is unstable when 

P=30W, which is in agreement with the analysis of Fig. 9. 

Fig. 22 shows the simulation results under different values of 

L1 and C1 with P = 100W, kp =0.45, k2 =-0.01 and fc =2500Hz. 

According to Fig. 22, the converter is stable when L1=0.35mH 

and is unstable when L1=0.4mH, which is in agreement with the 

analysis of Fig. 10. 

2
/

i
A

/t s  
(a) 

2
/

i
A

/t s  
(b) 

Fig. 19.   Simulation results (k2=-0.017 and P=100W). (a) Inductor current 

when kp =0.52 (b) Inductor current when kp =0.55 
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2
/

i
A

/t s  
(b) 

Fig. 20.   Simulation results (kp=0.45 and P=100W). (a) Inductor current 
when k2=-0.016 (b) Inductor current when k2=-0.019 

 

2
/

i
A

/t s  
(a) 

2
/

i
A

/t s  
(b) 

Fig. 21.   Simulation results (kp =0.45 and k2 =-0.01). (a) Inductor current 

when P = 35W (b) Inductor current when P = 30W 
 

2
/

i
A

/t s  
(a) 

2
/

i
A

/t s  
(b) 

Fig. 22.   Simulation results (P = 100W, kp =0.45 and k2 =-0.01). (a)Inductor 
current when L1=0.35mH (b) Inductor current when L1=0.4mH 

V. EXPERIMENTAL VALIDATION 

Based on the circuit structure shown in Fig. 1 and parameters 

in Table I, an experimental prototype shown in Fig. 23 has been 

constructed to validate the theoretical and numerical results 

before. An electronic load IT8733B is used to emulate the 

constant power load. TMS320F28069 controller is used to 

implement the control laws. Power MOSFETs (FCH072N60F) 

are used as semiconductor switches S1 − S8.  

 

input filter

input source

contorl board

electronic load

main circuit

 
Fig. 23. Photograph of the experimental prototype. 

Firstly, The effect of different kp on stability is tested. Fig. 

24(a) shows the experimental results in the case of kp=0.5, 

k2=-0.017 and P=100W. As seen, both input voltage u1 and 

output voltage u2 are constant, and the waveform of the leakage 

inductance current i2 is a periodic trajectory. Fig. 24(b) shows  

 

2output voltage u

1input voltage u

2inductor current i

 
(a) 

2output voltage u

1input voltage u

2inductor current i

 
(b) 

Fig. 24.   Experimental results (k2=-0.01 and P=100W). (a) Inductor current 

when kp =0.5 (b) Inductor current when kp =0.6 
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2output voltage u

1input voltage u

2inductor current i

 
(a) 

2output voltage u

1input voltage u

2inductor current i

 
(b) 

Fig. 25.   Experimental results (kp =0.45 and P=100W). (a) Inductor current 

when k2=-0.01 (b) Inductor current when k2=-0.02 

 

the experimental results in the case of kp=0.6, k2=-0.017 and 

P=100W. It is clear that the converter has lost its stability and 

both input voltage u1 and inductance current i2 are oscillating. 

The experimental results consist with the simulation analysis of 

Fig. 19. 
 

2output voltage u

1input voltage u

2inductor current i

 
(a) 

2output voltage u

1input voltage u

2inductor current i

 
(b) 

Fig. 26.   Experimental results (k2=-0.01 and kp =0.45). (a) Inductor current 

when P =40W (b) Inductor current when P=30W 
 

Then, the effect of different k2 on stability is tested. Fig. 25(a) 

shows the experimental results in the case of kp=0.45, k2=-0.01 

and P=100W. Fig. 25(b) illustrates the experimental results in 

the case of kp=0.45, k2=-0.02 and P=100W. Comparing the 

results in Fig. 18, it is found that the system is stable when 

k2=-0.01. It loses stability when k2=-0.02, which is in agreement 

with the result of Fig. 20. 

At last, the effect of different P on stability is tested. Fig. 26 

shows the experimental results under different values of load 

power with kp =0.45 and k2 =-0.01. As seen, the converter 

works normally when P=40W, while it becomes unstable when 

P =30W, which is same as the conclusions from Fig. 21. 

Overall, the experimental waveforms exhibit the same 

dynamical behavior as the analytical and simulation results.  

2output voltage u

supply voltage E

2inductor current i

 
(a) 

2output voltage u

supply voltage E

2inductor current i

 
(b) 

2output voltage u

supply voltage E

2inductor current i

 
(c) 

Fig. 27.   Experimental results (kp =0.45, k2=-0.01 and P=100W). (a) supply 

voltage changing from 25V to 35V (b) output voltage reference changing from 

60V to 65V. (c) P changing from 40W to 140W. 

To demonstrate the stability of the DAB system under 

disturbances, the experimental results for dynamic response are 

given. Fig. 27(a) shows the experimental results when supply 

voltage changes from 25V to 35V, which indicates that the 

system has good ability of disturbance rejection. Fig. 27(b) 
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shows the response of the system when output voltage 

reference changes from 60V to 65V. And Fig. 27(c) shows the 

experimental results when the constant power load changes 

from 40W to 140W. As seen, the system remains stable after 

step changes of parameters or references and the output voltage 

could converge to its given value quickly. 
 

VI. CONCLUSION 

Fast scale stability analysis of DAB converter with input 

filter under constant power load conditions are carried out. A 

discrete-time model is derived for the digitally controlled DAB 

converter. Compared to the reduced order average model, the 

proposed model takes into account the dynamic of inductance 

current i2 of DAB, which is more accurate. In addition, the 

influence of the delay caused by the digital controller on the 

system stability considered. Based on the model, bifurcation 

diagrams and Jacobian matrix analysis are carried out. The 

analysis results indicate that Hopf bifurcation and saddle-node 

bifurcation take place in the converter when varying the control 

and load or input filter parameters. For example, increasing kp 

will improve the control bandwidth of output voltage, but a 

Hopf bifurcation is found for large kp. Two Hopf bifurcations 

points are found by changing k2. Thus, k2 must lie in a proper 

interval for stability requirement. A Hopf bifurcation is found 

for a small CPL, and a saddle-node bifurcation appears in the 

converter for a large CPL. In all, the results obtained in this 

study provide a guideline for controller and circuit design of 

DAB converters to avoid all kinds of undesired bifurcations. 
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