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  Abstract -In this paper, an extended averaged model is developed for a soft-switched bi-directional dc-dc converter for high-power applications. The proposed technique can be applied to any dc-dc converter with a high-frequency isolation transformer. Simulation results of Matlab/Simulink using the proposed average model are compared to those of detailed circuit simulation to verify the validity of this technique.

I.  INTRODUCTION

The class of soft-switched isolated bi-directional dc-dc converters is  the expected candidate for applications such as uninterruptible power supplies (UPSs), battery charging and discharging systems, and auxiliary power supplies in hybrid electric vehicles. 

In the literature, simulation of this class of converters has been restricted to the cycle-by-cycle performance by using Pspice-like software. Although these programs can be used to simulate the detail performance of switching converters, it is inconvenient and time-consuming to study the large-signal long-time dynamic operation without using the average model. In addition, an average model is very helpful for control system design and analysis. 

However, it is difficult to build an average model using the conventional state-space averaging technique for the isolated dc-dc converters, because ac variables, such as the current and voltage of the isolation transformer, are involved in this kind of converter. In this paper, a switching-frequency-dependent averaged model is developed for a new soft-switched isolated dc-dc converter. The proposed technique can be applied to any other dc-dc converters with a high- frequency isolation transformer. The average model is simulated with Matlab/Simulink. The simulation results are compared to those of Pspice-like software to verify the validity of this technique.

II. SYSTEM DESCRIPTION

The submitted manuscript has been authored by a contractor of the U.S.Government under DE-AC05-00OR22725. Accordingly, the U.S. Government retains a nonexclusive,royalty-free license to publish or reproduce the published form of this contribution, or allow others to do so, for U.S.Government purposes.

Research sponsored by Oak Ridge National Laboratory, managed by UT-Battelle, LLC, for the U.S.Dept. of Energy under contract DE-AC05-00OR22725.

Fig.1. illustrates the proposed new soft-switched bi-directional dc-dc converter. This circuit is operated as a dual active half-bridge. By controlling the duty cycle, the switching frequency, and the phase shift angle between voltages across the transformer, the power can flow in either direction. The zero voltage switching is achieved by the resonant snubber capacitors. The snubber capacitor across each switch is a lossless or energy recovery type. The circuit operation involves the use of the transformer leakage inductance as energy storing and transferring element and eliminates problems of interaction between the leakage inductance and diode reverse recovery. This circuit has the following features: (1) Compared to the full-bridge topologies of existing circuits, this converter has dual half-bridges which decreases the number of devices by half. (2) A unified zero-voltage switching is achieved for all the devices in either direction of power flow without auxiliary commutation circuits. (3) No high transient voltages exist for low-voltage-side switches. 

The primary-referred equivalent circuit is shown in Fig.2. Replacing the transformer with a leakage inductance Ls simplifies circuit analysis. 
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Fig.1. Soft-switched bi-directional half-bridge dc-dc converter.
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Fig.2.  Primary-referred equivalent circuits.


[image: image3.wmf]0

v

1

v

2

v

r1

0

t1

S1 on

t2

t4

D2

on

S3

on

t5

t6

t7

t8

D4 on

t9

0

D3 on

t3

D1

on

S1 on

t11

t12

S4

on

D3 on

t10

v

r2

v

4

v

3

i

r

i

1



Fig.3.  Key waveforms of commutation process at one switching cycle . 

The key waveforms of the commutation process during a complete switching cycle in one power flow direction are shown in Fig.3.

III. MATHEMATICAL MODEL DERIVATION

Assuming that duty cycle equals 50% and the switching processes are instantaneous, the operation modes of one switching cycle at steady state are derived in Fig.4. 
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Fig.4. The operation modes of one cycle.

With reference to Fig.3. and Fig.4., the sixth-order state-space equations of all the operation modes are easily expressed in the following equations where R is the load resistor. 

Mode I:
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Mode II:
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Mode III:
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Mode IV:
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Note that all the variables have dc averages except ir, which is the ac current of the isolation transformer, and its dc average is equal to zero over each switching cycle. Therefore, although the state-space equation of each mode is available, the commonly used state-space averaging technique can not be applied here to derive the average model because the average value of ir equals zero. In addition, the conventional averaging techniques are independent of switching frequency. However, the dynamics and power flow of the isolated converter are closely related to the switching frequency. The traditional state-space averaging techniques will not be applicable for the proposed isolated dc-dc converter. 

Therefore, a new switching-frequency-dependent averaged model is developed to solve this problem. Instead of using four separate state-space equations, a generalized equation in (1) can be derived to represent all the operation modes. The transformer current ir can be integrated and solved in Equation (2), according to F4. The initial states 
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. Consequently, taking moving average for the switching period Ts := 1/fs  for Equation (1), and replacing 
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i

by Equation (2), the average model of this converter can be expressed in Equation (3).
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where  S1 = square((st), S2 = square((st-(1), Cp=C1=C2 and Cs=C3=C4
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According to the circuit analysis, 
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exist when D = 50%. This can also be proved mathematically by performing the Laplace transform of Equation (3) and by solving the voltage variables as follows.
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After proving 
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, equation (3) can be further simplified as a third-order state equation:
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Fig.5. Matlab/Simulink block diagram of fifth-order average model

Fig.5. is the Matlab/Simulink implementation of the fifth-order average model of Equation (3).

A start-up process of the converter under zero initial states is simulated by Matlab/Simulink by using the developed average model in Fig.5. The simulation parameters are : 

Duty cycle =50%, fs=20 kHz, Ldc=5(H; Ls=0.56(H; (1=(/9; Cp=C1=C2=5mF;  Cs=C3=C4=5mF;R=20 K(;Cf=Co=1mF;

For comparison, this converter is also simulated by the detailed circuit under the same conditions. 

The key waveforms for comparison are demonstrated in Fig.6-8. The comparison shows that the waveforms of i1, v12 (or v1+v2), and v34 (or v3+v4) in two cases are the same shape, frequency and magnitude. Therefore, the validity of average model is further approved. Moreover, the simulation time of the new average model is in seconds and the detailed circuit is in minutes.
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Fig.6(a).  i1 of Matlab/Simulink
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Fig.6(b).  i1 of detailed circuit simulation [image: image36.wmf]0
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Fig.7(a). v12 of Matlab/Simulink

[image: image37.png]V12
50.00

40.00

30.00 [ H -t HEH T
20.00 {f-H-HH4-H-H A
10.00 -

0.00[-LJ. bt L L

-10.00 : : :
0.00 10.00 20.00 30.00 40.00

Time (ms)





Fig.7(b).  v12 of detailed circuit simulation
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Fig.8(a). v34 of Matlab/Simulink
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Fig.8(b). v34 of detailed circuit simulation

V. CONCLUSION

The traditional state-space averaging technique could not be applied to derive the average model for the proposed new soft-switched dual half-bridge bi-directional dc-dc converter. Therefore, a new averaging method is introduced to develop the mathematical model in this paper. With this technique, all the variables whose dc averages are not zero can be investigated with simulation, and the features of ac variable such as the peak value of ir can also be obtained.

The proposed technique can be applied to the class of dc-dc converters with a high-frequency isolation transformer. For example, it can be applied to obtain the average model of dual-active full-bridge bi-directional dc-dc converter, as shown in Fig.9.
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Fig.9. Dual active full bridge bi-directional dc-dc converter

After the average model is derived, the small signal model can be calculated and used to design the control system.
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