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Abstract 

In this article the average small signal model of the Single Active Bridge (SAB) converter is obtained. 

This converter can operate in two different conduction modes, Discontinuous Conduction Mode (DCM) 

and Continuous Conduction Mode (CCM). The SAB and the Phase-Shifted Controlled Full Bridge 

(PSFB) converter when operating in DCM present the same static behavior if the value of the inductor 

of the SAB is the same as the value of the output inductor of the PSFB referred to the primary side of 

the transformer. This conclusion can be extrapolated from the static analysis to the dynamic average 

small signal model, as such a first order model is obtained for this operating mode. However, when the 

SAB converter operates in CCM, the current through the inductor does not start at zero at the beginning 

of the switching period. Both small signal models are analyzed and confirmed by means of simulations. 

Introduction 

One of the most common DC-DC bidirectional converters is the Dual Active Bridge (DAB) [1]–[4]. It 

is an attractive converter for applications in which the power flow is reversible. However, in applications 

where the power flow is always in the same direction, one port is the input and the other the output, it is 

possible to substitute the secondary active bridge for a diode H bridge. This converter is referred as the 

Single Active Bridge (SAB) and although the bidirectional power flow capability is lost due to this 

change; the power density, reliability and cost are potentially improved. In Fig. 1 a schematic of the 

SAB converter is shown, and a detailed static analysis is carried out in [5], [6]. Dynamic average small 

signal modelling of the DAB converter can be found in several publications [3], [4]. The objective of 

this article is precisely to perform a similar analysis for the SAB converter. 

 
Fig. 1: Single Active Bridge (SAB) converter descriptive schematic 



As exposed in [5], [6] the SAB converter can operate in two distinct conduction modes according to the 

inductor current (iL) waveform. If the current only crosses and does not remain at zero, the converter 

operates in Continuous Conduction Mode (CCM), on the contrary if the current level remains at zero as 

seen in Fig. 2 the converter operates in Discontinuous Conduction Mode (DCM). In Fig. 1, iD is the 

injected current into the RLC net and corresponds to a rectified and scaled version of the current iL. From 

this and Fig. 3 it is possible to understand that when the converter operates in DCM the current at the 

beginning of the switching period is zero. However, when the converter operates in CCM the value at 

the beginning of the switching period is non zero. This means that in DCM the electrical charge 

transferred to RLC is not dependent on the previous switching period as in this mode always ends with 

no current flowing through the inductor. This implies a cycle-by-cycle update on the transferred power, 

therefore the resulting dynamic model corresponds to a first order model; similar to other converters, 

such as the PSFB when operating in DCM. In CCM the current iL is not always the same at the start of 

the switching period and depends on the value at the end of the previous switching period. This fact 

makes for a model of higher order. 

 

  
a) b) 

Fig. 2: Current through the inductor iL and voltage applied to the inductor transformer set. a) in CCM. 

b) in DCM. 

 

  

a) b) 

Fig. 3: Current injected to the RLC net and voltage applied to the inductor transformer set. a) in CCM. 

b) in DCM. 

 

The method used to obtain the dynamic average small signal models is the Current Injected Equivalent 

Circuit Approach (CIECA), explained in [7], [8].  

Dynamic average small signal model in DCM 

The basic idea of CIECA is represented in Fig. 4. The converter shown in Fig. 1 can be divided into 

three parts: The input voltage source, the set of switches and magnetic elements, and the RLC output net. 

The basic idea of CIECA is to substitute the converter for a quadripole composed by two non-linear 

current sources. These current sources must behave in the same way of the average converter currents 

they replace. The input current source replaces the average input current, ig_avg. The value of the second 

current source represents the average current through the secondary diodes bridge, and it is called iD_avg. 

Therefore, the obtained model possesses the sampling delay characteristic of the averaging process. This 

delay will only be noticeable when trying to visualize variations close to the switching frequency of the 

converter, so this effect will be neglected for the model, as it is in most of the other proposed averaged 

models [7]–[9]. 



 
Fig. 4: Process for obtaining an average model using the Current Injected Equivalent Circuit Approach 

(CIECA). 

 

Considering the waveform of iD, on [5], [6], and depicted in Fig. 3, (1) was obtained: 
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Where T is the switching period, L is the inductor, n the transformer relation, vg is the input voltage, vo 

is the output voltage and tc corresponds to the simultaneous conduction interval of S1 and S4 or S2 and 

S3, in other words, when + vg or - vg is applied to the inductor-transformer arrangement (see Fig. 2 and 

Fig. 3) in one semi cycle. By conducting a power assessment during a switching period and taking into 

account that the energy stored on the inductor at the beginning and the end of a switching period is zero, 

we obtain: 
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Transforming equations (1) and (2) as functions of the duty cycle, (4) and (5) are obtained. The duty 

cycle is defined in (3). From (4) and (5) it can be seen that the duty cycle is related to the electrical 

variables by means of multiplications and divisions, which implies a non-linear model, valid for small 

and big signal analysis. However, in order to use classic control theory for the feedback loop it is 

necessary to obtain transfer functions that relate the current sources with the electrical and control 

variables. To do this a linearization of the current sources around an operating point is carried out using 

capital letters (D, Vg…). The linearization makes the new model only valid for small signal analysis. 
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The linearization process transforms the quadripole from Fig. 4 into the one shown in Fig. 5. In this 

figure the variables represented by capital letters are associated with the operating point, whereas the 

ones with a circumflex accent correspond to the small signal perturbations. 



 
Fig. 5: Small signal canonical circuit. 

 

If the control variable is the duty cycle, the different transfer functions can be calculated as: 
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As anticipated, God and Gog are first order transfer functions with a pole in the negative semi-plane. A 

comparative analysis with the transfer functions obtained by means of an analogue analysis of the PSFB 

converter when operating in DCM would reveal the same equations with the value of L transferred to 

the other side of the transformer. The parameters for both transfer functions are summarized in Table . 

Two equivalent equation formats are provided in Table I, the first uses the duty cycle, whereas the 

second uses external magnitudes. 

Table I: Parameter values of the averaged small signal canonical circuit in DCM. 

Parameter j1 g1 r1 j2 g2 r2 

Form 1 
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Dynamic average small signal model in CCM 

As stated before, when the SAB converter operates in CCM the transferred electrical charge from the 

secondary diode bridge to the RLC network during a switching period it is not independent from the 

previous switching periods. This is because the current through the inductor does not start at zero, as it 

did for DCM. Therefore, the area under the current waveform, the transferred charge, will depend on 

the starting current value. It is clear then that a change of the control variable does not determine the 



final transferred charge value during the next switching period, and it is logical to assume that several 

periods are necessary for the transferred charge on each switching period to settle on the stationary 

value. The number of cycles necessary to reach steady state will be obtained through simulations and if 

this effect can or cannot be deemed negligible.  

 

Assuming that the change of the control variable results on a change of the transferred charge value 

during the next switching period equal to the steady state value, the same process applied to DCM can 

be used for CCM. The equations for the average input and secondary side diodes currents in CCM are 

(12) and (13). 
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The linearization process results in the same canonical circuit of Fig. 5. However, on this occasion, the 

parameters are those of Table II and Table III. The transfer functions can be expressed as before in (6) 

and (7) with the new parameters from Table  and Table . As r2 changed, the value of Req also changed. 

The value of j2 Req does not coincide with (9), but g2 Req does correspond with (10). A comparison 

between the different parameters of both conduction modes when operating at the border from each 

mode is carried out in Table IV, the equations obtained consider border mode operating point, therefore 2�< � 2�/2�. From this table, parameters of the canonical circuit differ from one conduction mode to 

another, creating an abrupt change at the border between conduction modes. 

Table II: Parameter values of the averaged small signal canonical circuit in CCM. 

Primary side. 

Parameter j1 g1 r1 

Form 1 
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Table III: Parameter values of the averaged small signal canonical circuit in CCM. 

Secondary side. 

Parameter j2 g2 r2 

Form 1 
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Table IV: Parameter values of the canonical circuits at both sides of the operation modes 

border. 

Parameter j1 g1 r1 j2 g2 r2 
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Simulation results 

In order to check the theoretical model, a PSIM simulation has been done of a converter designed using 

the design guide presented on [5], [6]. The resulting converter designed in [5] can be defined by f=100 

kHz, n=0.55, L=78.96 µH. All the semiconductors are considered ideal, the magnetizing inductance is 

789.6 mH and no transformer leakage inductance is considered.  

 

With this converter, the parameter values are evaluated for two operating points, one in DCM and other 

in CCM, but near the border as one of the most important characteristics is the change in the parameters. 

The nominal input and output voltages are Vg= 400 V and Vo= 44 V. Using (11) this means a value of 

N=0.2. Knowing that the normalized voltage conversion ratio at the border between CCM and DCM is 

N=2Dcrit, the critical duty cycle is Dcrit=0.1. The chosen duty cycles are slightly under 0.1 for DCM and 

slightly above for CCM.  

 

To calculate the canonical circuit parameters from the simulations, denoted by the suffix sim, the 

following expressions are used. 
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To calculate r1 the variation of average input current is observed when the input voltage changes, while 

maintaining the output voltage and duty cycle constant. For g2 is the output voltage that suffers a 

variation, while maintaining the input voltage and duty cycle fixed. Finally, j1 is calculated by observing 

the change in input average current when the duty cycle varies. To calculate the second side parameters, 

the same equations can be used by substituting the first side parameters for the second side and vice 

versa.   

 

For this the simulated circuit corresponds to that of Fig. 1. To calculate j1 and j2 the input and output 

voltages are kept at nominal values, whereas the duty cycle changes from 0.090 to 0.100 for DCM and 

from 0.105 to 0.115 for CCM. For r1 and g2 the input voltage varies from 390 V to 400 V. And for g1 

and r2 the output voltage varies from 44 V to 46 V. The nominal duty cycle values are 0.10 for DCM 

and 0.11 for CCM. 

  

Theoretical and simulations results for all the parameters in both conduction modes are compared in 

Table IV. As shown, theoretical results exhibit a good correlation with simulation values.  

Table V: Comparison of theoretical and simulation of canonical circuit parameters. 

Parameters in CCM j1 (A) g1 (Ω]L) r1 �Ω� j2 (A) g2 (Ω]L) r2 �Ω� 
Theoretical 4.05 0.0069 3953.6 36.8 0.0115 47.8 

Simulated 4.15 0.0076 5000.0 37.0 0.0120 50.0 

 

Parameters in DCM j1 (A) g1 (Ω]L) r1 �Ω� j2 (A) g2 (Ω]L) r2 �Ω� 
Theoretical 8.11 -0.0023 789.9 73.7 0.0207 9.6 

Simulated 7.40 -0.0021 909.1 66.00 0.0180 10.5 

In order to confirm the validity of the first order model approximation when the converter operates in 

CCM, Bode diagrams of the God transfer functions for both conduction modes are represented in Fig. 6, 



these graphs were obtained by simulating the full switching circuit with a sinusoidal perturbation. These 

graphs show an almost perfect correlation between theoretical and simulation results for DCM, and a 

very good approximation for CCM. This confirms the initial assumption, the dynamic CCM model can 

be approximated as a first order model. A theoretical (God) and simulation step response of the output 

voltage when the duty cycle changes is depicted in Fig. 7. Fig. 7 a) corresponds when the converter 

operates in CCM, the duty cycle changes from 0.11 to 0.13. Fig. 7 b) does the same for DCM, the duty 

cycle changes from 0.077 to 0.097. 

 

  

a) b) 

Fig. 6: Amplitude Bode diagrams of the transfer function God a) in CCM. b) in DCM. 

 

  
a) b) 

Fig. 7: Step response of the output voltage to a change in the duty cycle. a) in CCM. b) in DCM. 

 

If the converter is subject to the same duty cycles steps as before but maintaining the input and output 

voltages constant, at 400 V and 44 V respectively; the current through the inductor and the diodes bridge 

changes instantly, when the converter operates in DCM. However, if the converter is working on CCM 

the change does not happen instantly and the current oscillates for a few cycles. In Fig. 8, the current 

through the secondary diode bridge is represented when the duty cycle changes from 0.77 to 0.97 in 

DCM and 0.11 to 0.13 in CCM while maintaining the input and output voltages. 

 

  
a) b) 

Fig. 8: Step response of the current through the secondary diode bridge. a) in CCM. b) in DCM. 
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Conclusion 

This article provides a dynamic average small signal model of the SAB converter. With the obtained 

results it is possible to assume a first order model for either operation mode DCM or CCM. Linearized 

small signal models are presented for DCM and CCM, as well as transfer functions between duty cycle 

and output voltage perturbations, and input and output voltages perturbations; both necessary to design 

a control loop. Parameters of these models are found to be different at different sides of the border 

between CCM and DCM. This is not a surprising fact, as it happens in the case of other converters. 
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