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Abstract: This paper presents a unified model for bi-directional DC-DC converters for both directions of power 

flow. The bi-directional DC-DC converter is analyzed using a seamless dynamic model with an independent 

voltage source and an independent current source, which polarity depends on the direction of the power flow.   A 

small signal model is derived using a state space averaging method.  Furthermore, the transient response and the 

frequency characteristics are discussed. Example circuits for bi-directional DC-DC converter are investigated 

analytically, using simulation, and experimentally. 
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1. Introduction 

 

Nowadays, a system uses various types of energy sources has been sought after, and a hybrid system based on fuel cells 

and super-capacitors as an environmentally renewable energy system has been applied in many fields, such as hybrid 

electric vehicle (HEV), uninterruptible power supply (UPS) and so on [1]-[6]. In these systems, bi-directional DC-DC 

converters play a key role. For example, in power system of electric vehicle, batteries are connected to load/source 
modules through bi-directional DC-DC converters for ensuring a stable energy supply (see Fig.1). Another example, 

configuration of EMS (Energy Management System) is shown in Fig. 2.  A battery is connected between load modules 

and source modules through bi-directional DC-DC converter.  The fluctuation nature of most renewable-energy sources, 

like wind and solar, makes them unsuitable for standalone operation. Thus, bi-directional DC-DC converter and battery 

are needed to manage this system.   Therefore, the bi-directional DC-DC converter is one of the most important topics in 

power electronics [7]-[8].   
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Fig. 1.Configuration of power system in electric vehicle. 
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Fig.2. Configuration of EMS 
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Bi-directional DC–DC converters allow transfer of power between two dc sources, in either direction. Due to their ability 
to reverse the direction of flow of current, and thereby power, while maintaining the voltage polarity at either end 

unchanged. Bi-directional DC-DC converter has two operating modes as shown in Fig. 3, and they are frequently 

exchanged to smooth a power.  These two modes are: 1- Charging mode: The power is sent from the battery to 

load/source modules when load/source modules need the power.  2- Charging mode: The power is sent from the 

load/source modules to battery when load/source modules have enough amount of the power. 

By using conventional modeling method [9], different model is needed for each power direction (each operation mode), 

as shown in Fig. 4.  Furthermore, the control loop also should be changed according to the direction of the power flow.  

Therefore, analyzing and controlling of bi-directional DC-DC converter are complex. 

For the sake of solving this problem, a seamless dynamic model of a bi-directional DC-DC converter is proposed in this 

paper.  This model is derived using a state space averaging method [10]-[12]. As shown in Fig.5, an independent voltage 

source represents the battery, and an independent bi-polar current source represents the load/source modules. The 
polarity of the bi-polar current source decides the direction of the power flow.  Herein, only the voltage of the bi-polar 

current source is sensed and controlled.  Hence, the control loop doesn’t need to be switched according to the direction of 

the power flow. In other words, a simple analyzing and controlling of bi-directional DC-DC converter can be fulfilled via 

this seamless model. 
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(b) Charging mode. 

Fig.3. Operating mode of bi-directional DC-DC Converter. 
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(a) Discharging mode. 
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(b) Charging mode. 

 

Fig.4. Conventional circuit model of bi-directional DC-DC converter. 
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Fig.5. Proposed seamless circuit model of bi-directional DC-DC converter. 

 

2. Circuit Topology 

Seamless dynamic models based on two circuit topologies are analyzed and compared, herein. These two circuit 

topologies are shown in Fig. 6 and Fig. 7. Figure 6 presents a buck-based circuit topology, however Fig. 7 introduces a 

boost-based circuit topology. In Fig. 6 and Fig.7, the current source side voltage v2 is considered a control variable, and 

duty ratio d of the mean switch SM is considered an input variable.  The current source side voltage v2 is observed and 

duty ratio d is controlled by the control circuit. Also, the synchronous switchSS, with a duty ratio 𝑑′ (=1-d), has a 
complementary state with the main switch SM. 

 
Fig.6.Circuit topology of buck-based type. 

 
Fig.7.  Circuit topology of boost-based type. 

3. Seamless Averaged Model 

Considering the state-space vector 𝒙(𝑡) =  𝑖𝐿(𝑡) 𝑣𝑐(𝑡) 𝑇 and the input vector𝒖 =  𝑉1 𝐼2 
𝑇, the state space equations 

at state 1 and state 2 become: 

 

State 1 (SM : ON, SS : OFF) 

 
𝑑𝒙

𝑑𝑡
= 𝑨𝟏𝒙 + 𝑩𝟏𝒖, 

𝑣2 = 𝒄𝟏𝒙 + 𝒆𝟏𝒖. 
State 2 (SM : OFF, SS : ON) 

𝑑𝒙

𝑑𝑡
= 𝑨𝟐𝒙 + 𝑩𝟐𝒖, 

    𝑣2 = 𝒄𝟐𝒙 + 𝒆𝟐𝒖. 
 

Appling the state-space averaging method for   (1) and (2), state equations become: 

 
𝑑𝒙

𝑑𝑡
= 𝑨𝒙 + 𝑩𝒖,  
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    𝑣2 = 𝒄𝒙 + 𝒆𝒖. 
 

where: 

 

     𝑨 = 𝑑𝑨𝟏 + 𝑑′𝑨𝟐, 𝑩 = 𝑑𝑩𝟏 + 𝑑′𝑩𝟐, 
     𝒄 = 𝑑𝒄𝟏 + 𝑑′𝒄𝟐, 𝒆 = 𝑑𝒆𝟏 + 𝑑′𝒆𝟐 . 
 

Next, on the steady state, circuit parameters are: 

U : DC input vector 

X : DC state vector 
V2 : DC voltage at current 

source 

D : DC duty ratio at SM 

 

The converter waveforms are perturbed at this quiescent operating point: 

U →U+Δu 

X →X+Δx 

V2 →V2+Δv2 

D →D+ΔD 

 

where;  

ΔD is small ac variations in duty ratio and Δuis small ac variations in input values. The vectors Δxand Δv2 are the 
resulting small ac variations in the state x and voltagev2. 

 

The state equations of the small-signal ac model are: 

 
𝑑𝒙

𝑑𝑡
= 𝑨Δ𝒙 + 𝑩Δ𝒖 + 𝒃𝒑Δ𝐷, 

Δ𝑣2 = 𝒄Δ𝒙 + 𝒆Δ𝒖 + 𝒆𝒑Δ𝐷. 
 

where; 

𝒃𝒑 =  𝑨𝟏 − 𝑨𝟐 𝑿 +  𝑩𝟏 − 𝑩𝟐 𝑼,   

𝑒𝑝 =  𝒄𝟏 − 𝒄𝟐 𝑿 +  𝒆𝟏 − 𝒆𝟐 𝑼. 

 

The matrices of 𝑨 ,  𝑩 ,  𝒄 ,  𝒆 ,  𝒃𝒑 , and(𝒆𝒑)  are illustrated  in Table 1. 

 

From (4), the transfer function Gdv(s) between ΔD(s) and Δv2(s) can be developed, as in (5). 
 

   𝐺𝑑𝑣 𝑠 =
Δ𝑉2 𝑠 

Δ𝐷 𝑠 
= 𝒄 𝑠𝑰 − 𝑨 −1𝒃𝒑 + 𝑒𝑝  

By the same way, the transfer function Gvv(s) between ΔV1(s) and Δv2(s), and Giv(s) between ΔI2(s) and Δv2(s) can be 
developed as: 

 

    𝐺𝑣𝑣 𝑠 =
Δ𝑉2 𝑠 

Δ𝑉1 𝑠 
=  𝒄 𝑠𝑰 − 𝑨 −1𝑩 + 𝒆  

1
0
  

    𝐺𝑖𝑣 𝑠 =
Δ𝑉2 𝑠 

Δ𝐼2 𝑠 
=  𝒄 𝑠𝑰 − 𝑨 −1𝑩 + 𝒆  

0
1
  

 

Table.1. Elements of matrix 

Topology A B c e 𝒃𝒑 ep 

Buck  
−
𝑟𝐿 + 𝑟𝑠 + 𝑟𝑐

𝐿
−

1

𝐿
1

𝐶
0

   

𝐷

𝐿

𝑟𝑐
𝐿

0 −
1

𝐶

   𝑟𝑐  1   0 −𝑟𝑐    
𝑉1

𝐿
0

  0 

Boost 

 
 
 
 −

𝑟𝐿 + 𝑟𝑠 + 𝐷′𝑟𝑐
𝐿

−
𝐷′

𝐿
𝐷′

𝐶
0  

 
 
 
  

1

𝐿

𝐷′𝑟𝑐
𝐿

0 −
1

𝐶

   𝐷′𝑟𝑐  1   0 −𝑟𝑐    

1

𝐷′𝐿
𝑉1 −

𝑟𝐿 + 𝑟𝑠
𝐷′𝐿

𝐼2

−
1

𝐷′𝐶
𝐼2

  −
𝑟𝑐
𝐷′

𝐼2 

(4) 

(4) 

(5) 

(6) 

(7) 
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4. Frequency Characteristics 

The frequency characteristics of the transfer function Gdv(s) is analyzed according to (5), and to the circuit parameters 

that are listed in Table 1.  The equations of transfer function Gdv(s) for both buck-based and boost-based type are 

presented in (8), (9). 

 

    𝐺𝑑𝑣𝑏𝑢𝑐𝑘
 𝑠 =

 1 + 𝐶𝑟𝑐𝑠 𝑉1

1 + 𝐶 𝑟𝑠 + 𝑟𝐿 + 𝑟𝑐 𝑠 + 𝐿𝐶𝑠2
 

 

𝐺𝑑𝑣𝑏𝑜𝑜𝑠𝑡
 𝑠 =

1

𝐷′ 2 + 𝐶(𝑟𝐿 + 𝑟𝑠 + 𝐷′𝑟𝑐)𝑠 + 𝐿𝐶𝑠2
 

                           ×   𝑉1 −
2 𝑟𝐿 + 𝑟𝑠 + 𝐷𝐷′𝑟𝑐

𝐷′
𝐼2 +  𝐶𝑟𝑐𝑉1 −

𝐶𝑟𝑐 𝑟𝐿 + 𝑟𝑠 + 𝐿

𝐷′
𝐼2 𝑠 −

𝑟𝑐
𝐷′

𝐼2 

 

From (8) and (9), it is noticed that the frequency characteristics of  the buck-based type don’t depend onI2.  Nevertheless, 

the frequency characteristics of the boost-based type depend on I2. The frequency characteristics of both buck-based 

type and boost-based type are analytically and experimentally investigated based on circuit parameters in Table 2.  

 

 For the buck-based type, analytical results are shown in Fig. 8, and experimental results are shown in Fig. 
9.According to Fig. 8 and Fig. 9, the frequency characteristics of Gdv_buck for both current directions are the same, 

and they match with (8).These results mean that frequency characteristics of Gdv_buckdon’t depend on the direction 

of current I2. 

 

Table 2 Circuit parameters 

Symbol Parameters 
Value 

Buck Boost 

V1 
Voltage at Voltage 

Source [V] 
50 25 

I2 
Current at Current 

Source [A] 
-4~4 -2~2 

V2 
Voltage at Current 

Source [V] 
25 50 

L Inductance [μH] 120 

C Capacitance [μF] 100 

rL ESR of L [mΩ] 30 

rC ESR of C [mΩ] 150 

rS 
On-resistance of 

switches [mΩ]  
150 

f 
Switching 

Frequency [kHz] 
100 

 

 
 

Fig. 8. Frequency characteristics of Gdv(analytical results, buck-based type, for any I2). 

(9) 

(8) 
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 For the boost-based type, analytical results are shown in Fig. 10, and experimental results are shown in Fig. 11.  
Comparing Fig. 10 (a) and (b), frequency characteristics of Gdv_boost don’t depend on the direction of current I2 at 

low frequency.  However, at high frequency, phase plots depend on the direction of current I2.   Stability of the 

circuit is better when direction of current I2 is negative. Based on Fig. 10 and Fig. 11, the frequency 

characteristicsof Gdv_boost for both current directionsmatch with (9).  These results mean that frequency 

characteristics of Gdv_boost depend on the direction of current I2. 

 

Comparing the results of the buck-based type with those of the boost-based type; it is found that the buck-based type has 

an advantage over the boost-based typeon designing the controller; since its frequency characteristics don’t depend on 

current I2. 

 
 

 

 

(a) I2= +4 A 

 

 

 

 

 

(b) I2= - 4 A 
 

 

Fig. 9. Frequency characteristics of Gdv (experimental results, buck-based type). 
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5. Transient Response 

To investigate the transient characteristics response of the converter; two prototype 100 watts converters are designed 

based on the proposed seamless model. One of these converters is a buck-based type, while the other is a boost-based 

type. Each converter is connected, at one side, to a battery, and at the other side, to a bipolar current source. The current 

waveform of the bipolar current source, I2, is intentionally designated to have a stiff change from positive I2 into 

negative I2.Accordingly, the voltage at the bipolar current source side V2 is measured.The voltage of the current source 

is fedback to control the duty ratio of the switch SM.  The open loop transfer function T(s) becomes: 

 

𝑇 𝑠 = 𝐾𝑝 ∙ 𝐺𝑐(𝑠) ∙ 𝐺𝑑𝑣(𝑠) 

where; 

Kp : Feedback proportional gain 

Gc(s) : Transfer function of compensator 

 

 

 For the buck-based type: 

 

A compensator is not needed in buck-based type because its phase doesn’t inverse.  Compensator’s transfer function in 

buck-based type becomes: 

 

𝐺𝑐−𝑏𝑢𝑐𝑘
 𝑠 = 1 

 
Proportional gain is designed as Kp_buck= 0.72 [V

-1
]. 

 

(a) I2= +2 A 

 

(a) I2= - 2 A 

Fig. 10. Frequency characteristics of Gdv (analytical results, boost-based type). 
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The simulated results are shown in Fig.12, while the experimental results are shown in Fig.13. It is noticed that the 
experimental results and the simulated results are conformed. Also, it is clear that the transient change in V2 (when the 

I2 change from positive to negative) is the same transient change in V2 (when the I2 change from negative to positive). 

This, in turn, confirms that the buck-based type does not depend on the direction of I2. 

 

 For the boost-based type: 

A compensator is needed in boost-based type because its phase does inverse when direction of I2 is positive.  In this 

circuit, phase lag compensator is used.  Compensator’s transfer function in boost-based type becomes: 

 

𝐺𝑐−𝑏𝑜𝑜𝑠𝑡
 𝑠 =

1 + 𝜔𝑝 𝑠 

1 + 𝜔𝑧 𝑠 
 

where; 

ω

p 
=4.4 
krad/s 

ω

z 

= 30 

rad/s 

Proportional gain is designed as Kp_boost= 0.36 [V-1]. 

 

(a) I2= +2 A 

 

(b) I2= - 2 A 

Fig. 11. Frequency characteristics of Gdv(experimental results, boost-based type) 
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The simulated results are shown in Fig. 14, while the experimental results are shown in Fig.15. It is noticed that the 

experimental results and the simulated results are the same. Furthermore, it is clear that the transient change in V2 (when 

the I2 change from positive to negative) is higher than the transient change in V2 (when the I2 change from negative to 

positive). This, in turn, confirms that the buck-based type depends on the direction of I2. 

 
 

  

 

Fig. 12.Transient response characteristics of buck-based type(simulated result). 

 

 

 

 

Fig. 13. Transient response characteristics of buck-based type (experimental result, time: 1ms/div). 
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Fig. 14.Transient response characteristics of boost-based type (simulated result) 

 

 

Fig. 15.  Transient response characteristics of boost-based type (experimental result, time: 1ms/div) 
 

 

6. Conclusion 

 

A unified model for bi-directional DC-DC converters for both directions of power flow is introduced in this paper. This 

unified model is a seamless dynamic model in which the bidirectional DC-DC converter is connected, at one side, to an 

independent voltage source and, at the other side, to independent current source. The direction of the power flow is 

designated by the polarity of the independent current source. This seamless dynamic model is applied to two DC-DC 

converter circuits (buck-based type and boost-based type). 

 
In case of boost-based type, its frequency characteristics depend on the direction of the current I2. However, in case of 

buck-based type, its frequency characteristics don’t depend on the direction of the current I2. A simulated and 

experimental prototype for both circuits (buck-based type and boost-based type) are build up based on this seamless 

dynamic model, and their results are compered. Both of the simulated and experimental results support the seamless 

dynamic model idea and prove its superiority. 
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