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Abstract. This paper investigates the asymmetrical operation of the Independent Double-Boost Interleaved 

Converter (IDBIC). The DC-DC topology integrates two conventional boost converters connected in parallel 

at the input and in series at the output. A distinguishing feature of the IDBIC is the ability of the integrated 

boost cells to operate independently in both symmetrical and asymmetrical modes. This functionality is 

particularly advantageous for applications such as voltage balancing and interconnection within bipolar DC 

microgrids. The study provides a detailed analysis of the operating principles unique to this patented 

structure, supported by mathematical modeling and experimental validation using a laboratory prototype. 

1 Introduction  

The proliferation of distributed renewable energy 

resources is fundamentally reshaping low-voltage 

distribution architectures. While traditional AC systems 

have long dominated the smart grid landscape, DC 

distribution is increasingly emerging as a superior 

alternative due to its enhanced efficiency and reliability 

[1],[2]. Among DC configurations, the conventional 

two-wire unipolar architecture is being surpassed by the 

three-wire bipolar DC structure, an example of this 

architecture being presented in [3] which offers 

increased power density, more flexibility, reliability and 

improved power quality [4]. Despite these advantages, 

bipolar networks are susceptible to voltage imbalances 

between poles when subjected to asymmetric power 

generation or loading [5]. Such imbalances are 

detrimental to microgrid load stability and often 

necessitate the integration of auxiliary power electronic 

converters for voltage balancing, to restore equilibrium 

[3]. By transitioning to these DC-based frameworks, 

researchers can bypass the inherent complexities of AC 

systems such as reactive power management and 

synchronization while facilitating the seamless 

integration of natively DC sources like photovoltaic 

arrays and electrochemical storage systems [6].  

To address the challenges associated with supplying 

unipolar loads in bipolar DC microgrids, this paper 

introduces and analyzes a multiport balancing converter 

topology. The proposed converter achieves high voltage 

gain and generates a three-level output, enabling 

independent control of each voltage level. This feature 

allows the converter to supply two distinct loads in a 

decoupled manner. 
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2 Converter topology for asymmetrical 
operation 

The proposed and analyzed converter topology (IDBIC) 

integrates several features - interleaving, high 

efficiency, reduced voltage stress, and a stable three-

level output, into a single power conversion stage. When 

operating in boost mode, the architecture provides 

double voltage gain than conventional boost converter, 

making it more efficient for high-voltage applications 

[7]. To facilitate independent operation, the output 

architecture provides two distinct loads (R1, R2), as 

depicted in the electronic schematic from Figure 1. This 

configuration incorporates two independent voltage 

control loops and an enhanced PWM generator to enable 

asymmetric voltage management. Consequently, the 

reference voltage values (VR1.Ref and VR2.Ref) may be 

assigned differently, requiring each integrated boost cell 

to operate autonomously. While asymmetric operation 

may by typically employed for energy balancing in 

bipolar grids where reference voltage values are equal, 

the robustness of the independent control can be best 

demonstrated under asymmetric loading where the 

supplied loads (R1 and R2) have different resistance 

values (R1 ≠ R2). This scenario naturally results in 

distinct inductor currents. Conversely, for applications 

requiring only total output voltage (Vout) stabilization, a 

symmetrical control approach involving a single PI 

controller and one global voltage reference is sufficient. 

Figure 1 shows the analyzed IDBIC converter 

powering two distinct loads via a dual control loop 

strategy for VR1 and VR2. 
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Fig. 1. IDBIC topology (a), and the control diagram (b) [7]. 

2.1 Steady state analysis for asymmetrical 
operation 

Figure 2, illustrates the theoretical steady-state voltage 

(vL1, vL2) and current (iL1, iL2) waveforms for inductors 

L1 and L2 during Continuous Conduction Mode (CCM) 

operation. The analysis will assume duty cycles Da and 

Db both exceed 0.5, which are used to set the output 

voltage levels VR1 and VR2. The Figure 2 waveforms are  

synchronized with the gate drive signals PWM-T1 

through PWM-T4, where Da and Db adjust the switching 

of T1 and T2 transistors, thereby defining the specific 

switching intervals of the IDBIC structure. 
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Fig. 2. IDBIC converter voltage and current waveforms for 

Da,b > 0.5 [7]. 

For duty cycle values (Da, Db) exceeding 0.5, the 

voltage gain results by applying the volt-second balance 

(IVSB) principle. The average voltage across inductor 

L1 it can be expressed as: 

 

𝑉𝐿1  =  𝑉𝑖𝑛 ∙ 𝐷𝑎 ∙ 𝑇 + (𝑉𝑖𝑛 − 𝑉𝐶1) ∙ (1 − 𝐷𝑎) ∙ 𝑇 = 0 () 

 

Where Da and Db are representing the duty cycles for 

transistors T1 and T2, respectively. Based on this 

relationship, the voltage level across capacitor C1 

(which is equivalent to the voltage across resistor R1) is 

derived as: 

 

𝑉𝐶1 =
𝑉𝑖𝑛

(1−𝐷𝑎)
    () 

 

Following a similar assessment, the average voltage 

across inductor L2 is expressed as: 

 

 𝑉𝐿2  =  𝑉𝑖𝑛 ∙ 𝐷𝑏 ∙ 𝑇 + (𝑉𝑖𝑛 − 𝑉𝐶2) ∙ (1 − 𝐷𝑏) ∙ 𝑇 = 0 () 

 

The resulting voltage level across capacitor C2 

(where 𝑉𝐶2 = 𝑉𝑅2 ) it can be determined by: 

 

𝑉𝐶2 =
𝑉𝑖𝑛

(1−𝐷𝑏)
 () 

 

The overall output voltage (Vout) can be determined 

as the sum of the voltages across both output capacitors: 

 

                 𝑉𝑜𝑢𝑡  = 𝑉𝐶1 + 𝑉𝐶2 =
𝑉𝑖𝑛

(1−𝐷𝑎)
+

𝑉𝑖𝑛

(1−𝐷𝑏)
 () 

 

The DC conversion ratio for Da, Db > 0.5 is expressed 

as: 

 

                𝑀(𝐷𝑎 , 𝐷𝑏) =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

1

(1−𝐷𝑎)
+

1

(1−𝐷𝑏)
 () 

 

Figure 3 illustrates the steady-state inductor voltage 

and current waveforms during CCM operation for the 

specific case where Da and Db are both less than 0.5. 

When the converter operates with a duty cycle below 

0.5, the relationship between the output voltage and the 

duty cycles Da and Db differs from the operation at Da 

and Db > 0.5. For duty cycle values below 0.5, the DC 

conversion ratio is also derived using conventional 

boost converter analysis. Applying the volt-second 

balance principle to inductor L1, the average voltage is 

expressed as: 

 
𝑉𝐿1 = 𝑉𝑖𝑛 ∙ 𝐷𝑎 +  (𝑉𝑖𝑛 − 𝑉𝐶1) ∙ (𝐷𝑏 + 𝛿) − 𝑈𝐶1 ∙ 𝛿 = 0 (7) 

 

where: 

 

    𝛿 =
1−𝐷𝑎−𝐷𝑏

2
    (8) 

 

Assuming the voltage across capacitor C1 and 

resistor R1 are equal (VC1 = VR1), the voltage value can 

be determined by: 

 

   𝑉𝐶1 =
𝑉𝑖𝑛∙(𝐷𝑎+𝐷𝑏+𝛿)

(𝐷𝑏+2∙𝛿)
     (9) 
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Subsequently, by applying the IVSB principle the 

average voltage level across L2 is expressed as: 

 
𝑉𝐿2 = 𝑉𝑖𝑛 ∙ 𝐷𝑏 +  (𝑉𝑖𝑛 − 𝑉𝐶2) ∙ (𝐷𝑎 + 𝛿) − 𝑉𝐶2 ∙ 𝛿 = 0 (10)  
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Fig. 3. IDBIC converter voltage and current waveforms for 

Da,b < 0.5 [7]. 

The voltage across capacitor C2 and resistor R2             

(VC2 = VR2) is determined by: 

 

   𝑉𝐶2 =
𝑉𝑖𝑛∙(𝐷𝑎+𝐷𝑏+𝛿)

(𝐷𝑎+2∙𝛿)
    (11) 

 

Consequently, the total output voltage (Vout) is given 

by: 

 

𝑉𝑜𝑢𝑡  = 𝑉𝐶1 + 𝑉𝐶2 =
𝑉𝑖𝑛∙(𝐷𝑎+𝐷𝑏+𝛿)

(𝐷𝑏+2∙𝛿)
+ 

𝑉𝑖𝑛∙(𝐷𝑎+𝐷𝑏+𝛿)

(𝐷𝑎+2∙𝛿)
 (12) 

 

The converter DC conversion ratio for Da, Db < 0.5 

is expressed as: 

 

       𝑀(𝐷𝑎 , 𝐷𝑏) =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=  

(𝐷𝑎+𝐷𝑏+𝛿)

(𝐷𝑏+2∙𝛿)
+

(𝐷𝑎+𝐷𝑏+𝛿)

(𝐷𝑎+2∙𝛿)
 (13) 

 

Table 1 provides a summary of the output voltage 

relationships for duty cycles both above and below 0.5. 

Table 1. Output voltage for different duty cycle. 

Duty 

Cycle 

DC conversion ratio (M(Da, Db)) / output 

voltage (𝑽𝒐𝒖𝒕) 

DC conversion ratio (M(Da, Db)) 

Da,b > 0.5 
1

(1 − 𝐷𝑎)
+

1

(1 − 𝐷𝑏)
 

Da,b < 0.5 
(𝐷𝑎 + 𝐷𝑏 + 𝛿)

(𝐷𝑏 + 2 ∙ 𝛿)
+

(𝐷𝑎 + 𝐷𝑏 + 𝛿)

(𝐷𝑎 + 2 ∙ 𝛿)
 

Output voltage (𝑽𝒐𝒖𝒕) 

Da,b > 0.5 
𝑉𝑖𝑛

(1 − 𝐷𝑎)
+

𝑉𝑖𝑛

(1 − 𝐷𝑏)
 

Duty 

Cycle 

DC conversion ratio (M(Da, Db)) / output 

voltage (𝑽𝒐𝒖𝒕) 

DC conversion ratio (M(Da, Db)) 

Da,b > 0.5 
1

(1 − 𝐷𝑎)
+

1

(1 − 𝐷𝑏)
 

Da,b < 0.5 
(𝐷𝑎 + 𝐷𝑏 + 𝛿)

(𝐷𝑏 + 2 ∙ 𝛿)
+

(𝐷𝑎 + 𝐷𝑏 + 𝛿)

(𝐷𝑎 + 2 ∙ 𝛿)
 

Output voltage (𝑽𝒐𝒖𝒕) 

Da,b < 0.5 
𝑉𝑖𝑛 ∙ (𝐷𝑎 + 𝐷𝑏 + 𝛿)

(𝐷𝑏 + 2 ∙ 𝛿)
+ 

𝑉𝑖𝑛 ∙ (𝐷𝑎 + 𝐷𝑏 + 𝛿)

(𝐷𝑎 + 2 ∙ 𝛿)
 

 

 

Table 2. Voltage stress across transistors and diodes. 

Continuous conduction mode (CCM) operation 

Duty cycles Da, Db > 0.5 Duty cycles Da, Db < 0.5 

Device Voltage stress 

[V] 

Device Voltage stress 

[V] 

T1 𝑉𝐶1 T1 𝑉𝑖𝑛 + 𝑉𝐶1 

T2 𝑉𝐶2 T2 𝑉𝑖𝑛 + 𝑉𝐶1 

T3         Vin T3 Vin 

T4         Vin T4 Vin 

D1    (𝑉𝑖𝑛 + 𝑉𝐶1) D1 (𝑉𝑖𝑛 + 𝑉𝐶1) 

D2 (𝑉𝑖𝑛 + 𝑉𝐶2) D2 (𝑉𝑖𝑛 + 𝑉𝐶2) 

To validate the performance of the converter in 

asymmetric operation mode, a hardware prototype of the 

IDBIC was developed. Generating the right and precise 

signal pattern was a critical requirement to accomplish 

the validation process. As illustrated in Fig.ure 4, the 

four logic switching signals must follow a specific 

switching sequence to ensure both stable operation and 

the independent regulation of the output voltage levels, 

VC1 and VC2. This control strategy was digitally 

implemented using the Texas Instruments F28069M 

LaunchPad digital signal processor (DSP). The control 

law, including the signal generation patterns and the 

voltage stabilization loops, was developed within the 

Altair Embed environment. 

In the asymmetrical operating mode of the IDBIC, 

the gate driving signals for transistors T1 and T2 are 

generated using two Pulse Width Modulation (PWM) 

signals shifted by 180°, similar with conventional 

interleaved boost control strategies. These signals 

independently drive the output stages: PWM-T1 

regulates the VC1 voltage level, while PWM-T2 controls 

the VC2 voltage level. As illustrated in Figure 4 the 

control signals for transistors T3 and T4 are derived 

directly from the primary T1 and T2 signals. 
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Fig. 4. IDBIC theoretical gate control signals for the power 

switches. 
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To validate the performance of the IDBIC converter 

under unbalanced conditions, several experimental 

measurements were performed. The specific test 

scenarios are summarized in Table 3. 

Table 3. Practical analysed scenarios. 

Figure Duty 

cycle 

Vin 

[V] 

Vout 

[V] 

Iout 

[A] 

 

Figure 

5. 

Da = Db 

Da ˃ 0.5 

Db ˃ 0.5 

 

 

50 

VR1=164 

VR2=164 

IR1=0.8 

   IR2= 2 

  (R1≠ R2) 

 

Figure 6 

Da ≠ Db 

Da ˃ 0.5 

Db ˃ 0.5 

VR1=150 

VR2=250 

IR1=0.75 

 IR2= 1.25 

 (R1= R2) 

 

The experimental results are shown in Figure 5 and 

Figure 6. [7]. These confirm the IDBIC converter 

asymmetrical functionality and independent voltage 

control. Furthermore, practical measurements verify the 

analytical expressions for the DC conversion ratio (M) 

and transistors and diodes voltage stress. 

 

 

Fig. 5. IDBIC converter waveforms for Da,b  > 0.5, Da = Db. 

3 Conclusion 

The primary contribution of this research is the analysis 

of a proposed DC-DC converter topology providing 

high voltage gain and a three-level output. A key feature 

of the investigated converter is its capacity for 

independent, asymmetric operation of the two integrated 

boost stages. The primary focus of this paper is the 

asymmetrical operation of the IDBIC converter, 

established through both theoretical and practical 

analyses. The theoretical framework includes the 

derivation of steady-state waveforms for the converter 

operating in continuous conduction mode. Furthermore, 

a mathematical model was developed to determine the 

voltage conversion ratios for scenarios where 

independent duty cycle values are applied to transistor 

gate signals. The converter performance was verified 

through experimental testing, which confirmed its 

operational functionality and validated the theoretical 

analysis. Finally, the research proposes an alternative 

for applications requiring a three-level converter with 

independent output voltage control. 

 

 

Fig. 6. IDBIC converter waveforms for Da,b  > 0.5, Da ≠ Db. 
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