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ABSTRACT 
This paper proposes an efficient control scheme of a DC-DC bidirectional converter suitable for HV 

applications. The converter has an isolated topology. It comprises two 2-level parallel connected DC-AC 

converters at the left side of the isolation transformers and two series connected single phase 3-level neutral 

point clamped (NPC) converters at the right side. The interest of this structure is that it permits to generate a HV 

DC voltage using a lower DC voltage source and vice versa. The proposed scheme exploits both the advantages 

of sliding-mode control and direct power control, thus leading to accurate reference tracking, fast dynamic 

response, large-signal stability, and high robustness against line and load disturbance. A neutral point voltage 

balancing technique using an auxiliary inductive circuit is also proposed, with interesting performances. These 

results are obtained by simulations with Matlab-Simulink software. 

Keywords - DC-DC bidirectional converter, 3-level NPC Converter, 2-level DC-AC converter, sliding mode 

direct power control, multilevel converters. 
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I. INTRODUCTION 

In these recent years static converters are 

more and more used in many applications such as 

household appliances, railway traction, maritime 

propulsion, heavy industry, aeronautics, just to name 

the few. Some of these applications require well 

regulated medium or high DC voltages [1]. These high 

voltages are difficult to obtain using classical DC-DC 

boost converters or 2-level AC-DC converters. In order 

to overcome these limitations, multilevel converters 

were developed, and many multilevel topologies 

created.  

Multilevel converters are designed by series – 

parallel connection of already existing semiconductor 

switches. They permit to obtain more than 2 voltage 

levels at the output of the converter. The topology of 

the converter investigated in this paper was proposed 

by Prof. A. Rufer. It comprises two series connected 

single phase 3-level NPC converters at the right side, 

accompanied with two parallel connected 2-level 

inverters at the left side (Fig.1). NPC topologies are 

very suitable for medium power HV applications [2]. 

They have many interesting properties such as a 

reduced voltage stress on electronic switches, a reduced 

switching frequency leading to low switching losses; 

low total harmonic distortion for voltage signals, low 

electromagnetic interference levels; and a simple 

configuration [3-7]. The major challenge with NPC 

topologies is however the balancing of the voltages 

across capacitors at the DC side of the converter and 

the control of the neutral point voltage [8]. In the other 

hand DC-AC 2-level converters are also suitable for 

medium voltage applications [9]. Galvanic isolation 

featured by the converter we are studying, is one of the 

promising methods to achieve a high gain boost ability 

by adding an extra degree of freedom to the gain of the 

converter, namely the turn ratio of windings, and 

making it suitable for the HV applications. Apart from 

enabling a high voltage gain ratio, isolation has other 

benefits such as providing isolation between the input 

and output side, for the supply of sensitive loads [10].  

The purpose of this work is therefore to 

provide a well regulated HVDC voltage supply using a 

lower DC voltage source. Given the bidirectional 

capability of the converter, it is also purposed to 

provide a well regulated LVDC supply using an HVDC 

source.   This paper is organized as follows: In section 

2, a study of the topology of the converter is carried 

out. Section 3 presents the proposed control technique. 

In section 4, simulation results are presented and 

discussed. Finally, the conclusion of the proposed work 

is addressed in Section 5. 
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Fig. 1. Topology of the converter. 

 

II. STUDY OF THE CONVERTER 

The topology of the converter comprises 

two identical stages: an upper stage and a lower 

stage. We carry out the study of the upper stage 

only. This study can therefore be extended to the 

lower stage of the converter. Each stage is made of a 

single phase DC-AC converter at the left side of the 

isolation transformer and a single phase 3-level NPC 

AC-DC converter at the right side. The inductance 

Ls enables the power transfer from either side of the 

isolation transformer to the other side. This 

inductance introduces a phase shift   between the 

voltage at the primary side of the transformer and 

the voltage at the secondary side; m is the 

transformation ratio. V1 and V2 are respectively the 

primary and the secondary voltages of the isolation 

transformer. Let fs the switching frequency of the 

converter, the phase shift   or phase difference time 

of the converter is defined as follows [11]: 

                                                                   (1) 

  
   

  
                                                                       

(2) 

And 

   
 

   
                                                                   (3) 

  is the duty ratio;    is the switching period,     is 

the duration of conduction of a switch in one cycle 

of functioning of the converter. 

Each leg of the 3-level NPC converter has 

three possible switching states. Each switching state 

corresponds to one of the three voltage levels, as 

presented below (Table 1). However, given the fact 

that the transformer is fed by a 2-level DC-AC 

converter which provides only two voltage levels per 

cycle, we decide to eliminate one of the three 

switching states of the NPC converter, so that  we 

have the same number of switching states for both 
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converters. We obviously eliminate the switching 

state N°2, which corresponds to the voltage      .  

Table 2 below presents the steady state operation of 

the converter on one cycle of its functioning (1=ON; 

0 =OFF). 

Table 1. Possible switching states in a leg of a 3 

level NPC converter 

Etat de 

commutation 

Bras du convertisseur 

NPC à trois niveaux 

VAN 

Switches S1 S2 S3 S4  

1 1 1 0 0 Vd/2 

2 0 1 1 0 0 

3 0 0 1 1 -Vd/2 

 

 

Fig. 2. A leg of a 3 level NPC converter. 

An open loop simulation of the upper stage of the 

converter using a sinusoidal PWM controller is 

carried out, with a resistive load R = 1kΩ. The 

simulation is first done for Ls = 100µH; then for        

Ls = 1mH. Results of simulations are presented in 

Fig.4 and Fig.5 respectively. 

For          , the phase shift between the 

primary voltage and the secondary voltage is not 

perceptible. For very small values of the inductance 

Ls, the power transfer between the two sides of the 

isolated converter is therefore negligible, it can also 

be noticed the voltages V1 and V2 are almost in 

phase (Fig.6). 

Table 2. Steady state operation of the converter. 

 [     ] [     

    ] 

[  

       ] 

[     

    ] 

S1;S4 1 1 0 0 

S2;S3 0 0 1 1 

S51;S52 1 0 0 1 

S61;S62 0 1 1 0 

S71;S72 0 1 1 0 

S81;S82 1 0 0 1 

V1 V1 V1 0 V1 

V2 0 mV1 mV1 0 

IL increase increase decrease decre

ase 

 

 

Fig. 3. Simulink model of the sinusoidal PWM. 
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Fig. 4. Open loop simulation of the upper stage of 

the converter: Ls = 100µF, R = 1KΩ. 

 

Fig. 5. Open loop simulation of the upper stage of 

the converter: Ls = 1mH, R = 1kΩ. 

 

Fig. 6. Phase shift between V1 and V2 for                      

Ls =100µH. 

For Ls = 1mH, the phase shift between V1 and V2 is 

very well perceptible. The power transfer between 

both sides of the converter is therefore more 

important. There is a phase shift between V1 and V2  

(Fig.7). 

III. PROPOSED CONTROL SCHEME 

The proposed control scheme is a 

combination of sliding mode control and direct 

power control which we can call sliding mode direct 

power control. The neutral point voltage balance is 

achieved using a simple auxiliary inductive circuit. 

 

Fig. 7. Phase shift between V1 and V2 for Ls = 1mH 

 

Fig. 8. Schematic diagram of the proposed sliding 

mode direct power control scheme. 

Table 3. PWM outputs with corresponding 

controlled switches 

Q1 S1. S4 

Q2 S2; S3 

Q3 S51;S52; S81;S82 

Q4 S61;S62 S71;S72 

 

3.1. Sliding mode direct power control of the 

converter 

  The authors of [12] used a similar technique 

for the voltage control of a dual active bridge 

converter. The controller calculates the suitable duty 

ratio D that will enable the converter to track the 

output voltage reference Vref. The predetermined 

sliding mode surface S is fundamentally defined by 

SLIDING MODE DIRECT POWER 

CONTROL

LOAD

Vout

Ls

2L DC-AC 

CONVERTERS

3L-NPC

CONVERTERS

Vref

-

+

PWM GENERATOR

Vin

Q1 Q2 Q3 Q4
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the error combination between the output voltage 

Vout and its reference value Vref. 

      (         )    ∫ (         )
 

 
         (4)   

  

  
        ̇    (         )                          (5) 

   and     are the sliding surface coefficients. At 

steady state,
  

  
    and    , which satisfies the 

existence condition of the sliding mode control. 

Moreover, the existence of both proportional and 

integral coefficients gives a flexibility to adjust the 

loop bandwidth [13].  Let      the current flowing in 

the capacitive branch of the converter      can be 

written as follows: 

    
     

  
                                                  (6)    

Where C is the total capacitance, ILS is the current in 

the inductance Ls and Io is the load current. From 

(6) we can deduce the following: 

     

  
      ̇

      

 
 
   

 
 
    

  
 
 (   )   

     
          

(7) 

With 

    
(     )        

  
                                              (8) 

The equilibrium phase shifted ratio D is determined 

by plugging (7) into (5). By solving the quadratic 

equation obtained with respect to D, we have: 

  

  
    

 
 √(

    

 
  )

 
      

     
    

 
    
     

(         )

 
 (9)  

D is the positive solution out of the two solutions 

arrived at. The settling time is tuned based on the 

selection of the sliding surface coefficients     
and   . So, these coefficients are chosen such as to 

have the best settling time for the output voltage 

Vout. 

3.2. Neutral point voltage balancing technique 

For the balancing of the neutral point 

voltage, we use a simple inductive auxiliary circuit. 

The circuit is made of two switches with an inductor. 

The inductor enables energy transfer from the 

capacitor having the highest voltage to the next one 

having a smaller voltage across its terminals. The 

inductance is chosen so as to enable a continuous 

flow of current in the inductor [14].   Fig. 9 below is 

an illustration of the circuit and Fig. 10 is the 

Simulink implementation of the control of switches 

SA and SB. T12 controls SA and T34 controls SB. L = 

100   

 
Fig. 9. Neutral point voltage balancing technique. 

 
Fig. 10. Control of switches SA and SB. 

 

IV. SIMULATIONS AND DISCUSSIONS 
Simulation parameters are given in Table 4 below. 

Table 4. Simulation parameters 

Parameters Values 

Vin 600V(Boost mode) 

10kV(Buck mode) 

Ls 100µH  

Transformation ratio m 10 

Frequency  f 100kHz 

C1=C2=C3=C4 1000µF 

R 300Ω (HV mode) et 

1kΩ (LV mode) 

Co 25000µF 
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4.1. Output voltage reference tracking in HV Mode 

 

 

Fig. 11. Output Voltage reference tracking in HV 

mode. 

There is a good tracking of the reference by the 

output voltage. It can be observed that, in tracking 

the reference, the output voltage moves from 8kV to 

10kV and down to 6kV with a good accuracy. The 

DC input voltage source is maintained at 600V.  

4.2. Output voltage reference tracking in LV mode 

 

 

Fig. 12. Output Voltage reference tracking, Buck 

mode. 

The HV DC input is kept at 10kV. The output 

voltage tracks the reference from 450 V to 500V and 

down to 400V, with a good accuracy.  

4.3. Load variation 

The load is varied in order to assess the 

robustness of the controller in HV mode as well as in 

LV mode. 

4.3.1. HV mode  

Resistive loads of 2kΩ each are 

successively added in parallel to the initial 300Ω 

load resistor at the instants 0.3s and 0.7s 

respectively. It can be observed that, despite the 

changes in load, the output voltage Vout remains at 

the set reference of 8kV. (Fig.11) 

 

Fig. 13. Load variation, HV mode. 

4.3.2. LV mode 

Resistive loads of 10kΩ each are 

successively added in parallel to the initial 1kΩ load 

resistor, at the instants 0.3s and 0.7s respectively. It 

can be observed that, despite the changes in load, the 

output voltage Vout remains at the set reference of 

400V (Fig.12). 
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Fig. 14. Load variation, LV mode 

4.4. Neutral point voltage balancing 

The output voltage is set at 10kV, the 

simulation is run for 10s. It can be observed that the 

neutral point voltage Vn varies between 4 10
-8

V and 

8 10
-8

V approximately, as the output voltage 

remains at the set value of 10kV; and this voltage is 

not diverging. This exhibits a good neutral point 

voltage balancing given the very small value of Vn 

and the little variation it presents over a long 

duration of simulation (Fig.15). 

 

Fig. 15. Neutral point voltage balancing. 

V. CONCLUSION 

This paper proposes a sliding mode direct 

power control of a DC-DC bidirectional converter 

destined for high voltage applications. The control 

scheme presents the following advantages: good 

robustness manifested through an accurate output 

voltage reference tracking. Moreover, it has a fast 

response and is easy to implement. The HV 

capability of the DC-DC converter investigated 

makes it suitable for HVDC transmission systems 

and high voltage DC motor drives. Further works 

may consist in improving on the neutral point 

voltage balancing technique, and also in reducing the 

rising time of the output voltage when the converter 

is working in HV mode.  
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