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Abstract- This paper deals with the design and the control of multiphase interleaved bidirectional DC-DC Converter. This 

converter is used for Electric Vehicle (EV) applications to convert and increase energy storage system voltage from low side voltage 

to high side voltage, which is necessary to feed the inverter used to drive the traction motor. The proposed converter can be used to 

connect the energy storage system to the smart grid. To increase the performance of high side voltage and to have equal sharing of 

the load current in each converter module a Fuzzy sliding mode control is proposed.  The control method is tested by simulation 

for the case of 4 interleaved bidirectional DC-DC Converter associated with the three phase inverter coupled with a 3 phase 

induction motor. The simulation results proved the robustness of the proposed control method under some disturbances.   

Keywords- Bi-directional DC-DC converter, Smart grid, Fuzzy sliding mode control, Robustness, Electric Vehicle, Traction 

motor, three phase inverter. 

 

1. Introduction 

Bi-directional DC-DC power converters have an important 
role to control the power of an electric vehicle. The bi-
directional DC-DC manages power flow between the smart grid 
and the energy storage system and the high voltage propulsion 
bus. The converter works in boost mode when the power flows 
from the battery to the high voltage propulsion system and it 
works in buck mode when charging the battery [1]. 

We find different topologies in literature, the bidirectional 
DC-DC converter can be isolated [2-6] and non-isolated [7-13]. 
By comparison with the simple structure, the non-isolated bi-
directional DC-DC converters have several advantages such as, 
high efficiency, low cost, etc. In [9], the authors use a full-bridge 
DC-DC converter. In [10-15] a half-bridge bidirectional DC-DC 
converter is presented.   

In traction application especially in an Electrical Vehicle 
(EV) the converter is used in a high power and low-voltage 
conditions  which generate currents in the order of hundreds of 
Amperes. These big currents increase the loses in the active and 
the passive converter components. Moreover, theses loses can 
reduce the converter efficiency [16]. 

Due to the high currents generated in some EV converters, 
some methods use the interleaving technique. In recent years, 
the interleaving techniques have been widely used in high 
current DC-DC converters and the current ripple of the total 
current after interleaving will be minimized. 

The interleaving multiphase bidirectional DC- DC converter 
has been extensively used in EV in order to increase the power 
density, with minimized inductance   [17-21].   

In [22- 24] the authors showed that using N parallel DC-DC 
converter with the interleaving technique has some advantages. 
Such technique eases the maintenance and the repair of the 
system. Moreover, the sharing of the current can decrease the 
ripple in the load current and can reduce the switching and 
conduction losses. Additionally, the seize and losses of the 
filtering stage (inductors and capacitors) are reduced and the 
converter dynamic response is improved [24]. Using a high 
number of phases offers other advantages. Indeed, power 
components can be Surface Mounted Devices (SMD) and the 
filters can be integrated in the PCB. In [23-24] the authors 
present a comparison between the multiphase DC-DC 
converters with single-phase ones to highlight the advantages of 
using the multiphase converter. 
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For the non-isolated high-power multiphase bidirectional 
DC-DC converters used in hybrid and electric vehicle energy 
systems were found in two-phase [25], [33], three-phase [4] 
[27], [29], [30] and more [22], [17], [27]. 

The control of the output voltage must be made in a closed 
loop control mode. For this purpose, several control methods 
have been proposed [1] [28-31]. There are many methods to 
achieve current sharing among different converters modules 
[20-], [22] [28], [32-35]. One of the most popular methods is 
current sharing method with current-mode control [32- 33].  
However, these techniques present some limitations.  

Nonlinear control methods have been designed to offer 
stable regulation of the output voltage and equal sharing of the 
load current in each module [34-36]. 

   This paper is organized as follows. In section 2, the 
structure of a multiphase bi-directional DC-DC converter is 
proposed. Then, the inverter and the traction motor model are 
presented. The Fuzzy sliding mode control is described in 
section 3. The simulation results are given and discussed in 
section 4. 

2. System description 

In this section, we present the traction system of EV. As 
shown in Figure 1, the power conversion systems type [29-36] 
uses a low voltage battery, an interleaved bidirectional DC-DC 
converter to boost the battery voltage from low voltage to high 
voltage and to feed three-phase inverter which is used to drive 
the traction motor. 

For the traction motor we can use a Permanent Magnet 
Synchronous Motor (PMSM) [31] [45], an induction motor [41] 
[42], a brushless DC motors [37] or Switched Reluctance 
Machine [38]. The choice of the motor depends on the control 
technology, the torque, the power density and the cost.  

The design of each component of an EV traction system is 
discussed in the following. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  EV traction system 

2.1. Structure of bi-directional DC-DC converter  

Figure 2 presents a half-bridge converter operating in two 
quadrants of (voltage-current) plane. Therefore, voltage is 
positive and current can be positive or negative.   

 The structure of the converter consists of two controlled 
switches (𝑠𝑤1and𝑠𝑤2), two diodes (𝐷1and 𝐷2),  an input filter 
capacitor (𝐶in), an output filter capacitor (𝐶𝑜), a filter inductor (𝐿) 
and its  equivalent series resistors (𝑟𝐿).  

 

Fig. 2.  Structure of bi-directional DC-DC converter 

 This converter is able to increase the battery voltage from 
low voltage to high voltage to feed the inverter and the traction 
motor. It is able to work in the reverse direction for the case of a 
regenerative braking state. 

The bidirectional DC-DC converter is a combination of two 
basic DC-DC converters connected in antiparallel [ 10-11] [29]; 
a boost converter when power flows from the battery to the   DC 
link (driven state) and a buck converter when power flows from 
the DC link to the battery (regenerative braking state). 

During the driven state (boost mode) the bidirectional 
converter is used to step up the battery voltage, switch𝑠𝑤 1 and 

𝐷2 are in conduction state according to PWM state but switch 
𝑠𝑤2and 𝐷 1 are in OFF state all the time. During regenerative 
braking state (buck mode), switch 𝑠𝑤2and 𝐷 1 are in conduction 
state according to PWM state too and switch 𝑠𝑤 1and 𝐷2 are in 
OFF State all the time. 

The choice of the state vector 𝑥 = [
𝑖𝐿
𝑣𝑜
𝑣𝑏

]  allows the 

establishment of the following state space representation: 
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2.2. Structure of the studied multiphase phase interleaved       bi-

directional DC-DC Converter 

In this section, we present the bidirectional DC-DC 

converter built in multiphase structure. Figure 3 shows the 

structure of a multiphase bidirectional DC–DC converter. The 

converter consists of a 2N controlled switches (𝑠𝑤 11...𝑠𝑤𝑁1and      

𝑠𝑤 12 ... 𝑠𝑤 𝑁2 ), 2N diodes(𝐷 11 ...𝐷 𝑁1 and 𝐷 12 ...𝐷 𝑁2 ), N 

inductors (𝐿1 ,𝐿2 ...𝐿𝑁 ) and their respective equivalent series 

resistors    (𝑟 1,𝑟2 ... 𝑟𝑁 ), an input filter capacitor (𝐶in), an output 

filter capacitor (𝐶𝑜). 

 

Fig. 3. Structure of N multiphase DC-DC converter 

The structure of multiphase converters allows the shring  of 
the current between several elementary cells. The current 
through each cell is then less important. The structure is 
essentially used to reduce the current ripple, the weight and 
volume of the converter. The individual converters are identical 
and the current throw each converter is:  

 𝑖𝐿𝑛  = 
𝑖𝐿

𝑞
       

            (3) 

 The control commands of the switching cells have the same 

duty ratio. Assuming that the controlled switch of the cell 

number 1 begins at the initial time, the cell number n will be at 

the time    𝑡𝑛 = (𝑛 − 1)
𝑇

𝑁
                                              (4) 

 The current in each phase has a triangular ripple which is 

expressed by: 

   Δ𝑖𝐿𝑛 =
𝑣𝑏(1−𝑑).𝑑

𝐿.𝑓𝑠𝑤
                                          (5)

  

 

 

 The output current ripple is expressed by: 

   Δ𝑖𝑜 =
𝑣𝑏(1−𝑁𝑑).𝑑

𝐿.𝑓𝑠𝑤
                                              (6)

    where, N is the number of interleaved the bidirectional   

DC-DC converter, fsw is the switching frequency and d is the duty 

ratio. 

  For duty ratio (d) = 0.5 we obtain the maximum inductor 
current ripple. 

  Figure 4 shows that the output ripple current is reduced by 
increasing the number of bidirectional DC-DC converter 
converters cells. 

 
Fig. 4. Output ripple current 

2.3. Inverter Modeling 

  The inverter consists of six-controlled switches, and it 
allows to convert the high side DC voltage into balanced three-
phase AC voltage. The six-switch are controlled through a Pulse 
Width Modulation (PWM) signal in order to carry the output 
voltage at preferred voltage and frequency and to minimize the 
output voltage signal harmonic. To generate the PWM signals 
we can use sinusoidal PWM, hysteresis-band current control or 
Space Vector Pulse Width Modulation Technique (SVPWM). 

  To control the AC motors the SVPWM is wildly used. It 
produces a constant switching frequency and a regulation of the 
frequency and the amplitude of output voltage. The SVPWM 
reduces the output current and voltage harmonic distortions.  
The SVPWM can be easily implemented in digital signal 
processor [39-42].  

 Figure 5 represents the circuit diagram of the three-phase 
voltage source inverter (VSI) using six IGBTs. We can notice 
that the upper switches (Q1, Q3 and Q5), and the lower ones (Q2, 
Q4 and Q6) are complementary switched. The control technique 
is composed of eight working states. Fig.6 shows the eight 
voltage vectors composed of six active vectors (V1, V2, V3, V4, 

V5, V6) separated with 60 electrical degrees to form the axes of a 
hexagon and at the origin two zero voltages vectors (V0 and V7). 
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Fig. 5. Circuit diagram of the three-phase VSI 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Voltage vectors of the three-phase VSI 

The output voltages of the inverter are expressed as follows 

   Table 1 presents the three phase voltages VA, VB and VC 

expressed with the input voltage of the inverter for the eight 

different switching states. 

Table 1.  Voltages VA, VB and VC  

Switch 
ON 

VA VB VC 

1,4,6 
 
2

3
𝑣𝑜   -

1

3
𝑣𝑜  -

1

3
𝑣𝑜 

1,3,6 
 
1

3
𝑣𝑜   

1

3
𝑣𝑜   -

2

3
𝑣𝑜 

2,3,6 
 -
1

3
𝑣𝑜  

2

3
𝑣𝑜   -

1

3
𝑣𝑜 

2,3,5 
 -
2

3
𝑣𝑜  

1

3
𝑣𝑜   

1

3
𝑣𝑜  

2,4,5 
 -
1

3
𝑣𝑜  -

1

3
𝑣𝑜  

2

3
𝑣𝑜  

1,4,5 
 
1

3
𝑣𝑜   -

2

3
𝑣𝑜  

1

3
𝑣𝑜  

1,3,5 
2,4,6 

0 0 0 

   
The phase to neutral output voltages of the inverter are 

expressed as follows: 

 𝑉𝑎  = 
2

3
𝑉𝐴 −

1

3
(𝑉𝐵+V𝐶) 

𝑉𝑏  = 
2

3
𝑉𝐵 −

1

3
(𝑉𝐴+V𝐶) 

𝑉𝑐  = 
2

3
𝑉𝐶 −

1

3
(𝑉𝐵+V𝐴) 

          (10)  

 

           (11)  

 

           (12) 

2.4. Traction motor 

    DC motor, PMSM and Induction Motor (IM)  are the 

major kinds of electric traction motors used for EVs [43]. IM are 

widely used because they present, low cost and an ease 

maintenance [44-45], IM proposed to drive an EV in order to 

have the minimum cost, small volume, lightweight and high 

efficiency [43]. In [446], a comparison between the performance 

of IM and the PMSM is given. In [47-48], the authors show that 

the induction motors will be more used for EV traction. 

 The mathematical model of the IM  in d-q transformation is 

given by the following equations: 

 

𝑉𝑠  = 𝑅𝑠𝐼𝑠 +
𝑑𝜙𝑠
𝑑𝑡

 

𝑉𝑟 = 𝑅𝑟 +
𝑑𝜙𝑟

𝑑𝑡
− 𝑗𝜔𝑟𝜙𝑟  

𝜙𝑠  = 𝐿𝑠𝑖𝑠 + 𝐿𝑚𝑖𝑟    
𝜙𝑟 = 𝐿𝑟𝑖𝑟 + 𝐿𝑚𝑖𝑠 

(13)  

 

(14) 

(15) 

(16) 

 

The stator flux estimation in d-q axis can be expressed as 

follows:   

 
𝜙𝑑𝑠 = ∫(𝑉ds - 𝑅𝑠𝑖𝑑𝑠)𝑑𝑡

        𝜙𝑞𝑠 = ∫(𝑉qs - 𝑅𝑠𝑖𝑞𝑠)𝑑𝑡
  

|𝜙𝑠| = √𝜙𝑑𝑠
2 +𝜙𝑞𝑠

2
 

𝜃𝜙𝑠 = 𝑡𝑎𝑛
−1(

𝜙𝑞𝑠
𝜙𝑑𝑠

)
 

(17)  

(18) 

(19) 

(20) 

The electromagnetic torque is expressed by: 

𝑇𝑒𝑚 =
3

2
.
𝑝

2
(𝜙𝑑𝑠𝑖𝑞𝑠 −𝜙𝑞𝑠𝑖𝑑𝑠)

       
 (21) 

Where: 

Rs :stator resistances 

Rr :rotor resistance 

Ls:stator Inductance 

𝑉𝑎  = (2Q1-Q2-Q3)*v𝑜/3

b 2 1 3 oV  = (2Q -Q -Q )*v / 3 𝑉𝑐  = (2Q3-Q1-

Q2)*v𝑜/3 

(7)  

(8)  

(9) 
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Lr: rotor Inductance 

Lm:mutual inductance 

Vs :stator voltage 

Vr:rotor voltage 

p: number of poles 

𝜙𝑟:rotor flux 

𝜙𝑠:stator flux 

𝜔𝑟 :rotor angular speed 

 

3. Proposed Fuzzy Sliding Mode controller  

For the fuzzy sliding mode controller, we propose the sliding 

surface𝑆𝑗described by the equation (22), for 𝑗 = 1,2,3,4. 

𝑆𝑗 = 𝑘𝑗𝑒𝑖𝑗 + 𝜆𝑒𝑣                                                                    (22) 

where 

𝑘𝑗and𝜆are coefficients used for the sliding surface. 

𝑒𝑣 represents the voltage error for the bidirectional DC-DC 

converter described as follows: 

𝑒𝑣 = 𝑉𝑟𝑒𝑓 − 𝑣0                                                                       (23) 

𝑉𝑟𝑒𝑓  and𝑣0are respectively the reference and the output voltage 

for the studied converter.   

𝑒𝑖𝑗 represents the inductor current error in each cell of the 

multiphase interleaved bidirectional DC-DC converter. It is 

expressed as follows: 

𝑒𝑖𝑗 = 𝐼𝑟𝑒𝑓 − 𝑖𝐿𝑗                                                                      (24) 

Thus, for the four converters we have the four follows surfaces  

 

{
 
 

 
 𝑆1 = 𝑘1𝑒𝑖1 + 𝜆𝑒𝑣 = 𝑘1(𝐼𝑟𝑒𝑓 − 𝑖𝐿1) + 𝜆(𝑉𝑟𝑒𝑓 − 𝑣0)

𝑆2 = 𝑘2𝑒𝑖2 + 𝜆𝑒𝑣 = 𝑘2(𝐼𝑟𝑒𝑓 − 𝑖𝐿2) + 𝜆(𝑉𝑟𝑒𝑓 − 𝑣0)

𝑆3 = 𝑘3𝑒𝑖3 + 𝜆𝑒𝑣 = 𝑘3(𝐼𝑟𝑒𝑓 − 𝑖𝐿3) + 𝜆(𝑉𝑟𝑒𝑓 − 𝑣0)

𝑆4 = 𝑘4𝑒𝑖4 + 𝜆𝑒𝑣 = 𝑘4(𝐼𝑟𝑒𝑓 − 𝑖𝐿4) + 𝜆(𝑉𝑟𝑒𝑓 − 𝑣0)

                   

(25) 

Then, we consider the Lyapunov function 𝑉defined as follows:  

𝑉𝑗 =
1

2
𝑆𝑗
2                                                                             (26) 

To make each surface 𝑆𝑗attractive and to assure the stability of 

the system, �̇�𝑗must be negative.  

Such condition leads to the following inequality: 

 𝑆𝑗 �̇�𝑗 < 0                                                                              (27) 

The studied fuzzy sliding control uses the surface 𝑆𝑗  and �̇�𝑗 to 

explain the changes on the output control signal and to insure 

the Lyapunov stability condition 𝑆𝑗 �̇�𝑗 < 0. 

The surface𝑆𝑗and its variation�̇�𝑗are the inputs of the proposed 

controller. 

 Figure 7 and figure 8 present respectively the membership 

functions of the surface and its variation. Triangular and 

trapezoidal membership functions, represented by NB (Negative 

BIG), NM (Negative Middle) Z (Zero), PM (Positive Middle), 

and PB (Positive BIG) are used in the normalized 

domain[−11]for the both inputs.  

 

Fig. 7.   Surface 𝑆𝑗membership functions 

 

Fig. 8.  Surface change�̇�𝑗membership functions 

 

 The output signal is the control incrementΔ𝑈(𝑘) which is used 

to update the control law. It is defined as follows: 

𝑈(𝑘) = Δ𝑈(𝑘) + 𝑈(𝑘 − 1)                                                     

(28) 

Figure 9 shows the output signal. Five normalized singletons 

denoted by NB, NM, Z, PM and PB are used for the output 

signalΔ𝑈. 

 

 

Fig. 9. Output singletons 

 

The rules base of the proposed FSMC are given in Table 2.  

 

Table 2.  Rules base of the proposed FSMC  

 𝑆𝑗    

  NB NM Z PM PB 
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 PB Z PM PB PB PB 

 

�̇�𝑗  

PM NM Z PM PB PB 

Z NB NM Z PM PB 

NM NB NB NM Z PM 

NB NB NB NB NM Z 

 

4. Simulation Results 

   The multiphase phase interleaved bi-directional DC-DC 

converter described above, was simulated and controlled using 

the proposed fuzzy sliding mode control. Figure 10 presents the 

inductors currents (iL1, iL2, iL3 and iL4) of the 4 interleaved bi-

directional DC-DC converters.  

   Figures 11 and 12 present the steady state of the three phase 

output inverter currents waveforms and the output voltage 

between phase A and Phase B, respectively.  

  Figure 13 shows the transient step response of the output 

voltage for multiphase interleaved bi-directional DC-DC 

converter for the boost mode when the settling voltages is 340V. 

  Figure 14 presents the variation of the current absorbed by the 

three phases induction machine at 0.08s. In figure 15 we can 

notice that the proposed FSMC rejects such perturbation.   

  Figure 16 proves that the output voltage for the multiphase 

interleaved bi-directional DC-DC converter still at the same 

desired value despite the variation of the motor speed at 1.1s 

(figure 17).      

 

Fig. 10. Inductors currents waveforms of the 4 interleaved bi-

directional DC-DC converter. 

 

Fig. 11. Three phase output inverter currents evolution. 

 

Fig. 12. Output voltage inverter waveforms between phase A 

and Phase B. 

 

Fig. 13. Step voltage responses 

 

 

Fig. 14. Evolution of the three phase induction machine 
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Fig. 15. Output voltage evolution of the multiphase interleaved 

bi-directional DC-DC Converter for the case of the three phase 

induction machine current variation 

 

Fig. 16. Evolution of the motor speed 

 

Fig. 17. Output voltage evolution of the multiphase interleaved 

bi-directional DC-DC Converter for the case of motor speed 

variation 

5. Conclusions 

This paper proposes new control law for multiphase 
interleaved bidirectional DC-DC converters in order to increase 
and to regulate the battery voltage from low side voltage to high 
side voltage, which is necessary to feed the inverter and the 
motor traction for EV applications. Therefore, a Fuzzy sliding 
mode control is proposed in order to increase the performance 
of the high side voltage and to have an equal load current share 
between each converter module. 

The proposed method is tested by simulation.  The obtained 
results show the robustness of the proposed FSMC against the 
variation of the speed and the current of the used traction motor. 
This work can be extended to study the connection of the EV to 
a smart grid.  
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