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Abstract. With carbon-negativity as a theme, automobile industry has shifted focus
towards green technology, electric vehicles. The push towards electric vehicles is estimat-
ed to boost air quality in urban areas where vehicle density is more, hence greenhouse
gas emissions are rampant. Of the available green technologies, fuel cell provides higher
energy density although at an expense of price. In view of this, a proper mechanism
has to be derived to utilize the energy efficiently to make the electric vehicles affordable.
Owing to the low voltage output from fuel cell, boost converters are used to meet the load
requirements. Non-isolated Interleaved Double Dual Boost (IDDB) converters are recom-
mended to augment the efficiency of the converter and in turn to reduce overall weight of
the vehicle. In this paper, sliding mode control technique is implemented to improve the
transient response of the fuel cell powered IDDB converter for various load conditions.
The results are verified in the simulated environment using MATLAB/Simulink.
Keywords: Electric vehicle, Non-isolated boost converter, Interleaved double dual boost
converter, High voltage gain, Sliding mode control

1. Introduction. Transportation plays a key role in the development of an economy.
However, due to the usage of fossil fuels, carbon-based compounds, in the current vehicles,
result in enormous amounts of greenhouse gases. According to several studies, most of the
densely populated cities are facing detrimental air quality. In contrast, electric vehicles use
electrical energy for propulsion, resulting in eco-friendly transportation. Electric vehicles
use battery, ultra-capacitor, Fuel Cell (FC) as energy source for propulsion system. Of
these, fuel cell, due to high power density and green source of electrical energy, was proved
to be a better choice as a primary source of energy in EV. However, due to the slower
response of FC, they cannot respond faster for sudden changes in load and hence an
ultra-capacitor is recommended for propulsion system during dynamic condition. Ultra-
capacitors have high energy density but low power densities, which make them charge as
well as discharge at a faster rate. This nature allows the ultra-capacitor to provide the
energy during transients [1].

Normally voltage level of FC is very low and the drive motor for which FC supply
energy operates at high voltage level. Hence, a step-up power chopper is required to
boost the voltage level of FC. It is quite a challenging task to maintain high efficiency at
such voltage gain requirements [2-5]. For a given power, low input voltage results in high
input current. For such a high current, the boost converter has to be operated at small
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duty cycle which forces the size of inductor and output capacitor to the upside [1], and
increases losses, resulting in less efficient converter [10].
Hence, for high power application such as EV a high power converter is required for

boosting up voltage level of FC, which can deal with high current and high voltage at the
input and output respectively without affecting efficiency [6]. Most efficient way to tackle
this problem is by interleaving multiple conventional-boost converters.
This paper verifies the viability of interleaved double dual boost proposed with the

objective of achieving higher voltage gain in contrast to the classical boost converter
[1-5]. This topology was chosen among others that also have high gain properties [6-8]
owing to the possibility of phase interleaving that allows the modular characteristics of
the converter for high power applications.
An efficient controller is required for regulating output voltage at the nominal value even

under load perturbations that typically happen in electric vehicles [9]. This paper presents
a sliding mode control of an interleaved double dual boost converter and its effectiveness is
verified under various load disturbances in a simulation environment, MATLAB/Simulink.

2. Modeling of the N -Phase IDDB Converter. The IDDB with two phases is shown
in Figure 1, where ‘R0’ represents the load. Each phase of the converter comprises a
conventional boost module with an inductor and its corresponding pair of switches. Phase
1 and capacitor C1 are here denoted by “module-1” vice versa.

Figure 1. IDDB with two phases

Assumption: Two modules of the converter are symmetric.
The variable δ is the duty cycle and it is identical to both the modules. The model

is concerned with the capacitors voltages that have an indirect relationship with output
voltage. However, it is noteworthy that the output voltage indirectly depends on the input
voltage. This infers that any change in input voltage reflects in the output voltage and
can be compensated by regulating output-capacitor voltage references. Any attempt to
directly control the output voltage, ignoring module voltages, would result in an imbalance
of these voltages, resulting in distorted symmetry in the wave shape.
As pointed, this topology facilitates modular structure permitting more than two phas-

es. In order to attain symmetry, an even multiple of phases are preferred. This section is
to generalise the converter modelling to N -phase topology.
The combination of the phases that are connected to the capacitor C1 and capacitor

C2 itself forms module-1 and vice versa for module-2. As a demonstration, the six-phase
converter is shown in Figure 2 to depict multiple phases.
The source current is given by:

iin = i1 + i2 + i3 + · · ·+ iN − i0 (1)



ICIC EXPRESS LETTERS, VOL.14, NO.2, 2020 181

Figure 2. Six phase IDDB converter

The N -phase IDDB has N + 2 state variables, here chosen as the representing ‘N ’
inductor currents and two capacitor voltages.

The differential equation for the current in each of the N/2 inductors of module-1 is
given by

d

dt
Ik =

1

Lk

(
−RkIk − V1δ̄k + Vin

)
(2)

for k = 1, . . . , N/2. It is similar for k = (N/2) + 1 to N .
The differential equation for the voltage in C1 is given by V1

d

dt
V1 =

1

C1

 N
2∑

k=1

Ikδ̄k

+
−V1 − V2 + Vin

R0

 (3)

It is similar for voltage across C2.
Now, by exploring the symmetry of the system same like two phase all inductances and

capactors are same and also, using the same current reference for the currents of each
module, the current in every phase is the same, i.e., I1 = I2 = · · · = IN = I and the duty
cycle is the same for all phases, i.e., δ1 = δ2 = · · · = δN = δ.

Then
d

dt
I =

1

L

(
−RI − V δ̄ + Vin

)
(4)

and

d

dt
V =

1

C

[(
Nδ̄I

)
2

+
−2V + Vin

R0

]
(5)

In the state-space form, the state vector is

X =
[
I V

]I
(6)
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while the system and input matrix are

A =


−R

L

−δ

L

Nδ

2C

−2

R0C

 B =


1

L

1

R0C

 (7)

The set of attainable equilibrium points of the converter is given by

Xeq = −A−1BU. (8)

Using above, the set of equilibrium points can be written as

Xeq =

[
Ieq
Veq

]
=


2 + 2δ

4R +NR0 (1− δ)2

2R +NR0 (1− δ)

4R +NR0 (1− δ)2

 (9)

Using the state-space averaging method [2,4,5] and assuming the small-signal approxi-
mation, the equivalent linear system near the equilibrium point is given by

˙̃x = Ax̃+ [(A1 − A2)X + (B1 −B2)U ]δ̃ (10)

where A1 and A2 are the matrices when δ value for 1 and 0 respectively. X means the
value of X at equilibrium point.
Using above values the equation can be simplified into

˙̃x = Ax̃+ [(A1 − A2)X]δ̃ (11)

Substituting all the above values, finally we get

˙̃x =

[
˙̃i

˙̃v

]
=


−R

L
ĩ− δ̄

L
ṽ +

Vin

L

{
2R +NR0(1− δ)

4R +NR0(1− δ)2

}
δ̃

Nδ̄

2C
ĩ− 2

R0C
ṽ − NVin

2C

{
(2 + 2δ)

4R +NR0(1− δ)2

}
δ̃

 (12)

3. Methodology of Sliding Mode Controller. With reference currents of the induc-
tors are generated using small signal analysis, a feedback controller should be designed
to guide the currents towards the reference. Due to fast and robustness requirement of
the converter performance, a sliding mode controller is designed, which is a large signal
model resulting in global stability. A sliding surface is defined as

S = ṽ + kĩ

Ṡ = ˙̃v + k ˙̃i

Ṡ =
Nδ̃

2C
ĩ− 2

R0C
ṽ − NVin

2C

{
(2 + 2δ)

4R +NR0(1− δ)2

}
δ̃

+ k

[
−R

L
ĩ− δ̃

L
ṽ +

Vin

L

{
2R +NR0(1− δ)

4R +NR0(1− δ)2

}]
δ̃ (13)

Separating ṽ, ĩ terms and δ̃ terms, then we get

Ṡ =
Nδ̃

2C
ĩ− 2

R0C
ṽ − k

R

L
ĩ− k

δ̃

L
ṽ

+

[
k
Vin

L

{
2R +NR0(1− δ)

4R +NR0(1− δ)2

}
− NVin

2C

{
(2 + 2δ)

4R +NR0(1− δ)2

}]
δ̃ (14)

Sliding mode will be there when Ṡ = 0.
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The generalized control structure

u = −f(x)− k1sign(S) (15)

From the above equation controlling signal δ̃ is obtained

δ̃ =

[{
−Nδ̄

2C
ĩ+ 2

R0C
ṽ + kR

L
ĩ+ k δ̄

L
ṽ
}
− k1sign(s)

]
[
k Vin

L

{
2R+NR0(1−δ)
4R+NR0(1−δ)2

}
− NVin

2C

{
(2+2δ)

4R+NR0(1−δ)2

}] (16)

The control diagram of implemented controller is shown in Figure 3. V1 and V2 are
the module-1 and module-2 capacitor-voltages respectively. i1, i2, i3, i4, i5 and i6 are
respective phase currents. V1 is the DC link voltage input to the sliding mode controller
for module-1 while V2 is for the module-2. Similarly, i1, i2 and i3 are the input to sliding
mode controller of module-1 and i4, i5 and i6 are the input to the module-2 sliding mode
controller. Duty ratio is the output of the SMC and is used to generate PWM pulses to
control the power switches.

Figure 3. Control diagram of the implemented controllers

4. Results and Discusions. The IDDB converter is modelled and its performance of
the system by employing sliding mode controller is verified on MATLab/Simulink. The
results of whole system parameters are shown below. In these two phases and six phase
IDDB converter with sliding mode controller simulation results are explained.

The PWM pulses that are fed to two first-phase IGBTs are depicted in Figure 4. From
the above it is clear that both switches are operating simultaneously.

The current flowing through the inductance of the two phases is presented in Figure 5.
It is clearly observed that the current in each inductance has a current ripple of 8 A. So
that the size of inductance L1 and L2 can be reduced as well as power handling capacity
of the conventional boost converter is increased by using IDDB converter.

Output current is shown Figure 6. In this it is observed the output current value is
maintained constant. From Figure 7 the sliding surface also came to constant.
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Table 1. Parameter values

Parameter Description Value
Vin Input Voltage 60 V
R Series Resistance 0.15 Ω
L Inductance 535 µH
C Capacitance 470 µF
R0 Load Resistance 59 Ω
fsw Switching Frequency 10 kHz
δ Duty Cycle 0.73

Figure 4. PWM pulses to IGBTs

Figure 5. (color online) Input current to two phase IDDB

The output voltages, voltage across the capacitors in both phases are shown in Figure
8. From the above the output voltage is regulated at the reference point and capacitor
voltages are also constant from the given 60 V input by using sliding mode controller.
It is clear from Figure 8 that the fuel cell voltage, 60 V, is boosted to 380 V with the
help of IDDB converter and maintaining constant 380 V at load side using sliding mode
controller.
The dynamic performance of the sliding mode controller is also evaluated. Figure 9

shows its effectiveness for a step load change from 3 kW to 4 kW, the input voltage
regulated by SM controller can come back to the nominal value after a regulating period
by regulating the output voltage to the desired value in a short time. However, in practice,
parameter variations may creep into the components. In order to demonstrate the validity
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Figure 6. Output current of two phase IDDB

Figure 7. (color online) Sliding surface of two phase IDDB

Figure 8. Output voltage of two phase IDDB
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Figure 9. Waveforms of the converter in dynamic state

Figure 10. Output current to six phase IDDB

of the adopted simplifications, the full-system model has been considered variations in the
components.
Now coming to six phase IDDB, the current flowing to the inductance of the six phases

is shown in Figure 11. From the above it is clearly observed the current in each inductance
is varying from 10 A to 20 A respectively. Output current is shown Figure 10. In this it
is observed the output current value is maintained constant. From Figure 8 it is clearly
observed that the sliding surface also came to constant.
As the number of phases is increasing with the same input voltage. The input current

value reduced but the output current value increased nearly 6.5 A to 9 A, respectively.
The output voltage also increased nearly 400 V to 500 V and it is shown in Figure 12.
With this it is observed that increasing the number of phases in IDDB with same input
then the power handling capability of the converter is increasing.

5. Conclusions. This paper has briefed the modelling of the general N -phase IDDB
and small signal analysis has been carried out. The sliding mode control design for
this converter is illustrated for two-phase as well as six-phase IDDB. It is evident from
the results that as the number of phases increases, the power handling capability of the
converter is found to be increasing. Hence, the converter can be upgraded with more
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Figure 11. (color online) Input current to six phase IDDB

Figure 12. Output voltage of six phase IDDB

number of phases as per the load requirements. The symmetry of the converter and the
control action were utilized in order to reduce the complexity of the model. Simulation
results in MATLAB/Simulink were provided in support of the theoretical analysis. In
future, the output of DC-DC boost converter is given to inverter to drive a PMSM with
suitable controller.
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