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ABSTRACT.

This paper presents a method to improve the efficiency of a DC-DC converter that is
suitable for the hybrid electrical vehicles (HEV). In the recent past lot of work has been carried
out in this area but a detailed study on various parameters was not carried out due to which
most of the problems related with different environmental conditions were overseen. This study
with detailed information on the load analysis over uphill and downhill terrains helps to
understand the electrical vehicles performance for different load conditions along with different
forces contributed due to the position of vehicle. These results are helpful to define the desired
amounts of power requirements for the DC-DC converters to design an efficient HEV. In this
work, all three types of converters using PI, PID and Fuzzy logic controller (FLC) were tested
with a successful analysis of different parameters such as rise time, settling time, peak time,
peak overshoot, steady state error and efficiency are listed in a tabular columns. The results
show that the efficiency has been improved by using a FLC as compared to a PI and PID
controllers to 93 %.
RÉSUMÉ. Cet article présente une méthode permettant d’améliorer l’efficacité d’un

convertisseur DC-DC adaptéaux véhicules électriques hybrides (HEV). Récemment,
de nombreux travaux ont étéeffectués dans ce domaine, mais aucune étude détaillée
sur divers paramètres n’a été réalisée, en raison de laquelle la plupart des problèmes
liés à différentes conditions environnementales ont étéréglés.Cette étude avec des
informations détaillées sur l'analyse de la charge sur les terrains en montée et en
descente aide àcomprendre les performances du véhicule électrique dans différentes
conditions de charge, ainsi que les différentes forces induites par la position du
véhicule.Ces résultats sont utiles pour définir les quantités d’alimentation souhaitées
pour les convertisseurs DC-DC afin de concevoir un HEV efficace.Dans ce travail,
les trois types de convertisseurs utilisant PI, PID et contrôleur logique floue (FLC)
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ont ététestés avec une analyse réussie de différents paramètres tels que le temps de
montée, le temps de stabilisation, heure de pointe, dépassement de pointe, l'erreur de
l'état d'équilibre et d'efficacité sont répertoriés dans une des colonnes des
tableaux.Les résultats montrent que l'efficacitéa étéaméliorée en utilisant un FLC
par rapport aux contrôleurs PI et PID à93%.
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1. Introduction
In the recent past lot of work has been carried out in the area of hybrid vehicles,
but a detailed study on various parameters was not carried out due to which most of
the problems related with different environmental conditions were overseen. This
paper with detailed information on the load analysis over uphill and downhill terrains
which helps to understand the electrical vehicles performance for different load
conditions along with different forces contributed due to the position of vehicle. A
method to improve the efficiency of a DC-DC converter that is suitable for the hybrid
electrical vehicles (HEV) has been proposed. A bidirectional DC-DC converter with
closed loop controller with different modes of operations are being tested and
simulated successfully after designing them practically. These results are helpful to
define the desired amounts of power requirements for the DC-DC converters to design
an efficient HEV. This paper also involves designing of different types of DC-DC
converters like buck, boost, buck boost which can be used based on the type of load
and required level of voltage. A PI, PID, Fuzzy controllers have been designed and
different rules have been provided for fuzzy controller which works with different
membership functions and a defuzzification method called centroid has been used. In
this work, all three types of converters using PI, PID and Fuzzy logic controller (FLC)
were tested with a successful analysis of different parameters such as rise time, settling
time, peak time, peak overshoot, steady state error and efficiency.
2. Hybrid electric vehicles (HEV)
The usage of the electric vehicles (EV) and hybrid electric vehicles (HEV) are
mostly discussed and popular topics, which are gaining attention of developed and
developing nations to solve the problems related with environment and shortage of
natural resources such as petroleum, coal and gas. The conventional vehicles
movement is dependent on gasoline engine which generates the required force. A lot
of maintenance is needed from filling the oil to changing the oil and regular repairs
are quite essential. However, in an electric vehicle, electric motor provides the
essential force to move the vehicle. But these vehicles need low maintenance, cheaper
and are more energy-efficient. The efficiency of electric vehicles needs to be
consistent when they are travelling in different terrain conditions. It is seen that the
efficiency is always a challenging task for the designers of HEVs. In most of the
modern HEVs, regenerative brakes (converts vehicle kinetic energy to electric energy)
(Gao and Ehsani, 2001) are used to improve the efficiency. Here the electric energy
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will be stored into a super-capacitor or ultra-capacitor (UC) or a battery. In some cases
internal combustion engines (Frank, 2000) are used to generate the electricity by
spinning the generators or by directly powering the motors. The UC must be capable
of storing high power densities and such property may create some kind of
interference problems once the batteries are fully charged. To avoid such issues buckboost converters were used as a replacement to UC for the recovery of energy while
braking (Itani et al., 2016). The process of vehicle electrification started in 1950 by
using hybrid energy storage systems (HESS. HESS is a composition of Li-Ion battery
which in general used as an electrical source and in ultra-capacitors for braking
systems and acceleration (Cegnar et al., 2004). Various authors worked on HESS to
investigate its performance by using different types of controllers such as PI, PID and
Fuzzy logic based. In this work, all such controllers are tested to propose an improved
version of the HEV with enhanced efficiency to work with different terrains.
2.1. Recent work on DC-DC converters for HEVs
The demand for electric vehicles by both public and private transportation sectors
made remarkable innovative milestones in the area of delivering energies at high
power rates at the time of accelerating the engines and also to accept the high-power
regeneration at the time of braking. Buck, boost and Buck-boost controllers are most
popularly known in the market due to the ability to replace the ultra-capacitors. An
auxiliary energy system (AES) proposed by Ortúzar used the ultra-capacitors and
buck-boost converter to evaluate the EVs (Ortúzar, 2005). This arrangement could
increase the power output from 40 kW to 85 kW. To accomplish this, experiment the
author two algorithms were used based on heuristics and optimal control techniques,
which are then applied to a neural network-based programming. The super-capacitor
bank with a storage capacity of 100 Wh proposed by Lium was tested later using a
bidirectional DC-DC converter with a bridge configuration and three inductors (Lium,
2007). This converter was based on standard intelligent power module, which is
capable of switching 150 A at 600 V. This experiment was based on the boost system
to drive different loads at high acceleration speeds. A constructive work was carried
out by Pepper to study the advantages of discontinuous conduction mode (DCM) of
operation against the continuous conduction mode (CCM) of operation in DC-DC
converters revealed that the DCM operations do not hold the capacity of power flow
in both directions. The DC-DC converter proposed in this work operated an EV with
a high regulated voltage of 700 V as well.
Later, Martí
nez et al. proposed a buck-boost converter which can provide even
fractional control for the EVs using non-integer order control to improve the
performance of converter (Martí
nez et al., 2010). The authors in this work used ultracapacitor-based feedback technique to overcome classical problems, such as energy
losses due to battery usage and to obtain more accuracy, autonomy and efficiency. In
an effort to design a fuel cell shaft power pack (FCSPP) for the small trucks Schaltz
used the buck-boost converter to switch the voltages as per the requirement of the EV
depending on the actual fuel cell power levels (Schaltz, 2010). This arrangement
allowed a smooth transition between both the modes of operation. Later a plug-in
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HEV proposed by Hirota et al. used a new AC/DC converter which is suitable for
supplying the power from a generalized commercial power system which we get in
real life to the one suitable for onboard high-voltage battery also (Hirota et al., 2011).
These converters demonstrated an efficiency of 90 % as compared with the
conventional converters. However, the DC-DC converters are best suitable for
avoiding the complexities of switching converters due to complexity, isolation,
electronic noise, and high cost (Sakka et al., 2011). A DC-DC converter was proposed
by Christen et al. for ultra-fast charging of an EV reported to achieve an efficiency of
99.5% for a wide operating range (Christen et al., 2012). Muller and Heinrich
suggested adjusting the overall DC-link voltage for improving the efficiency of DCDC converter at a level which is equal to optical operating point (Mueller and
Heinrich, 2013). Apart from that at high operating points it helps to reduce the power
losses for power electronics and electrical machines. Different types of buck, boost
and buck-boost converters are provided with over current protection and frequency
synchronization by Texas Instruments (Instruments, 2015). Variety of areas that
benefit from DC-DC converters are given by a figure by Muller and Heinrich as shown
in Fig. 1.

Figure 1. The expected future path for DC-DC converter

In an attempt to provide minimum phase behavior and excellent dynamic
performance with heavy loads Kumar et al. proposed a modified non-isolated
bidirectional DC-DC converter for HEVs (Kumar et al., 2016). The application of the
DC-DC converter was used between solar panels and battery by Elangovan et al. for
lifting the DC voltages levels from the solar panels (Luo et al., 2010). The authors
proposed an advanced DC-DC converter, naming it as super-lift converter (SLC),
which is based on EVs.
3. Load analysis for uphill and downhill terrains
Consider a vehicle moving on a terrain with slop will be having the influence of
various forces on it as shown in Figure 2. These forces are due to gravity, wind flow,
inertia and rolling resistance need to be overcome by a motor of the truck. The forces
acting on the driving wheels (Schaltz, 2010) is given by
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(1)
Here,
𝑓𝑡 is traction force on driving wheels and is given by (𝑀𝑡𝑟𝑢𝑐𝑘 − 2𝑚𝑔𝑤 )𝑣̇ 𝑇𝑟𝑢𝑐𝑘
fg is gravitational force on vehicle and is given by 𝑀𝑡𝑟𝑢𝑐𝑘 ∙ 𝑔
fn is normal force of vehicle and is given by 𝑀𝑡𝑟𝑢𝑐𝑘 ∙ 𝑔 ∙ cos(𝛼)
𝑓𝑟𝑟 is rolling resistance force of wheels and is given by 𝑀𝑡𝑟𝑢𝑐𝑘 ∙ 𝑔 ∙ cos(𝛼) ∙ 𝐶𝑟𝑟
𝑓𝑤𝑖𝑛𝑑 is force due to wind resistance and is given by
1
2

𝜌𝑎𝑖𝑟 ∙ 𝐶𝑑𝑟𝑎𝑔 ∙ 𝐴𝑓𝑟𝑜𝑛𝑡 ∙ 𝑔(𝑣𝑇𝑟𝑢𝑐𝑘 + 𝑣𝑤𝑖𝑛𝑑 )2

α is the angle of driving surface
𝑓𝑙 is inertial force on the vehicle
𝑀𝑇𝑟𝑢𝑐𝑘 is total mass of the vehicle

Figure 2. Illustration of different forces acting on the truck

The relationships between different parameters such as shaft torque (τs ), angular
velocity (ωs ), traction force (ft ) and truck speed (𝜐𝑇𝑟𝑢𝑐𝑘 ) are given by
(2)
(3)
(4)
(5)
(6)
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Here the parameters are given from the view of shaft side
𝑠
𝐽𝑔𝑤
is the equivalent moment of inertia of gear-box and wheel
𝑠
𝐵𝑣,𝑔𝑤
𝜔𝑠 is the equivalent viscous friction coefficient of the gear-box and wheel
𝑠
𝜏𝑣,𝑔𝑤
is the equivalent coulomb torque of gear-box and wheel

G is the gear ratio
ωω is the wheel angular velocity
ωs is the shaft angular velocity
𝜏𝑡𝑠 is the traction force
In this experiment, a truck was considered to be travelling on a road with the slope,
α = 15% and calculated the shaft power when the maximum speed of the truck,
𝜐𝑇𝑟𝑢𝑐𝑘,𝑚𝑎𝑥 = 20𝑘𝑚/ℎ and the load on the truck was tested for 0 and 1000 kg, the
continuous consumption at 0% gradient was found to be 65% higher with a complete
full load as compared with no loads. In case of a single power source, power source
needs to provide two times the maximum power for the shafts and is calculated to be
16.65 kW. The results are shown in Fig. 3 by assuming the mass a driver to be 90 kg.
The simulation results for slop of the road, truck speed, shaft torque and shaft power
are shown in Fig. 3 for different masses of the loads.

(a) the slope of the road

(c) the shaft torque

(b) the truck speed at different intervals

(d) shaft power

Figure 3. The Simulation results for the truck with different loads of 0 and 1000 kg.
Shows

From this experiment, it is observed that during the acceleration the battery current
is very high and due to which there is a drop in inner resistance and voltages across
the battery. However, the same battery voltage observed to increase when braking
energy is given back as input to the battery.
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4. Assessment of controllers for different terrains
In this work a test has been carried out for different types of terrains for a PI and
Fuzzy Controllers to understand the EV behavior with different Controllers.
4.1. PI and PID control
A professional-integral (PI) controller is considered to be one of the special cases
of professional-integral derivative (PID) controllers (Yu, 2006). Most of the control
systems in the industry use these PID controllers to calculate the error values as a
difference between measured process variable values and the desired set point values.
For most of the closed loop operations in industrial automation the PID Controllers
are widely used. A PID controller consists of a logic, function block, selector and
sequence (Kecskés and Odry, 2014). The general approach to PID tuning is given
below:
•

At the initial stage set the integral gain to zero

•

Now, increase the KP until a satisfactory response is observed; and

•

Finally add the integral gain and then adjust KI so that the steady state error is
eliminated
As compared to a PI controller, the fuzzy logic controller is completely based on
a defined model of the system. But both will execute same control rules and standards
(Kim and Lee, 2016). In this work, to understand the role of terrain resistance, road
conditions and different terrains over an electric vehicle were examined and obtained
the following results. To obtain the desired velocities by an HEV in different terrains
most of the times the kinematic-based rough terrain control (KRTC) approach is used
as suggested by Kim and Lee (Mendel et al., 2014). The simulation results for both
uphill and downhill terrains are shown in Figure 3.

(a)

(b)

Figure 4. The simulation results for a PI controller (a) uphill terrain and (b)
downhill terrains

In the uphill terrain response of a PI controller achieved a speed of 70 rad/s as
shown in Figure 4 (a). But during the trip in rolling resistance drastic change is
observed in uphill terrains. However, for downhill terrain the PI controller a speed of
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58 rad/s is achieved as shown in Figure 4 (b). But in this process a sharp drop in speed
is observed when rolling resistance is increasing.
4.2. Fuzzy logic control
A set of linguistic rules will define the basic controls of a fuzzy logic control (FLC)
and the system will determine these rules (Ng et al., 2014). It does not require any
kind of mathematical modeling since the rules are defined by the system itself. In
general, a FLC consists of three major blocks: i) fuzzification, ii) interference engine,
and iii) defuzzification.
On the other hand, the fuzzy controls are characterized by following five steps:
(1)
For each input and output apply seven fuzzy sets
(2)
For simplicity use triangular membership functions
(3)
For fuzzification use the continuous universe of discourse
(4)
Implementation using Mamdani “s” min operator; and
(5)
Finally, defuzzification using “height” method
FLC’s are well known to deliver appropriate results at the time of uncertainty and
imprecision. Allows a layman to understand the functionality and develop own
practical control algorithms with a human friendly thinking and perceptions. They
outperformed traditional PID controllers and delivered similar results or even with
more accuracy (Ng et al., 2014). A simple FLC block diagram is shown in Figure 5.

Rule Base

Pre-Processing

Fuzzification

Defuzzification

Post-Processing

Interference
Engine

Figure 5. Shows the fuzzy logic controller

4.2.1. Fuzzification
Seven fuzzy subsets are used for fuzzification and for the linguistic variables
different membership values will be assigned
1.
2.
3.

Negative Big (NB)
Negative Medium (NM)
Negative Small (NS)
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4. Zero (ZE)
5. Positive Small (PS)
6. Positive Medium (PM) and
7. Positive Big (PB).
In general, the partition of fuzzy subsets and shape of membership functions will
adapt the shape up to appropriate desired system. Using the input scaling factors the
value of input error, E(k) and change in error CE(k) are normalized. Different fuzzy
rules used are given in Table 1.
Table 1. Fuzzy rules
𝜀⁄∆𝜀

NB

NM

NS

ZE

PS

PM

PB

NB

NB

NB

NB

NB

NM

NS

ZE

NM

NB

NB

NM

NM

NS

ZE

PS

NS

NB

NM

NS

NS

ZE

PS

PM

ZE

NB

NM

NS

ZE

PS

PM

PB

PS

NM

NS

ZE

PS

PS

PM

PB

PM

NS

ZE

PS

PM

PM

PB

PB

PB

ZE

PS

PM

PB

PB

PB

PB

In the deigned system, the input scaling factor is considered to be with the input
values that are varying between -1 to +1. Also, it is considered that membership
function will have a triangular shape and only one type of domain fuzzy subset will
be available for any applied input. The simulation results of the membership functions
are shown in Fig. 6.

Figure 6. Membership functions
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4.2.2. Interference method
There are several compositions available such as Max–Min, Max-Dot, etc. but
here Min method is applied. At this juncture the output membership function for any
applied rule will be assigned by minimum and maximum operators.
4.2.3. Defuzzification
The role of defuzzification stage is needed due to the requirement of non-fuzzy
value of controls. Height method is used to compute the FLC output and which later
modifies the control output. The same FLC output will control inverter switches. To
perform all these control parameters, all these parameters will be sensed and then
compared with the defined references values. In this work, for fuzzification nonuniform fuzzifier was used. In case when the exacted values of error and change in
error are very small, they are subjected to divide conversely. However, if they are very
large, they are subjected to divide coarsely.

(a) uphill terrain

(b) downhill terrains

Figure 7. The Simulation results for a fuzzy controller

In the uphill terrain response of a FLC achieved a speed of 70 rad/s (as shown in
Figure 7 (a)). However, for downhill terrain FLC speed obtained was of 60 rad/s as
shown in Figure 7 (b).
5. Measurement results for boost, buck and Buck-Boost converters
In this study, all the three types of converters are designed and tested for proposing
an improved version of converter to improve the efficiency.
5.1. Boost converter
This is condered to be a step-up converter for DC-to-DC power conversion. In the
designed boost converter, the efficiency for PI, PID and FLC are marginally improved
as shown in Table 3. The corresponding values of rise time, settling time, peak time,
peak overshoot, steady state error and efficiency are also shown in the table.
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Table 2. Boost converter
PI

PID

FUZZY

Rise Time, tr (sec)

0.09

0.06

0.001

Settling Time, ts (sec)

0.3

0.22

0.08

Peak Time, tp (sec)

0.17

0.11

0.002

Peak Overshoot (%)

7.2

8.3

13.3

Steady State Error, (ESS)

0.03

0.02

0.02

Efficiency (%)

85

87.3

89

THD (%)

5.57

3.41

2.73

The obtained results are given below for different converters are as listed in Table
2 with the plots as shown in Figure 8.

(a) PI

(b) PID

(c) Fuzzy
Figure 8. Boost with

The applied input votage at boost converter input is boosted to 50 V at the output
from the designed circuit. For each converter all the controllers (i.e. PI, PID, FLC) are
applied and the results are quantified. The efficiency seems to be increasing using the
FLC to 85 to 89 % as compared with PI and PID controllers.
5.2. Buck converter
This is a step-down converter for DC-to-DC power conversion. In the designed
buck conversion, the efficiency for PI, PID and FLC are improved as shown in Table
3. The corresponding values of rise time, settling time, peak time, peak overshoot,
steady state error and efficiency are also shown in the table.
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Table 3. Buck converter
PI

PID

FUZZY

Rise Time, tr (sec)

0.02

0.01

0.012

Settling Time, ts (sec)

0.22

0.13

0.04

Peak Time, tp (sec)

0.03

0.02

0.04

Peak Overshoot (%)

10.4

11.3

0

Steady State Error, (ESS)

0.03

0.02

0.01

Efficiency (%)

87

88.5

89.3

THD (%)

5.99

4.65

3.21

The obtained results are given below for different converters are as listed in Table
3 with the plots as shown in Figure 9.

(a) PI

(b) PID

(c) Fuzzy
Figure 9. Buck with

The buck converter designed in this work reduced the applied input votage 50 V
to a low value at the output from. The efficiency seems to be increasing using the FLC
to 85 to 89 % as compared with PI and PID controllers.
5.3. Buck-Boost converter
This is DC-to-DC power converter which provides an output voltage with required
levels of voltage magnitudes based on the circuit requirements. In the designed buckboost converter the efficiency for PI, PID and FLC increased from 90 to 93 % as

Enhancing the efficiency of a DC-DC converter

87

shown in Table 4. The corresponding values of rise time, settling time, peak time,
peak overshoot, steady state error and efficiency are also shown in the table.
Table 4. Buck-Boost converter
PI

PID

FUZZY

Rise Time, tr (sec)

0.01

0.02

0.06

Settling Time, ts (sec)

0.17

0.1

0.02

Peak Time, tp (sec)

0.03

0.03

0.02

Peak Overshoot (%)

10

7

0

Steady State Error, (ESS)

0.7

0.6

0.43

Efficiency (%)

90.1

90.5

93

THD (%)

4.11

3.24

2.16

The obtained results are given below for different converters are as listed in Table
4 with the plots as shown in Figure 10.

(a) PI

(b) PID

(c) Fuzzy
Figure 10. Buck-Boost with

5.4. Discussions
Boost, Buck and Buck-boost converter operating with PI, PID, and FUZZY
controllers proposed in this work are designed practically and successfully simulated
using MATLAB tools. Though the boost converter with fuzzy controller has a good
rise time of 0.001 sec, the percentage of total harmonic distortion (THD) is 2.73 and
efficiency is 89%. In case of buck converter with fuzzy controller the efficiency has
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been improved to 89.3%. Fuzzy controller base buck-boost converter has given a very
good performance as compared with PI and PID controllers. Though it has slightly
longer rise time as compared with PI and PID controllers. In this, the THD has been
reduced to 2.16% and with an improved efficiency of 93%.
6. Conclusions
In this work, a bidirectional DC-DC converter with closed loop controller with
different modes of operations are being tested and simulated successfully after
designing them practically. In the case of closed loop systems-based controllers the
results observed for fuzzy controllers are providing better results when compared with
both PI and PID controllers. Zero peak overshoot and lesser steady state error were
obtained in this research as a main contribution to the existing controller systems. As
a result, the overall THD found to be reduced which in turn supported to enhance the
overall efficiency of the system up to 93%.
The converters based on Neuro fuzzy controller are under test as a part of future
work. In this work a comparison between fuzzy and neuro fuzzy controllers will be
made to establish a clear understanding of the proposed work.
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