<
OMD ==

2024, VOL. 8, NO:1, 30-36

INTERNATIONAL JOURNAL OF
AUTOMOTIVE SCIENCE AND TECHNOLOGY

www.ijastech.org

AT
1 MOTIVE
sc INOLOGY
e e

e-ISSN: 2587-0963

Modified boost converter for renewable energy powered battery charger

Amrita Kushwaha®

, Arif Igbal®”

and M. Arifuddin Mallick*

L.3Department of Electrical Engineering, Integral University, Lucknow, 226026, India
2Department of Electrical Engineering, Rajkiya Engineering College, Ambedkar Nagar, 224122, India

Abstract

Research Article

In view of the tremendous electrification of transportation sector, development and management
of an integrated charging unit has been under research focus for last few decades. Therefore, this

paper deals with the development of an integrated battery charging unit in which a modified DC-DC
boost converter has been proposed for electric vehicles (EVs). With a nominal number of components
(one inductor, one capacitor, one diode and three switches) in proposed converter, charging unit is

suitable to charge the batteries in a wide voltage range. A simplified control scheme is also developed
to regulate the output DC link voltage of proposed converter which is used to charge a connected
battery during plug-in operation. Propulsion system is developed by using a three phase induction

machine (as propulsion motor) of vehicle, which has been controlled by using indirect field-oriented
scheme to ensure higher performance. Operation of the motor drive has been investigated during
propulsion and regeneration operation. Complete system has been developed and investigated by

using Matlab/Simulink.
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1. Introduction

With the ever increasing energy demand together with the vari-
ous environmental issues, there is a steady shift of conventional
energy source to renewable side for last few decades. Use of re-
newable energy has revolutionized many industrial sectors. In this
regard, many advanced findings have been presented showing a
tremendous development transportation domain. It is expected that
conventional vehicles will be electric vehicles (EVs) and hybrid
EVs in near future [1, 2]. With the on-going deployment of renew-
able energy in automobile sector has increased the usage of EVs.
But, it is accompanied by various challenges including the efficient
charging unit using an advanced control scheme and infrastructure
[3-5]. For battery charging purpose, input supply are usually trans-
formed in single or double stages and hence, identified as single
stage or two stage charger respectively. For higher power applica-
tion, two-stage charger is used with a low output harmonics [6, 7].
Although, such charger is suitable for high density battery but,
structurally it is more complex due to higher number of compo-
nents and complicated control schemes. Single stage charger on
other hand, uses a less number of components [8-11] and is suited

with the available DC grids and renewable energy resources [12,
13].

With the development in the field of power electronics and ad-
vanced control system, provided an opportunity to different elec-
trical motors in propulsion system of EVs. Desirable features of
the propulsion motor are: ability to generate higher starting torque,
higher efficiency, smaller size, lower operational noise and cost
effectiveness. [14, 15]. For small power application, DC motor is
used, which yield high starting torque with simple control. But, it
offers the disadvantage of frequent maintenance and high noise
due to the use of commutator and brush arrangement [16]. In view
of it, Brushless DC (BLDC) motor is now replacing the conven-
tional DC motor which uses the electronic commutator, requiring
less maintenance [15, 16]. Presently, Permanent Magnet Synchro-
nous Motor (PMSM) is preferably used in automobile vehicle,
suited for high performance and higher power application [17]. It
uses the PM and characterized by back electromotive force (emf)
which is sinusoidal in nature but, is trapezoidal in shape in case of
BLDC motor. Major challenge in PMSM is due to the high cost of
magnets used, which may be further demagnetized at higher cur-
rent flow in stator winding. These factors need to be addressed
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without scarifying the performance of EVs [14, 16-18]. Among the
PM free propulsion motor, induction machine has been success-
fully used in transportation sector [19] due to their mature control
technologies, negligible maintenance, robust construction, availa-
bility in wide power range and low cost. In view of these features,
a three-phase induction motor has been considered in propulsion
of present work.

This paper presents a modified DC-DC boost converter topol-
ogy to develop an integrated battery charger of EVs. A simplified
control scheme of proposed converter is also developed to regulate
the output DC link voltage, used to charge the battery during plug-
in operation. Investigated EV system is equipped with a three-
phase induction machine as a propulsion motor which is controlled
by using indirect field oriented scheme to ensure high performance
of propulsion system. Operation of the propulsion motor has been
presented during propulsion and regeneration of vehicle. Complete
system has been developed and simulated by using Matlab/Sim-
ulink. Remaining sections of this paper are organized as: Section 2
presents the mathematical modeling of a three-phase propulsion
motor. In section 3, operation of proposed modified boost con-
verter is presented in all operating modes: plug-in, propulsion and
regeneration. Section 4 presents the employed control scheme ap-
plicable to proposed converter and drive unit of motor. Section 5
presents a discussion on the obtained results in different modes of
operation. Finally in section 6, concluding key remarks are pre-
sented obtained during the analysis of developed system.

2. Mathematical model of propulsion motor

In the propulsion system, a three-phase induction machine has
been considered as propulsion motor. In arbitrary reference frame
at speed wy, both stator and rotor circuit are mathematically de-
fined as [20]:

Vaas = Rsigas + Wi Faqs + PFqas (€]
Vgar = Ryigar + (@) — 0. )Faqr + PFyar 2
where, vygs = [Vas  Vas]™; vggr = [Var  Var]”

lgas = [igs  las]” ; lgar = [igr  Tar]”

Foas = [Fos  Fas]™ ; Foar = [For  Far]"

Faqs = [Fas  —Fgs]" ; Fagr = [Far  —Fpr]"

In above expressions having the subscript ‘s’ and ‘r’ show the
quantity of stator and rotor respectively. Flux linkage F of stator
and rotor in two axis coordinate system (d-q) is defined as

qus = Llsidqs + Lm(idqs + idqr) (©)

qur = Llridqr + Lm(idqs + idqr) )

Developed motor torque and rotor speed are;

v"'ylmMaMﬂl’GMmf
T, = (3) (5) (Fasias = Fisis) ©)
W, = Z%I(Te —T)dt (6)

wherein P, | and T; denotes the number of poles, moment of
inertia and load torque respectively.

3. Proposed converter operation

In the proposed converter topology, the DC input is given from
renewable energy source (solar PV, fuel cell etc.) and is designated
as Renewable Energy Side Converter (RESC). This converter is
used to obtain the boosted DC output which is fed to the machine
drive unit (MDU) of propulsion motor. The proposed RECS is a
modified DC-DC boost converter, constituted by a nominal num-
ber of components i.e. three switches (i.e. S;, S,, S3), one diode,
one inductor (L) and one capacitor (C). This also signifies a simple
and easy design of proposed converter. Proposed RESC used in an
integrated battery charging unit of EVs operates in the following
modes:

3.1 Plug-in operation

The developed charging unit is connected to the DC source dur-
ing plug-in operation. Charging of the connected battery takes
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Fig. 1. Plug-in operation during (a) Stage | (b) Stage Il (c) Stage 11l
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place in different stages. In stage |, energy from DC source is trans- S3
ferred to the connected inductor (L) through switch S; and current Bt Fa—
flows through the path: V* — L — S, — V™, transferring energy L —
from DC source to indictor L. Flow of current in stage | is shown + AR L ’I'f]‘
by red arrow in Fig. 1 _(a). In stage I, inductor store_d energy is g ‘11- ==
transferred to the capacitor C by the flow of current in the path: = J ;} s1 == @ —_1 \ b
Vt—L—D—C*—C~—V~, hence increases the voltage v,. 2 7 o
Flow of current in stage Il is shown by red arrow in Fig. 1 (b). In = [==F
stage 11, this energy stored in capacitor C is used to charge the @
connected battery through the flow of current in the path: C* —
S, —V;- =V, — C~ hence, increases the voltage V,. Flow of 53
current in stage 111 is shown by red arrow in Fig. 1 (c). Associated 16T
voltage and current waveforms during plug-in operation are shown L 5 :‘
. . - ' —l_ Do
in Fig. 4 (a) i = 0T
3.2 Propulsion operation g + +
. . . . . 8 PP == T p
During this operation, DC power stored in battery is used to 3 J ._} S1 _ !
drive the propulsion motor through inverter circuit. Initially at A i
stage I, switch S5 is operated (S; = 1) and current flows to trans- =
fer the stored energy of capacitor through the path: ¢* —S; — . ) ) (®) )
MDU — C~. This decreases the capacitor voltage v,. In stage I, Fig. 3. Regenerative operation during () Stage | (b) Stage 1
the voltage v, isrestored through the transfer of the stored battery
energy to capacitor by the flow of current in path: V,f — S, — Stage 1 Stage IT Stage ITI
C* — C~ =V, . Flow of current path in stage | and Il is shown in ‘
Fig. 2 (a) and Fig. 2 (b) respectively. Voltage-current waveforms 4 os1=1 | SI=0 | S2=1
during propulsion operation are shown in Fig. 4 (b). ; :
. . B 0 ey
3.3 Regeneration operation L ; ,
During this operation, energy is fed back to the battery from i ¥ /\'
drive unit of propulsion motor. During stage I, switch S5 isin ON ; :
position (S; = 1) and current flows in the path MDU — S; — v f/’?\
C* — C~ — MDU. This results an increase in capacitor voltage v, ¢ } |
and hence, increases the stored energy in it. Ib 1 \
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Fig. 2. Propulsion operation during (a) Stage | (b) Stage Il

Fig. 4. Relevant voltage and current waveform in different operation (a)
Plug-in (b) Propulsion (c) Regenerative operation
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Fig. 5. Complete system with control units for RESC and MDU

During stage 11, this energy is then transferred to the connected
battery and hence, the charging through the flow of current in
path: C* — S, —V,t —V, — C~. Flow of current path in stage |
and Il is shown in Fig. 3 (a) and Fig. 3 (b) respectively. Voltage-
current waveforms during propulsion operation are shown in Fig.
4 (c).

4. Control strategies of system

Complete investigated system set-up together with their simpli-
fied control strategies is shown in Fig. 5. Control of the system set-
up is constituted by the switching signal generation as discussed
below:

4.1 RESC Control

For the operation of modified boost converter, DC-link voltage
V4. is compared with its reference value Vj,. and error signal is
fed to a proportional-integration (PI) controlled regulator G;to ob-
tain the duty cycle. It is then fed to a comparator circuit wherein, a
comparison with carrier signal is used to obtain the switching sig-
nal S; through a pulse generator. In RESC, the obtained DC link
voltage V. islogically compared to the reference value of battery
V, asgiven below:

if Wge>W)
S, =1

else

Hence, switching signal S, is obtained through pulse generator.
Further during propulsion and regeneration, battery voltage V,, is
compared to the reference DC link V... The generated voltage er-
ror is fed to a Pl controlled regulator G, which is compared with
the carrier signal and used to drive a pulse generator circuit to ob-
tain the switching signal S,. Switching signal S5 is complimen-
tary to S, and hence a NOT gate circuit is employed.

4.2 MDU Control

The concept of indirect field oriented control (FOC) has been
utilized to achieve high performance of propulsion motor (three-
phase induction motor). Indirect FOC is based on a decoupled con-
trol of flux and machine torque along two perpendicular axes (d-q
axis). In this control, rotor field flux is assumed to align along d-
axis whereas, current to control torque is along g-axis. Indirect
FOC of induction motor is achieved in d-q axis frame of reference
which is rotating at synchronous speed i.e. w; = w,. In order to
achieve indirect FOC, motor equations are further simplified as
given below:

Rewriting the rotor voltage-current relations along d-q axis yield,

0= Rriqd‘r + (wk - wr)qur + qudr (7)

where, rotor voltage is zero under steady-state i.e. vgq, = 0. Slip
speed wy; is defined as

®)

W = We — Wy
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With the consideration of rotor field flux only along d-axis, we
have

E. = Fy ©)
Fp =0 (10)
pw, =0 (11)

After substitution of equations (9)-(11) in (7) and writing equa-
tion in d-q axis yields
Ryrigr + wgF, =0 (12)

Ryrigr + pFar =0 (13)

Substitution of rotor current (ig,- and ig,) from equation (4) in
(12)-(13) results

wg = Kjir (14)
ir = (1 +7,p)F; (15)
where

K= (16)
Ir = lgs a7
If = lgs (18)
T, == s rotor time constant (19)

Simplified torque after the substitution of rotor current yields

T, = K\ Fir = Kyir (20)
L
K,=c= (21)
Ly
K, = KiF, (22)
; . ; . . . :
310.05 ﬁ
310 ARARRAAAY
309.95 ‘J
6 6.0005 6.001
4 5 6 7 8
(a)
. r v
<o
)
i 4
A L . . A .
) 1 2 3 1 5 6 7 8

(b)
Time (sec.)

Fig. 6. Plug-in operation showing terminal condition of battery (a)
voltage V,, (b) current I,

300.01

L L ! 1

299.99
19

1.9002 1.9004 1.9006 1.9008 1.901
b

19012 1.9014 1.9016 1.9018 1.902

Time (sec.)

Fig. 7. Battery terminal voltage by using boost converter (a) with con-

ventional topology (b) with proposed topology

Table 1. Parameters of induction machine

r =10 Q =630
L, =0.04 H L, =0.04 H
L,=042 H J =0.03 Kgm?

5. Simulation results

The proposed boost converter topology is investigated under various
operating modes applicable to EVs. Initially during plug-in operation,
converter circuit is connected to a DC input at 240 V to regulate the
DC link voltage to which a battery is connected. Battery is assumed to
have the state of charge (SoC) at 95 % and 300 V as the nominal value.
For charging purpose, DC link voltage should be higher than the ter-
minal voltage of battery. Therefore, proposed boost converter is con-
trolled initially at reference voltage i.e. 300 V. During the simulation
process, this voltage was maintained for 2 sec. Further, after time t =
2 sec., reference voltage is boosted to 310 V. Change in the value of
reference voltage is closely tracked by DC link voltage (which is con-
nected to battery), as shown in Fig. 6 (a). A closed agreement of ter-
minal voltage to the reference value is also shown in the same figure.
Flow of the terminal current due to the difference in DC link voltage
and battery is shown in Fig. 6 (b). In the converter circuit, value of
inductor and capacitor are 31.5 mH, 62.5 uF respectively, which has
been calculated as explained in [21]. Switching frequency of 150 kHz
was used in converter operation. It is to be noted that the magnitude to
harmonics are greatly reduced in comparison with their conventional
counterpart as shown in Fig. 7 (a) and Fig. (b) respectively. However,
a relatively higher frequency ripple was noted in voltage waveform of
battery. Reduction in the magnitude in voltage harmonics will result
in a higher lifetime of connected battery with reduced switching losses
and, further signifies that proposed converter also mitigates the effect
of secondary ripple/harmonics to much greater extent. Hence, the
reduced effect of harmonics results in a higher efficiency with pro-
posed converter topology.

In the propulsion system, a 2 HP, three-phase induction motor has
been used whose parameters are given in Table 1. During the propul-
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sion operation, load torque of 5 Nm. is given to a three-phase propul-
sion motor (i.e. induction motor) resulting in a small dip in rotor speed
by 2 rad/sec. approximately. Initialization of propulsion is also

Propulsion Regeneration
~ 5 T 1 1l 1 T T T
g
£ op—ro L -
F‘u =i 1 1 1 1 | 1 ) )
1.5 2 2.5 3 25 4 4.5 B 535 6
@
5 318 T T T T T
% 316+ I\ 5l
& 314 7
=
3‘“312 L 1 1 I L L I I I il
1.5 2 25 3 3:H) 4 4.5 5 5.5 6
®)
2F T T T T T T T ]
3:; 0.—! L J
2t 1 1 1 1 h 1 1 N
1.5 2 25 35 4 4.5 5 5.5 [

©
Time (sec.)

Fig. 8. Propulsion and regeneration operation (a) developed torque
(b) speed (c) input battery current

1.5 2 2.5 3

35 4 45 5
@

Time (sec.)
Fig. 9. Propulsion motor current in d-g axis (a) g-axis current i, (b)
d-axis current iz
100 . . T .
e ——
o5 T 1
\“'\,\\\\
g 90 B
z
5
&
m 80r
75+ .
’70 1 1 Il 1 1 Il |
240 250 260 270 280 290 300 310 320

DC link voltage (V)
Fig. 10. Efficiency curve of proposed converter

accompanied by the increase in battery current I,,. During the propul-
sion operation, battery is assumed to operate at their nominal value. At

time t = 4 sec., direction of load torque is reversed with same mag-
nitude (5 Nm.) to transit the operation to regeneration. This resulted in
an eventual speed increase to 317.80 rad/sec. approximately, accom-
panied by the reversal of battery current. Speed response shows that
the rotor regains the commanded reference value within a short time
under the change in load torque both in propulsion and regeneration,
signifying the disturbance rejection feature of motor drive. Machine
developed torque, rotor speed and battery current in both propulsion
and regeneration are shown in Fig. 8 (a), Fig. 8 (b) and Fig. 8 (c) re-
spectively.

Connected propulsion motor current characteristic along d-q axes in
both operation (propulsion and regeneration) is shown in Fig. 8. It may
be noted that g-axis component, i.e. active component of stator current
is changed from 2.33 A to -2.32 A (steady-state value) during propul-
sion and regeneration, respectively as shown in Fig 9 (a).

It may be noted that the PI type controllers G, and G, are regu-
lated by tuning the value of Kp; and K,; and, Kp, and K;, re-
spectively. Controllers G, and G, were operated during plug-in and
regenerative operation, respectively. Tuning parameters of controller,
proportional and integral constants K, and K; respectively, depend
on the minimization of voltage error (i.e. e; =V, —V4; €, =
V3. — V). Tuned value of parameters used in simulation are Kp, =
Kp, = 0.0015 and K,; = K;;, = 0.1. Similarly, during propulsion
operation, speed controller (Kps and K¢) and d-q voltage regulator
(Kpy and K;;,) operate on the minimization of speed and current error
(ile. es=w;—w, and, e, =iz —ls and es =iz, —igs ).
Value of the tuning parameter used in both speed and voltage regulator
are: Kps =2.5, K =65 and, Kp, =580, K;, =50 respec-
tively.

In the analysis, motor is assumed to operate in constant torque re-
gion, i.e. speed not more than base value hence, flux level of machine
is remain constant. Therefore, the value of d-axis component, i.e. re-
active component of current was noted to be almost constant, as shown
in Fig. 9 (b). Furthermore, the efficiency evaluation of proposed DC-
DC boost converter is shown in Fig. 10. It may be noted that with in-
crease in voltage level i.e. increase in duty cycle, a decreasing trend
was found in converter efficiency. Decrease in efficiency is accounted
by the increase in output voltage and hence the load current, resulting
in higher conduction loss.

6. Conclusions

The paper presents a modified DC-DC boost converter topology
which has been used to develop an integrated battery charging unit
suitable for many applications. Developed charging unit has been in
an EV to charge the connected battery during plug-in operation. The
use of a nominal number for components signifies a simple and easy
design of proposed converter circuit. Owing to the boost capability of
converter, it may be used to charge the battery in wide voltage range.
For this purpose, a simplified control scheme to regulate the voltage
of DC link has been also developed. In the propulsion system, a three-
phase induction motor has been used to operate the propulsion system
during both propulsion and regeneration. In this system, indirect field
oriented control scheme is used to ensure the high performance of pro-
pulsion system.
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Present work may be extended to achieve an optimized operation
by using an advanced sophisticated control mechanisms particularly,
fuzzy logic, sliding mode, artificial neural network (ANN), model pre-
dictive control etc. [22-24].
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