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Three Phase PWM Rectifier with Integrated Battery
for Automotive Applications
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Abstract—Vehicle ergonomics is one of the most important
objectives for automotive applications. Reducing the size and
weight is a prime concern for mobility. A novel unified converter
with battery integration is proposed as an alternative to the
existing power train configuration for hybrid electric vehicles. The
power train has three phase PWM rectifier at the output of the
alternator with battery connected to the neutral of the induction
generator stator. With the proposed topology, vehicle size and
weight can be reduced considerably. The topology is analysed for
its control and performance specifications. Simulation studies are
carried out in MATLAB/SIMULINK and results are presented.

Index Terms—Multifrequency power, superposed ac-dc, PWM
rectifiers, unified ac-dc.

I. INTRODUCTION

APIDLY depleting fossil fuels like coal, oil and nat-

ural gas pose a real challenge in meeting the energy
requirement for mobility. For sustained transportation, it is
important to find an alternative source of energy which is clean,
reliable and inexpensive along with fuel efficient technology.
This motivation has led to tremondous research in the field
of advanced vehicular technology. These advanced vehicles
are classified into Battery Electric Vehicle (BEV), Fuel Cell
Electric Vehicle (FCEV), and Fuel Cell Hybrid Electric Vehicle
(FCHEV). Hybrid Electric Vehicles (HEV) have an internal
Combustion Engine (ICE) and Electric Motor (EM), which
make the vehicle fuel efficient. Large Energy Storage Systems
(ESS) such as a battery or ultracapacitors are used by full
hybrid electric vehicles. The rating of EM used in full HEV
is 5S0kW/330V [1]. Four types of technology used for this are;
series full-HEYV, parallel full-HEV, series-parallel full-HEV and

complex full-HEV [1]-[3].
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Fig. 1. Power train arrangement for a series HEV
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Similar to BEV, EM is used for main propulsion in series full

HEVs. An example of series full-HEV is Chevrolet Volt Series.
Full-HEVs is configured with a high power ICE generator/fuel
cells and an Energy Storage System (ESS). The requirement
of ESS are twofold, to improve the dynamic performance
of the power train and to recover the vehicle kinetic energy
while braking [1]-[3]. The typical power train arrangement
is as shown in the Fig. 1 [1]-[3]. One of the most common
converters used in the hybrid systems is AC/DC/DC converter
since two different power sources can be connected [4]. The
alternator supplies the constant power to the load and the
battery is connected to absorb the power fluctuations during
peak energy demands. However, this increases the mass of
the vehicle, which raises the power demand and thus the
fuel consumption. Thus, advantages of adding an ESS to the
powertrain can also become a drawback due to this effect [4].
The complexity and cost of such systems is also one of the
drawbacks for hybridisation.
In order to address the above issues, numerous topologies
are proposed which can reduce the size and weight of the
vehicle. There is very little literature on unified converters.
The unified converters — single converter used to process both
ac and dc power. In [4]-[6] authors have proposed reactor
free boost converter for BEV. Here battery being the single
source of power, connected to the stator neutral of the motor,
the converter which is driving the motor is used as the boost
converter for the battery. The leakage inductance of the motor
is used as the boost inductance, thereby reducing its size and
weight. In this paper a similar approach is followed and an
alternate topology for the existing power train arrangement
in hybrid electric vehicles is proposed. The proposed topology
uses a single converter to process the power from two different
sources of different frequencies (generator and ESS). A battery
is connected in the stator neutral of an induction generator. The
PWM rectifier is used to convert generator ac voltage to dc and
acts as a boost converter for the battery while maintaining the
output dc voltage.

II. THREE PHASE PWM RECTIFIER WITH BATTERY
INTEGRATION

The proposed topology is as shown in Figs. 2 and 3. An ex-
istence function represents the turn-on and turn-off sequences
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Fig. 3. PWM rectifier with battery integration
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Fig. 4. Modulation

of a switching device. This function, Sij =1 when it is turned
on and Sij =0, when it is off; where i represents the phase
to which the device is connected and j signifies top (p) and
bottom (n) device of the converter leg.

Vao’ ‘/E)O & ‘/;o are balanced 5 Ia = Iaa :t]oo’ Ib = Ibb :t]oo,
Io=1Icctlop; Io+ I+ 1. = %I, and I,, = +2

‘+’ denotes charging
‘-> denotes discharging

Vio = vl oo+ 22280, Y205, 4 v,
Vio = 1l Lply + 22 5 — V251 4 Vi,
Vi = Pl b Iple 2280y = V2250 4 Vi (1)
Where, p = %
Substituting V,,,, = Vg” —Voand Son =1 -5,
Vao + Vo, =rl, + Lpl, + %(25(@ —1)+ Vg
Vio + Vo =71, + Lpl, + V; (284, — 1) + V;

|
T M e
7 +
N % * Msin(wt — 0) __ %
+
N P
A
T +
, —_ Vi
Ny ‘“_—j‘*Msin(wt—&) -1 2
— | Yl
—‘7 |
n
Fig. 5. Equivalent circuit of PWM rectifier
\% \%
Veot Vo = rle + Lple + = (25 = 1) +—5° @)
The modulating wave is of the form
mg = M, — M sinwt
my = M, — Msin(wt — 120°)
me = M, — Msin(wt — 240°) 3)

substituting S;, = 0.5[1 —m;] [7], where, i=a,b,c in Eq.(2)
we get,

V, Vae V.
Vio + Vi, = 11, + Lpl, + %Msin(wt —8) — Mo% + Td
Ve , . Vae  Vae
Vot Vo, = rIb—|—Lp[b—|—%Mszn(wt—12()°—5)—M0 ; + ;
Vdc Vdc Vdc

+

SR

Veot Vo = rI+Lpl.+— M sin(wt—120°—6)— M,

2

The per phase ac current for ‘a’ phase is given by,
~ Vaol0° =V /4°

Illll - .
jwL
where Vo = ]‘;[—\‘//‘g The per phase dc current is given by
J— Vof(%fMo%)
oo — r

III. NEUTRAL CURRENT RIPPLE

Since the battery is connected to the neutral, the battery
current ripple must be maintained low along with the line
current ripple. In case of a PWM converter, the PWM scheme
plays an important role in determining the current distortion.
Therefore, a suitable PWM scheme is necessary to minimise
the current ripple.
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Fig. 6. PS-SPWM scheme

A. Line and Neutral Current Ripple Analysis with Single
Carrier and Phase Shifted Carrier
Substituting S, = 1 — S,y in equation (1),
Vdc
2

Ve
Vao+Vo_ ; (1_2San)+

VAn
Substituting the Fourier series expansion for the switching
function as given in Eq.(5) [7], the instantaneous pole voltage
v, contains averaged value V4, and switching frequency
ripple component v 4,,. The ripple voltage v4, will introduce
ripple component in the line current I,. So the ripple compo-
nent in the line current can be written as

-~ 1 .
ig = I / Vandt

Conventional Sine-triangle PWM (SPWM) scheme is the
simplest and widely used PWM technique for three-phase
PWM converters. With this modulation scheme, in the equation
(5) the term 6, is same for all three phases. The neutral current
ripple can be written as

iN = iq+ b+ e (©6)

Side—Band—Harmonics

)

It is clear from the equations (5) and (6) that, with SPWM,
the current ripple in each phase adds, therefore peak-to-peak
ripple in the neutral current is higher than the peak-to-peak
ripple in any of the three line currents. From (5) it is also clear
that, by introducing suitable phase shifts between three phase
line current ripple at carrier frequency, the neutral current
can be reduced considerably. This can be achieved by using
three Phase Shifted carrier SPWM method (PS-SPWM). In
this scheme, the carrier is shifted by 120° apart. With the
battery connected in the neutral, the line current ripple is only
dependant on the corresponding phase pole voltage. So the line
current THD in SPWM and PS-PWM are comparable.

IV. CURRENT CONTROLLER STRUCTURE

The proposed topology utilises a single converter to extract
the power from two sources of different frequencies. The
converter acts as a PWM rectifier and a current controlled
interleaved boost converter simultaneously. Due to this
multifunctionality, the input current is superimposed ac dc in
nature (unified ac-dc). The controller needs to track unified
ac-dc current closely. The appropriate controller design is
carried out considering a trade-off between cost, complexity
and output waveform quality. For three phase current control,
synchronous PI controller is commonly used [8]. With
the addition of one more PI controller, the same scheme
can be extended to control the neutral dc current. Another
alternative method used in three phase current control is the
PR (Proportional+Resonant) control [8]. The PR controller
has infinite gain at the tuned frequency. So it can track only
signal of a single frequency for which PR controller is tuned.

ks
Gpr(s) =ky + a2 @)
The transfer function of an ideal PR controller is given by Eq.
(7). The steady state error can be reduced to zero by using an
ideal PR controller with infinite gain at the tuned frequency.
However due to practical limitations an ideal PR controller is

often approximated as [9]
2k, w.s

Gpr(s) = $2 4 2w.8 + w2

kp +
The value of w, is selected between 5-15 rad/s [10]. Tracking
unified ac dc current using the PR controller, the ‘PR’ term
will track the sinusoidal signal of tuned frequency ‘w! and
only the proportional term will try to track the dc component.
Since only ‘P’ term is controlling the dc current there always
exists a finite steady state error. To avoid this steady state
error an integral term has to be combined with PR. With PIR
it is possible to control both ac and dc current. With the use
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2krwes

of PIR control, the dc component in each phase is controlled
independently without segregating the ac and dc components in
the measured line currents. This method also avoids coordinate
transformations from abc to dq in order to have the currents in
synchronous frame. The transfer function of PIR control can
be written as

2k, w.s ki
Gprr(s) =

ko4 e ™
p 52 + 2w,s + w? - s

The block diagram of overall control scheme with current
control using PIR controller is as shown in the Fig. 7.

A. Evaluation of ky,, k; and k, values

Considering only the PFC operation, I, is

I o Vao — Mg Vgc (8)
ae r+ sL
The forward path gain is given by,
2k, w.s 1
k re ) 9
<p+32+2wcs+wg t ot sL ©)
At the cross over frequency s = weposs and considering

Weross >> W, the PR controller transfer function will be
similar to the PI [11].

1+ sT
Grils) = byt (=)
The parameters of the PR controller will be determined in the
similar way as that of a PI controller. By pole-zero cancel-
lation, T' = % and k,; will be chosen based on the required
bandwidth (wp,,). Choosing wp,, =0.1 (switching frequency),
the k,; can be derived as

(10)

k}p[ = kp = wber

k
k. = %I = WpT-

The parameter 'k will depend upon the zero sequence transfer
function.

1) The Zero Sequence Network: With PS-SPWM, the zero
sequence network can function as a current controlled three
phase interleaved dc-dc boost converter along with the PWM
rectifier. The per phase current loop of the interleaved dc-dc

Ioo O

g

e L I P T
$2+2wes+w?
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Fig. 9. Performance of the converter with battery in discharging mode

boost converter is shown in the Fig. 8 By approximating the
loop as

v = V,d Y

Let the transfer function of the PI controller for the zero
sequence current be,

1+5T0)

Gols) = ko 0

12
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Fig. 10. Performance of the converter with battery in charging mode
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Reference per phase battery current (A)
Actual per phase battery current (A)

time(s)

Fig. 11. Per phase battery discharging current

From Fig.8, the closed loop transfer function for the zero
sequence network is derived as

E00.5Vie (1 4 sTO)
T,L
= 13)
5 | kg0.5Vae 00.5Vae (
8% + s+ T.L

Ly

*
IO o

Comparing the denominator with that of the second order
standard transfer function, the parameter k; can be determined;
—_— kO
ki =7
V. SIMULATION RESULTS
The three phase PWM rectifier with battery connected to
the stator neutral of an Induction Machine is simulated in
MATLAB/SIMULINK using the parameters given in Table I.

2018-IACC-0739

Reference per phase battery current (A)
51 Actual per phase battery current (A)
0 - -
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Fig. 12. Per phase battery charging current
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Fig. 13. Harmonic spectrum for I,
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time(s)

Fig. 14. Ripple current with SPWM

A. Mode I: Battery in discharging mode

Fig. 9 shows the performance of the converter with battery
in discharging mode. At time t = 0; battery discharge current
reference is set to be 1 A. The generator and the battery
together feed a load of 2.5 kW. At time t = 0.5 s, the load
is increased from 2.5 kW to 5 kW, and simultaneously the
battery current reference is shifted to 5 A, thus improving the
transient on the dc bus. After a duration of 2.5 s, the battery
current is reduced back to 1 A with a constant negative ramp.
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Fig. 15. Ripple current with PS-SPWM

TABLE I: SIMULATION PARAMETERS
S.No. Par ters Symbol value
1 Rated system capacity Proad 5 kW
2 Per phase resistance r 0.1 Q
3 Per phase leakage inductance L 5 mH
4 DC bus capacitance C 1000 pF
5 Per phase generator output voltage | (Vo, Vioand Ve,) | 110 V(RMS)
6 Battery float voltage Vs, 200 V
7 Output DC voltage Ve 400 V

B. Mode II: Battery in charging mode

Fig. 10 shows the performance of the converter with battery
in discharging mode. At time t = 0; the battery discharge
current reference is set to 5 A. The generator feeds the load
of 2.5 kW and the battery at the same time. At time t = 0.5
s, the load is increased from 2.5 kW to 5 kW; while keeping
the battery charging current at the same level.

C. Line current THD

Fig. 13 shows FFT spectrum for the line current I,. It is
observed that with single carrier and phase shifted carrier, the
line current THD remains the same.

D. Battery current ripple

Figs. 14 and 15 show the ripple in the total battery current
(I,) in the neutral with single carrier modulation and phase
shifted carrier modulation. The battery current reference of 5
A is given to each phase and the total neutral current (I,) =
15 A. It is observed that for this reference current there is a
net reduction of 62.8% in the ripple due to PS-SPWM.

VI. CONCLUSION

Unified converters have the potential to reduce the size
and weight and thereby improve the ergonomics of electric
vehicles. A novel topology of integrating battery without the
need of a seperate converter for the automotive generator is
proposed. The performance of the proposed topology and the
control scheme is confirmed through simulation study using
MATLAB/SIMULINK package.
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