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ABSTRACT

This paper presents a PFCVF (Power Factor Correction) rectifier that uses a variable frequency source for al-
ternators for electric and hybrid vehicles application. In such application, the frequency of the signal in the al-
ternator changes according to the vehicle speed, more over the loading effect on the alternator introduces har-
monic currents and increases the alternator apparent power requirements. To overcome these problems and
aiming more stability and better design of the alternator, a new third harmonic injection technique is proposed.
This technique allows to preserve a good THD (Total Harmonic Distortion) of the input source at any frequency
and to decrease losses in semiconductors switches, thereby allowing more stability and reducing the apparent
power requirements. A comparative study between the standard and the new technique is made and highlights
the effectiveness of the new design. A detailed analysis of the proposed topology is presented and simulations as

well as experimental results are shown.
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1. Introduction

This technology has more than three decades of sustained
technological and theoretical development. It can be ful-
filled that these high-performance rectifiers conform to
modern standards and have been widely accepted in in-
dustry. The simplest line-commutated converters use
diodes to transform the electrical energy from AC to DC.
The major disadvantage of these commutated converters
is the reactive power and the generation of harmonics
[1-3]. Harmonics have a negative consequence on elec-
trical systems operation; so, increasing attention is paid
to their generation and control [4,5]. One of the most
popular PFC (Power Factor Correction) methods for
three-phase input is a full-bridge type pulse with modula-
tion (PWM) rectifier. The conventional PWM rectifier
allows obtaining a sinusoidal input current without har-
monics distortion. However, in regard to cost, the con-
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ventional PWM rectifier is not the best solution for the
PFC [6-9]. One basic method to reduce input current
harmonics is the use of multi-pulse connections based on
transformers with multiple windings. An extra improve-
ment is the use of passive power filters. In the last years,
active filters were introduced to reduce the harmonics
injected to the mains supply. An additional way of har-
monics diminution is the power-factor correction (PFC).
Within these converters, controlled power switches like
gate-turn-off thyristors (GTOs), insulated gate bipolar
transistors (IGBTS), are integrated in the rectifier power
circuit to change actively the input current waveform,
reducing the distortion [10]. These circuits reduce har-
monics and improve the power factor.

Harmonic currents cause additional Joule losses in
conductors. Their presence reduces the lifetime of the
alternators and increases their apparent power require-
ments.
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In this paper, we present a Power Factor Correction
rectifier (PFCVF) that uses a variable frequency source
for alternators for electric and hybrid vehicles application.
This solution aims to improve stability, minimize losses
and reduce alternator apparent power requirements for
the sake of a better design, better performance and lower
cost. Firstly, we present the synchronous alternator model.
In the second section, we describe the third harmonic
injection method. As we use a tuned circuit in this injec-
tion method, a fixed frequency current injection is ap-
plied which is useful only at a fixed frequency source. A
new part in the injection method is presented. It gene-
rates a sine wave current for injection and can modify the
amplitude, the frequency and even the form of the in-
jected signal. The new designed circuit works at a large
frequency range of the input source. In the third section,
thermal modeling of the power module is proposed. Fi-
nally, simulations and experimental results are detailed to
highlight the effectiveness of the new design.

2. Synchronous Alternator Description

The used machine, is synchronous [11,12] with salient
poles; its model is shown in Figure 1.

The dynamic model of this machine can be described
as follows:

do

Vs = Rsls +T (1)
. do,
V, =R, + it (2)

where: V, is the stator voltage vector, and V, the rotor
voltage one.

2.1. Voltage Equations

The rotor iron losses are neglected (the rotor frequencies
are very weak compared to the stator frequencies). The
voltage equations, according to Park model, in the stator
frame are given by the following equations:

. do
Vg = R +T5d—a)dqd>sq (3)
_ do,
Vq, = R +Tq—wdq<1>sd 4)
 do,
Vrd = errd +Td (5)

2.2. Current Equation

The current equation in stator frame is given by the fol-

lowing equation:
7, (0D, @
|, =—"| —F+—L 6
@ M( a o, j ©)
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Figure 1. Machine model.

2.3. Flux Equations

D, = Lyiy +M, i, )
O, =L, )
D, =Li, +M,i 9)
®, =0 (10)

3. Third Harmonic Current Injection

Since one phase voltage cannot be the highest and the
lowest at the same time for the given set of phase voltag-
es, two of the phases are connected to the load while one
phase is unconnected in each point. This results in an
input current equal to zero in the time interval when the
phase voltage is neither maximal nor minimal. The gaps
in the phase currents are the main reason for introducing
the current injection methods. Moreover three-phase di-
ode bridge rectifier suffers from relatively high total
harmonic distortion (THD) in the input currents that can
be reduced using the injection method. Figure 2 shows
the source current simulation results. We note a disconti-
nuity in the source current ig; as it is shown in Figure 2(a).
The current FFT without injection is shown in Figure 2(b).
We notice that the three-phase diode bridge rectifier suf-
fers from relatively high THD of the input currents;
about 29.11% for the considered circuit.

We can reduce this distortion using the third harmonic
current injection method. The next paragraph represents
the general scheme of a third harmonic current injection.
The THD is defined as the root mean square (RMS) val-
ue of the total harmonics of the signal divided by the
RMS value of its fundamental signal. For the currents,
the THD, is defined by:
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The general scheme of harmonic injection method is
presented in Figure 3. It shows a diode bridge rectifier
that consists of six diodes, three of them rectify the posi-
tive wave and the last three ones rectify the negative
wave. Two circuits are added, a current injection network
and a current injection device. The first circuit produces
an injected current iq characterized by a frequency three
times the frequency of the source. In this paper the fre-
quency of the current injection is 150 Hz. The second
circuit divides into three parts where every part will be
injected to each of the input source phase.
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3.1. Switching Current Injection Device

The switching current injection device is represented in
Figure 4. It consists of three switches controlled by a
logic controller. Every switch is turned on when the spe-
cified phase is unconnected to the diode bridge; therefore
the current in each phase doesn’t have a discontinuity
after injection.

The logic control is driven by simple comparators and
logic gates. Figure 5 illustrates the control circuit.

Three comparators give six binary values that describe
every intersection between the voltage levels of the input
source; a matrix decoder activates the different switches
using the logic table below:

V1>V, V2> V3 V3>V
A, Ay Ao

Output
S1
S3
S2
S2
S3
S1

P P B O O O
, O O Fk Kk O
O B O Fkr O

3.2. Current Injection Network

Various method of the current injection network was
presented in bibliography [13-15]. Figure 6(a) shows the
current injection network using a tuned LC circuit. It
uses two inductances with two capacitors tuned to reso-
nant frequency of 3 Fe (150 Hz), the resistance limits the
injected current.

3.3. New Design Circuit Third Harmonic
Current Injection

Figure 6(a) shows the standard current injection network
which uses a tuned LC filter. That type of circuit can’t
modify the frequency of the injected current, it uses two
inductances with two capacitors tuned to resonant fre-
quency of 3 F, (150 Hz); the resistance limits the injected
current. The formula of the resonant circuit is given by:

-t (12)

° 2m/LC
where L = 60 mH and C = 18.75 pF.

The new design uses a switching device to modify the
injected current as shown in Figure 6(b).

The inductor L in Figure 6(b) is used as a current ge-
nerator source. The current waveform is generated by the
activation of two switches; the first one creates the posi-
tive form of the injected current and the second one
creates the negative form.

Both of the two switches are controlled using a simple
logic control. Figure 7 illustrates the current injection
network with the logic control used to create the third
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Figure 5. Injection device circuit.

harmonic injected current.

The current flowing through the inductance L can be

written as follows:
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Figure 6. Standard and new design current injection net-
works. (@) Usng tuned LC circuit. (b) Using a switching
device.

1
I ==|u-dt 13
i fu (13)
while the voltage across it is given by:
dl
u=L— 14
dt (14)
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Figure 7. Injection network with logic control.

The choice of L reflects the slope of the current de-
sired reference; decreasing of this inductance is limited
by the switching frequency of the injection circuit. The
control logic of the injection system operates in a Schmitt
trigger laws; it is described in Figure 8.

4. Thermal Modeling of the Power Hybrid
Module

Because most of the semiconductor device models are
implemented in circuit simulators, thermal circuit net-
works are the practical models for electro-thermal simu-
lations.

Literature proposes some approaches to construct
thermal networks equivalent to a discretization of the
heat equation. For example the finite difference method
(FDM) and the finite element method (FEM) are pro-
posed. In the case of vertical power devices, where the
thickness LSI is small, compared to other dimensions, it
is commonly considered that heat is generated at the top
surface of silicon and flows uniformly along the x-axis
(perpendicular to the silicon surface). So, the top surface
is considered to be a geometrical boundary of the device
at x = 0, where the input power Py(t) is assumed to be
uniformly dissipated. In our case we have chosen the
(FEM) technique to develop the thermal model of the
Diode structure. Each material is represented by a sim-
plified 1D thermal model. For the insulation and base-
plate layer, a modification have been introduced on the
1D model to take into account the mutual thermal be-
tween the different components.

The thermal model of the silicon material can be
represented by the equivalent electrical circuit [16-18]
shown in Figure 9 where:

PCALg, _ PCALg, R L

“ =5 nm1) % Te(n-1)
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Figure 8. Control logic of the injection system.

Po(t)I

Figure 9. The 1D FEM thermal model of the silicon materi-
al.

-
2

while n is the number of nodes in the material model.

The thermal investigation was performed with the po-
wer diode BYT 12P-1000 (12 A/1000 V) (TO220 pack-
age) [19,20].

The superposition technique is used to develop the
simplified thermal model of the Diode structure. The
method simply requires that for each present independent
heat source, one test must be performed. During each test,
junction temperatures for all devices must be measured
[21,22].

The thermal model of the components is implemented
in the MATLAB simulator (MATLAB, 2010) in order to
estimate the junction temperature of the DIODE. Figure 10
shows the evolution of the maximum junction tempera-
ture and the module base-plate temperature in the diode
as a function of the dissipated power magnitude. These
results are obtained by 1D thermal model, by experi-
ments and by 3D numerical simulations in stationary
conditions. A good agreement between the results of
evolution is observed. From the results, it can be deduce
that the proposed thermal model is valid.

Figure 11 shows a diagram of an electro-thermal si-
mulation technique of power diode modules. An electric-
al model is coupled with a thermal one. The instantane-
ous value of the device power loss is injected into the
thermal model in which the thermal characteristics of the
module are defined. Then, the instantaneous device tem-
perature is generated by the thermal model and the tem-
peratures of the dependent device model parameters are
determined via this instantaneous device temperature.
These calculations are performed simultaneously using a
circuit simulator. The device and the thermal models are
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essential components of the electro-thermal simulation.
This diagram is used to estimate the losses in semicon-
ductors switches; it is modeled in SIMULINK/MATLAB
environment.

5. Simulation Results and Discussion

The standard circuit injection method works at a fixed
speed. The simulation results are shown in Figure 12.
The source currents i;and is; and the injected current iy,
are respectively shown in Figures 12(a)-(c). The THD of
the source current is shown in Figure 12(d). We perceive
a low harmonic distortion at a low speed.

The new design of circuit injection network, shown in
Figure 6(b) uses two switches to generate the injected
current. At a variable speed, we change the current re-
ference frequency; the Current injection network control
tries to follow the current reference. Figure 13 shows the
simulation results of the new Current injection net- work
control circuit design; the injected current is very close to
the reference current. We use a zoom to focus the form
of the injected current and the commutation of the two
switches. SW; is used only at the positive form of the
injected current, while SW, is used at the negative wave
form.

Figure 14 shows the harmonic spectrums of the clas-
sical PFC and the proposed PFCVF. We simulate both of
the two circuits at different speeds from 1000 to 6000
rpm.

The variation of the harmonic currents according to
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Figure 12. simulation results of standard circuit injection
method. (a) Source current iy; (b) Source current igy; (C)
Injected current iy;. (d) THD of the source current.

the order of harmonic for the classical PFC and the pro-
posed PFCVF is respectively shown in Figures 14(a)
and (b) for 1000 rpm respectively, Figures 14(c) and (d)
for 3000 rpm, and Figures 14(e) and (f) for 6000 rpm.
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Figure 14. Harmonic spectrums of the classical PFC and the
proposed PFCVF. (a) Harmonic spectrum of the classical
PFC for 1000 rpm; (b) Harmonic spectrum of the proposed
PFCVF for 1000 rpm; (c) Harmonic spectrum of the clas-
sical PFC for 3000 rpm; (d) Harmonic spectrum of the
proposed PFCVF for 3000 rpm; (e) Harmonic spectrum of
the classical PFC for 6000 rpm; (f) Harmonic spectrum of
the proposed PFCVF for 6000 rpm.

As shown in Table 1 for 1000 rpm, the proposed
PFCVF, presents a THD of 7.4% slightly higher than the
classical PFC with a THD of 5.4%. For 2000 rpm; the
proposed PFCVF, presents a THD of 5.89% better than
the classical PFC with a THD of 11.29%. For 6000 rpm,
the proposed PFCVF, presents a THD of 7.35% better
than the classical PFC with a THD of 18.21%.

At low speed, the THD is slightly lower in the stand-
ard injection circuit; in fact the new current injection
network generates a high frequency noise due to the
commutation of SW; and SW,; but at a high speed this
commutation noise is insignificant compared to the
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Table 1. THD of the classical PFC and the proposed
PFCVF.

RPM Circuit 1 (THD) Circuit 2 FV (THD)
1000 4.97 5.42
3000 11.29 5.89
6000 18.21 7.35

disharmony caused by the standard current injection
network. The proposed PFCVF strategy reduces the THD
in the machine phase current. Indeed, it improves output
voltage, and reduces output total harmonic distortion and
voltage stress on semiconductors switches. By adopting
PFCVF strategy the THD, value is reduced to 7.35% all
over the machine speed.

Figure 15 shows the motor electromagnetic torque
evolution as a function of time, obtained by the classical
PFC and the proposed PFCVF corresponding to 3000
rpm.

These results show that the machine torque, in the case
of classical PFC, presents a ripple over 60% against 10%
in the case of the proposed PFCVF. The proposed
PFCVF strategy decreases the machine torque ripple.

Figure 16 shows the temperature variation of the case
and the diode junction. Figure 16(a) shows the evolution
of the maximal junction temperature in the diode. In the
thermal simulation two different rectifiers are used: clas-
sical rectifier and PFCVF one. It is clear that the diode
junction temperature obtained by PFCVF is lower than
that obtained by the classical rectifier. For example, at a
time equal to 0.15 s, the diode junction temperature ob-
tained by PFCVF rectifier is equal to 327 K whereas the
diode junction temperature obtained by classical PFC is
equal to 330 K.

Figure 16(b) shows the evolution of the case temper-
ature. We clearly see that the diode case temperature
obtained by PFCVF rectifier is lower than that obtained
by the classical PFC. It proves that the use of the PFCVF
rectifier reduces the losses in the semiconductors switch-
es. The PFCVF rectifier can be used for a very high
power application which needs low stress on power de-
vices as diodes.

6. Experimental Evaluation

To verify the analytically obtained results, a 1kW rectifi-
er is built; a synchronous machine is used as an alternator
to create the three phase voltage system. Figure 17
shows the experimental devices; the alternator is coupled
with a controlled DC motor to allow controlling the
speed and thus the output signal frequency as shown in
Figure 17(a).

The output voltage can be adjusted using a rheostat
cabled in a serial way with an excitation source. The
current injection network is shown in Figure 17(b).
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The current injection network uses two 20 mH induc-
tors and two 100 pF capacitors; the frequency of the re-
sonant circuit is 112 Hz, we had to use a frequency of 37
Hz as a voltage source. The output voltage is fixed to 100
V; a 42 Q power resistor is used as a charging system
and consumes about 4A as an output current.

The current results are shown in Figure 18. The
waveforms of i; and is; are respectively represented in
Figures 18(a) and (b). The waveform of i; corresponds
to the current which is with injection; we see that it is
less polluted by harmonics than the is; waveform which
is without injection.

The voltage results are shown in Figure 19. V; and Vg;
waveforms are respectively represented in Figures 19(a)
and (b). The waveform V, corresponds to the current
with injection, and we see clearly that it is less polluted
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Figure 17. Experimental devices. (a) Synchronous alterna-
tor coupled with a DC motor; (b) Switching Current Injec-
tion device.
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Figure 19. Voltage results. (a) Source voltage V; and V,
using injection circuit; (b) Source voltage V; and V, without
injection circuit.

by harmonics than the Vs; waveform which is without
injection.

7. Conclusion

In this paper, we presented a PFC rectifier that uses a
variable frequency source for electric vehicle application.
Comparisons between fixed frequency circuit and varia-
ble frequency voltage source are presented. Results prove
that the PFCVF strategy reduces the THD. It improves
output voltage, and reduces the output total harmonic
distortion and voltage stress on semiconductors switches.
By adopting the PFCVF strategy, the THD value is re-
duced by more than 50%, the Diode junction temperature
value is decreased to 335 K. The experimental results
highlight the effectiveness of the proposed design.
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@,: Rotor Flux
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