EVS24
Stavanger, Norway, May 13 - 16, 2009

CONTROLLED SERIES CAPACITOR CONVERTERS APPLIED IN

GENERATOR-SETS FOR SHEV’s

Volker Pickert, Dimitrios Kalpaktsoglou, Ahmed Al-Busaidi
Newcastle University, School of Electrical, Electronic and Computer Engineering,
Newcastle upon Tyne, NE17RU, UK, Email: volker.pickert@ncl.ac.uk

Abstract

This paper compares controlled series capacitor (CSC) converters applied to generator-sets used in series hybrid

electric vehicles (SHEV). The operation of each circuit is discussed and simulated using Matlab/Simulink. It is

concluded that CSC converters can improve the power factor (PF) of the generator-set.
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1 Introduction

An SHEV has its wheels driven by an electric motor
powered by a battery with an engine plant that cranks
a generator unit to provide electric power to the
battery and if necessary to the electric motor. One of
the major components of a SHEV is the generator
unit. Generally, the generator unit consist of a 3-
phase machine and a 3-phase rectifier circuit. There
are four common rectifier circuits in SHEVS:
uncontrolled full-bridge diode rectifier, controlled
full-bridge Thyristor rectifier, uncontrolled full-
bridge diode rectifier with dc/dc boost converter and
PWM voltage-source current controlled rectifier. In
[1] it was concluded that none of the rectifier circuits
provides high PF with high output voltage in order to
increase the overall efficiency of the power drive
train of SHEVs. This is, because the inductance of
the electric generator and the current commutation
effect in the rectifier are reducing the PF of the
generator-set.

One way to compensate the impact of the machine
inductance is by adding a capacitor in series to the
generator. Any inductive reactance can be eliminated
when the inductive reactance X, is equal to the
capacitive reactance Xc, the system is at its resonant
point, and PF becomes unity. Converters that make

use of this approach are called controlled series
capacitor (CSC) converters. This paper applies CSC
converters to an uncontrolled full-bridge diode
rectifier in order to assess this technology.

2 Controlled Series Capacitor (CSC)
Converters

CSCs are not new topologies. They have been used
in power transmission lines to improve the PF. So
far, CSCs have never been applied to SHEVS, where
the supply frequency is high and not fixed. This
paper describes, for the first time, the benefits and
drawbacks of using CSCs in SHEVs. Three different
CSCs have been compared, using
MATLAB/SIMULINK simulation, in terms of power
factor, output voltage, total current harmonic
distortion (% THD), and power losses. A 50kW three-
phase electric generator (back EMF 325V,
Ls=1.407mH, Rs=0.0602) was simulated to feed the
rectifier circuit. CSCs consists of a variable capacitor
placed between the generator and the uncontrolled
full-bridge diode rectifier. The capacitor’s value
varies with respect to the electric frequency, in order
to match the inductance of the generator. Therefore,
any inductive reactance can be eliminated and the PF
becomes unity.
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CSCs operate at much lower switching frequency
promising a reduction in switching losses, without PF
degradation. The three investigated CSC circuits are
called: thyristor-switched series capacitor (TSSC),
switched variable capacitor (SVC), and forced
commutation controlled series capacitor (FCSC). In
the following figures the three investigated CSC
circuits are illustrated and their principles of
operation are presented. For each circuit a description
of controlling the PF in order to maximize the power
factor is explained.
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Figure 1: Thyristor-Switched Series Capacitor (TSSC)

The TSSC circuit, shown in Figure 1, consists of a
number of capacitors in series, each shunted by a
switch, composed of two anti-parallel thyristors [2].
All capacitors have the same value Crssc.

The battery and the electric drive of the SHEV power
drive train is shown as a capacitor and a resistive
load for simplicity. The machine is represented by
the back EMF V, inductance L and resistance R.

The overall capacitance is controlled by conducting
or blocking each of the thyristor pairs. If a thyristor
pair conducts, the capacitor Cyssc is short circuited.
If a thyristor pair is open, the value Crssc is added to
the total capacitance Ct. The total capacitance of the
circuit is given by:

Cr=Crssc/m 1)

where m is the number of active capacitors. If all
capacitors are bypassed the equivalent capacitance
becomes Ct+ = 0 F. In order to correct the PF, X¢
should be equal to the reactance X,:

Xe =X, =2lYal; =aL=C; =1/0’L (2

The desired number of active capacitors for unity PF
for every frequency can be calculated using equations
(1)and (2)

Crosc/M=Y @’L = m=Crgc0’L (3)

Since Crssc and L are fixed, m is directly related to
the electric frequency f.

All the thyristors are commutated “naturally” and
they turn off when the current crosses zero. At this

time a capacitor can be inserted into the line as
shown in Figure 2.

Once the capacitor is in line, it will be charged to its
maximum value, during the full half-cycle of the line
current and discharged from its maximum to zero
during the negative line current cycle [2,3].

Capacitor
inserted

Figure 2: Capacitor insertion at zero current voltage

The SVC rectifier circuit consists of two parallel
capacitors, C; and C,, which are connected with two
switches, S; and S,, as shown in Figure 3.

The values of capacitors C; and C, have been chosen
carefully to match the inductive reactance at low, and
high frequencies. Therefore, capacitor C; will attempt
to hit the resonant point at high frequencies, while
capacitor C, was chosen for low frequencies. The
two switches alternate in their switching status and
the average capacitance C,, becomes a function of
the duty factor [4].
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Figure 3: Switched Variable Capacitor (SVC)

In order to alternate the switching status PWM
technique is used. This allows the change of the
average capacitance. When the frequency is low, the
inductive reactance becomes minimum and the PWM
controller allows the current to pass through C, only.
When the frequency is high, the inductive reactance
becomes a maximum, and the capacitor C, is inactive
while Cy is inserted. For the frequencies in between,
both capacitors are switched. Before one switch turns
on the other must first turn off allowing continuity of
current flow. For that reason the resistor Rgyc is
integrated. The simulation used C;=1.689mF and
C,=0.188mF.

EVS24 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium 2



The FCSC is shown in Figure 4 and it consists of a
capacitor and a pair of switches, such as IGBTs for
example, each anti-parallel connected [2].
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Figure. 4: Forced Commutation Controlled Series
Capacitor (FCSC)

The principal target in this case is the same as in the
last case. The capacitive reactance Xc can vary from

X:=0 to X.=2®C in order to match any

inductive reactance. When the IGBT switches S; and
S, are closed, the capacitor bank is short circuited.
When the switches are open the current flows
through the capacitor Cecsc. Therefore, the capacitor
voltage can be controlled by closing and opening the
switches each half-cycle. The series reactance can be
expressed as:
Xeo, = e = L (0 (/n)y - Wr)sin2y)@
cn T T oC 134 7 7))
where vy is the delay angle [2].

In Figure 5, the inductive reactance for frequencies
up to 350 Hz is shown by the bold line. The thin
curved lines represent the capacitive reactance for
various delay angles y over frequencies up to 350 Hz.
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Figure 5: Capacitive and Inductive reactance against
electric frequency

By choosing the appropriate delay angle vy, the
system operates at its resonant point and the PF
become unity.

3 Power factor calculation

The PF is an indicator of useful power that can be
transferred from the source to the load. With a PF of
1 (PF=1) all of the real power available in an electric
machine will be delivered to the output of the
generator-set allowing maximum utilization of the
machine. A high PF means also low line harmonics
between the machine and the rectifier circuit.

The PF determines the ratio of the real power (P) to
the complex power (S) as expressed in equation (5)

17 .
__Real Power P _ ?Jo vidt
Complex Power S VI
, ®)

where v and i represent the Fourier Series
v=>Y J2v,sin(net +a,, )

n=0
i=Y V2l sin(not+a,)

(6)

and V and | represent the RMS values

Vzw/%ﬂvzdt
/1 T,
| = ?Ioldt (7)

In (6) a,n and o, are the phase delays for voltage and
current respectively. Equation (5) becomes complex
when (6) and (7) are used. In simulations, however,
the back EMF can be simulated pure sinusoidal. In
this case the PF can be calculated as follows:

__Real Power :E:V1I1°°5(av1_“ii):LCOS(Q)
Complex Power S VI |

(8)

PF has become a function of the RMS current I, the
RMS current of the first harmonic |, and the phase
delay o between the voltage and the first harmonic of
the current. Equation (8) shows that large distortions

. . . Is1
in the current waveform will result in a small I_
S

ratio and hence a low PF.

It is important to address that equation (8) should not
be wused when PF is calculated based on
measurements. In real applications the back EMF is
not pure sinusoidal and (8) becomes invalid. When
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calculating the PF from real measured data equations
(5), (6) and (7) must be applied.

4 Results and Discussions

All three circuits have been analysed and compared
by simulation. Each circuit was tested at different
engine speeds. The following results are shown for
an engine speed of 3.000rpm. However, the
statements given below will remain regardless the
engine speed.

Figure 6 shows the comparison of the PF from all
three CSCs compared to the uncontrolled full-bridge
diode rectifier, for various load resistances (load
currents). All CSCs achieve nearly unity PF, while
the uncontrolled full diode bridge rectifier results in a
very poor performance under all load conditions.
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Figure. 6: Comparison of PF over load resistances (load
currents) at an engine speed of 3.000rpm

The output voltage of the generator-set is shown in
Figure. 7. The TSSC clearly shows the best
performance (assuming the generator operates at
constant speed) over the full load range. The output
voltage of the TSSC is highest when the load current
is low (high load resistance). The conventional
uncontrolled full diode bridge rectifier circuit has a
significant voltage drop which is caused by two
effects: 1) absent of PF correction 2) a large current
commutation time. Current commutation is a
function of the size of the machine inductance. In
CSC’s this commutation is minimised. The process
of current commutation and the impact on output
voltage of rectifier circuits are discussed in more
details in [1].

From figures 6 & 7 one can conclude that CSC’s can
improve PF and output voltage compared to the
uncontrolled full-bridge diode rectifier. Out of all
three CSC’s investigated the TSSC gives the best
performance as it demonstrates highest PF and
highest output voltage.

Vout (Volt)

Load Resistance (1)

Figure .7 Comparison of the output voltage over load
resistances (load currents) at an engine speed of 3.000rpm

Table 1 shows the simulation results of the three CSC
and the uncontrolled full diode bridge rectifier
circuit. Data collected are the RMS value of the first
current harmonic, the total current harmonic
distortion, the output voltage and the total losses for
an engine speed at 3.000rpm.

Table 1: Simulation results for an engine speed of

3.000rpm
Output
Rload | Ilrms | , Losses
%THD | voltage
@ | @ |” Wy | kW)
A
Q 4 8987 4355 | 493 | 0.67
3 1175 | 3.343 | 487.5 1.13
2 170 | 2.331 | 476.8 | 2.38
1 308.9 | 1.306 448 7.82
Output
Rload | Ilrms | , Losses
%THD | voltage
@ | @ |7 Wy | kW)
S
n 4 9253 | 4.075 | 497.9 | 0.09
3 122.2 | 3.059 | 4939 | 0.15
2 180.1 | 2.039 | 485.9 | 0.30
1 343.2 | 1.011 | 4635 | 1.03
Output
Rload | Ilrms | , Losses
%THD | voltage
@ | @ |7 vy | kW)
3
& 4 88.44 | 5.43 497.6 | 0.07
3 1231 | 3.49 493.4 | 0.11
2 182.3 | 2.19 485.3 | 0.21
1 342.5 1.09 462.6 | 0.70
Output
Rload | 11rms Losses
S %THD | voltage
gl@ | ®»w|” V| kW)
@
@ 4 588 | 3.97 316 0.07
3 3 | 658 3 266.2 | 0.04
Q 2 [ 730 2 179 | 0.02
1 78.7 1 106.4 0.02
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Table 1 shows that the additional components in CSC
circuits add switching losses and conduction losses.
These losses can become higher compared to the
losses generated by the uncontrolled full bridge diode
rectifier circuit. Generally, the losses become higher
at high load current conditions (low load resistance).

5 Conclusion

The performance of rectifier circuits in generator-sets
for SHEVs can be improved by adding CSC
circuitries. CSC will eliminate the effect of PF
degradation caused by the inductance of the machine
under all speed conditions. A high PF leads to a
better utilization of the machine which allows the
downsizing of the machine. However, losses added
by the additional components may offset the benefit
of CSC circuits.
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