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Abstract

Due to the thyristors drawbacks, the obsolete driving and control hardware spare parts, and instead of replacing the entire
excitation systems, this paper proposes a SiC-based rectifier as a replacement for the SCR-based rectifiers that are used in
the exciters to provide the DC field current to the rotors of the synchronous motors in Qarmat-Ali Water Treatment Plant
(QAWTP). The system performance is improved and its power density is enhanced by improving the rectifier
performance. In addition to the capability to operate in harsh environments and high ambient temperatures, the proposed
rectifier minimizes the harmonic contents in the input current and the output voltage. The rectifier is simulated with a
maximum current of 200 A which is higher than the current that is measured in the station. The calculated efficiency of
the rectifier is about 90%. With a small input passive filter, the archived THD of the input current is 11% with a light
load and 22% with a full load.

Keywords: Exciter, half-controlled rectifier, thyristor, Silicon-Carbide.

1. Introduction includeeactive power control mode, voltage droop control
mode and Volt/Herts limiting mode.

Water injection is essential in the oil industry for
ensuring production by maintaining the reservoir’s
pressure at certain levels and increasing production by
boosting the reservoir’s pressure levels. In Rumaila, the
annual water injection rate had been increased from 200
thousand barrels per day in 2013 to more than 1400
thousand barrels per day in 2021 [1]. The water is filtered
and passed through different treatment operations in the
Qaramt Ali stations, before exporting it to the Cluster
Pump Stations (CPSs) to be injected into the reservoir.
The water is exported to the Rumaila oil fields by
centrifugal pumps. There are nine pumps each pump is
driven by a 2.5 MW synchronous motor which is shown in

Fig. 1, the motor specifications are given in Table 1. Fig.1 2.5 MW 6.6 kV synchronous motor
Although synchronous machines have many advantages
like the constant angular speed regardless All the rectifiers that are used in the existing exciters are

the load and the power factor controllability, they are not ~ based on thyristors. Generally, these thyristor-based
preferred in most of the applications due to their high cost  rectifiers have many disadvantages such as low power
compared with their counterpart of induction motors, lack  factor due to the high reactive consumption and high input
of self-starting, and the requirement of two types of  current distortion. More importantly, some of the spare
sources, an AC source that feeds the stator and a DC  parts for the thyristors’ deriving boards and the control

source that feeds the rotor. circuits are either obsolete or very expensive.
The devices that provide the DC current to the rotors are

known as exciters; Fig. 2 shows the excitation system Table 1 Motor parameters [2].
panel that is used in the station. Besides their main _NO- Parameter Rated Value
function which is applying the excitation field and the Effective output power 2500 kw

1
protection functions such as over and under excitation, 2 Stator Voltage 6600 V
motor pullout protection and incomplete sequence, 3 Stator Current 252 A
excitation systems provide a discharge path for the 4 Frequency 50 Hz
induced current in the rotor. Meanwhile, the field current g Rotation Frequency 1000 rpm
7
8

is controlled depending on the operation modes Rotor Voltage 58 V
Rotor Current 220 A

Winding Resistance at Stator: 79.1 mQ
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20°C Rotor: 188 mQ
9 Air Gap Mean Value 9 mm

On the other side, the fluctuating in the motor output
power due to the change in quantity and the pressure of
water in the pipes or due to the changing of the supply
voltage requires a fast response rectifier to adjust the field
current to compensate for the power variations. The
relationship between the field voltage and the power is
explained in detail in the next section. The response of the
thyristors-based rectifiers is very slow that makes them not
suitable for such applications, especially where the utility
voltage and frequency are not stable. Therefore, the
approach is to design a replacement for these rectifiers
rather than replacing the entire excitation system. The
proposed rectifier is based on Silicon Carbide MOSFETSs
which improve the exciters' performance and provide more
flexibility and controllability to the systems.

Fig.2 Excitation system panel
2. Excitation and Output Power Relationship

Since the poles of the rotor are salient, the motor’s
reactance varies depending on the rotor position because
of the non-uniform air-gap [3]. Reluctance torque
develops because of the pole saliency. Therefore, the
magnetic of the stator is represented by two axes, a direct
axis which is aligned with the rotor axis and a quadrature
axis which is perpendicular to the rotor axis. Based on the
equivalent circuit which is illustrated in Fig. 3(a), the
terminal phase voltage (\Vt) is given by:

Ve = Ef + IR, + jlu(Xg + Xi) +jI,(Xy + Xie)
1)

Where E; is the phase value of the induced electric motive
force (EMF) which depends on the field current that is
provided by the exciter, |, is the armature current, Ra is the
armature resistance, Xy and X, are the direct and
quadrature reactance component respectively, and X is

the stator leakage reactance. The current components for
the leading power factor are obtained as:

Iy = 1, sin(6 + @) 2)
Iy = I, cos(6 + @) 3)
Where 3 is the angle between the EMF and Vt and ¢ is the
power factor angle. These parameters are illustrated in the
phasor diagram in Fig. 3(b). By neglecting the voltage
drop across the armature resistance and the leakage
reactance, the induced voltage can be approximated as:

Ef = Vicos(6) + 13X, 4)
Thus, the active and reactive powers are obtained by:
VeEr EL/ (R
= X, sin(8) + 2 (Xq Xd) sin(26) (5)
__ 3ViEf _ o {cos?(8) | sin?(8)
Q= X, cos(6) — 3V (—Xd + = ) (6)
I
H Xe X
Xle Rq [
™. ) Bt Vi

(b)
Fig.3 (a) Salient Pole synchronous motor equivalent
circuit (b) leading power factor phasor diagram

3. System Description

These motors are operated by a direct on-line method
when the stator windings are connected to the grid by
closing the circuit breaker. Each exciter is fed by a 3-ph 50
kVA step-down transformer whose primary windings are
connected in parallel with the stator as shown in Fig. 4.
The AC voltage of the secondary windings of the
transformer is rectified by an SCR-based three-phase
rectifier. The output of the rectifier is connected to the
field windings through carbon brushes and slip-rings. The
DC voltage is controlled by adjusting the thyristors firing
angles. The average output voltage is given by [4]:

T
3 5ta
v = |2 vy dwt
dc n'f%ﬂx ab ( )
3 %+a
HJ‘E
6+a
3v3V,
—Mcosa
s

V3V, sin (Wt + %) d(wt)

U]
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Where o is the firing angle, vy, is the line-to-line voltage
and Vy, is the voltage magnitude. Notably, the maximum
average output voltage is obtained when o = 0.

MOTOR
Circuit Breaker

HOMS AY 99
*

ASH/ADNGY

Fig.4 Synchronous motor with SCR-based excitation
system

Although thyristors have lower on-state conduction losses
and higher power handling capability, in addition to the
aforementioned disadvantages they suffer from other
drawbacks such as the lack of turning-off capability and
slow switching. Consequently, the line commutated
rectifiers, which are built by using SCRs, consume high
reactive power and generate more harmonics. The
performance of these rectifiers is influenced by the AC
side line inductance. The overlap duration among the
thyristors is directly proportional to the line inductance.
Depending on the motor parameters and the transformer
turn ratio of the existing system, it is found that the
minimum firing angle is about 63° in order to meet the
rotor-rated voltage. Operating with large firing angles
leads to higher harmonic distortions. Fig. 5 shows the FFT
analysis (the fundamental component is not included) of
the rectifier output voltage and the input current when the
firing angle is the allowable minimum value. Thus, the
thyristor-based

exciters pollute the power system with harmonics of the
input current as well as the output voltage. The harmonics
in the field voltage have a negative impact on the rotor
winding in addition to degrading the motor performance.
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Fig.5 Output voltage and input current of the
Thyristor-based rectifier with 200 A output field current

4. Silicon Carbide-based Rectifiers

Silicon Carbide power devices have many advantages
such as fast switching frequency, low power losses, small
leakage current, and high operating junction temperature
[5]- Therefore, they are used in different applications such
as high voltage direct current transmission [6], solar
systems [7], wind energy systems [8], and electric and
hybrid electric vehicles [9] and [10]. In [11], a 5 kW 380
VAC input 800 VDC output All-SiC three-phase active
front-end boost PWM rectifier is compared with All-Si
and hybrid rectifiers. It is found that the All-SiC is 1.2%
more efficient than the AlI-Si and 0.5% more efficient
than the hybrid device. A comparison between SiC-based
current source rectifier (CSR) and voltage source rectifier
(VSR) for DC microgrid applications is presented in [12].
The rated power of each rectifier is 30 kW and they
operate with a 40 kHz switching frequency. The analysis
shows that CSR efficiency and power density are higher
than VSR. SiC MOSFETs with Schottky diodes are used
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to build a 7.5 kW three-phase buck rectifier with 480
Vrms input and 400 Vdc output voltage for the data center
power supply is presented in [13]. The rectifier achieves
98.5% efficiency at full load. Unlike the previous rectifiers
that use normally-off transistors, normally-on SiC JFETSs
are implemented in [14] to construct a rectifier prototype,
the rectifier achieves a 91.4% nominal efficiency.
Accordingly, the characteristics of the SiC-based power
transistors make them more suitable for harsh
environments like the Rumaila oil field environment.
Based on the motor parameters that are given in Table 1
and taking into consideration the availability and the cost
of the switching devices and the other components, the
SiC-based half-controlled rectifier (semi-converter) which
is shown in Fig. 6, is chosen as a replacement topology for
the existing thyristor-based full-controlled rectifier.

b, L

AD A D: ADs
{——rt &3
D cel :
'GD == A Field) ¥
T AD AD, ADs

Fig.6 Half-controlled rectifier
5. Semi-Converter-based Exciter

In addition to the power loss reduction, a semi-
converter that is demonstrated in Fig. 6 can increase the
system power density due to the smaller number of
controlled switches (only three transistors) and auxiliary
circuits like driving circuits, and snubber circuits that are
utilized. The MOSFET-based half-controlled rectifier can
operate in two modes. In the first mode, the transistors are
switched with a frequency equal to the line frequency (50
Hz) and the dc voltage is controlled by adjusting the on-
time (to,) of the MOSFETSs. Although this mode reduces
the switching losses, it is not considered because it
generates low-order harmonics. In the second mode, the
switching frequency is high so the low-frequency
harmonics are reduced and the generated harmonics can be
eliminated by using a small LC low-pass filter. Since SiC-
based MOSFETs and diodes are exploited, the passive
components of the filters can be further minimized due to
the high switching frequency. Unfortunately, the half-
controlled rectifier inherently produces even harmonics
[15, 16] due to the irregularities in the on-times between
the upper switches (diodes and transistors) and lower
switches (diodes). The magnitude of the generated even
harmonics by the proposed is not large; therefore, their
impact on the performance of the system is negligible.

The used switching sequence is similar to the sequence of
the conventional rectifiers. Based on the input voltage that
is shown in Fig. 7, diodes (D; and Dg) and the MOSFET
(Q,) are ON during the period (n/6 — m/2), Dg turns OFF

when the voltage of phase 3 increases after I1/2 and the
current will flow through D,. At 57/6, Q; and D; turn OFF
and Q, and D3 will be ON. D, turns OFF and D2 will be
ON during the period (7n/6 — 11a/6). Finally, the period
between (3n/2 and 137/6), Q3 and Ds are ON and the rest
of the upper switches are OFF.

——Phase1
=Phase2
|=—Phase3

0 I/ 1172 511/6 711/6 3112 1111/6 1311/6

Fig.7 Three-phase input voltage

The system power losses can be divided into two
categories: the semiconductor losses, the power losses in
the MOSFETs and diodes; and the passive losses, the
losses in the inductors, capacitors, and damping resistors.
Only the power that is dissipated in the bridge is
considered. In other words, the power losses in the
switches (Q1, Q2, and Q3) and the diodes (D1 to D6),
which are given by [17]:

®)

— 2
PDiode - Vf * IDiode_av + RDiode IDiode_rms

1
Pmos = E VDSIDrain(ton + toff)fs + Il%rain_rmsRDS—on
= (Eon + Eoff)fs + Il%rain_rmsRDS—on (9)

Where Ppjoge iS the power loss in a diode and Py, is the
dissipated power in a MOSFET, V; is the diode forward
voltage, Ipioge av @Nd Ipioge rms are diode average and RMS
currents, Vps and lp.i, are the MOSFET voltage and
current at the time of the switching, Iprian rms iS the RMS
value of the MOSFET current, and Rps-, iS the Drain-
Source on-state resistance. Eo, and Eg represent the
MOSFET turn-on and turn-off energies which are obtained
from the datasheet.

The selected MOSFET is (P3M07013K4 N-channel
Enhancement Mode [18]) and the diode is
(GP3D050A065B [19]). From the data sheets, the
continuous drain current (Id) of the MOSFET is 100 A
when the case temperature is 100°C; therefore, three
MOSFETSs in parallel are used. On the other hand, four
parallel diodes are used, the continuous forward current
for each diode is 70 A at 125°C case temperature.
Depending on the operation condition of the motors in the
station, the maximum field current is 180 A. Therefore,
the maximum power losses are considered for 200 A
output current. For the losses calculations, the average and
RMS values of the voltages and currents are obtained
simulatively. The calculated power losses in the diodes
equal 617 W, while the MOSFETs switching and
conduction losses equal 658 W. Thus, the rectifier
efficiency is about 90% which is found from the output
power and the total power losses.
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6. Simulation Results

To validate the performance of the proposed system,
simulations are performed using PSIM. The proposed
semi-converter power circuit is shown in Fig. 8. The
rectifier rated power is 18 kW and the switching frequency
is 50 kHz. The per-phase value of the filter inductor (L¢
)and the capacitor (C; ) of the input filter are 500 uH and
10 pF respectively. A 1 Q resistor is connected in series
with the filter capacitor to dampen the oscillation in order
to ensure system stability. The upper switches S1, S3, and
S5 are constructed from the MOSFETS and diodes and the
lower switches S2, S4, and S6 are constructed from
diodes. The free-wheeling diode (Df ) is connected in
parallel with the 100 uF dc side capacitor (Cg) in order to
prevent the capacitor from reverse polarity charging so the
rotor current flows through the diode when the capacitor is
fully discharged. A pulse width modulation, a sine-wave is

6600
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Fig.8 PSIM Half-controlled rectifier power circuit

compared with a triangle carrier signal, is employed to
drive the MOSFETSs. The phase angle of the fundamental
sine-wave is obtained by a phase-locked loop (PLL). The
field current is controlled by adjusted rectifier output
voltage which is a function of the modulation index.

Fig. 9 shows the output voltage and input current, the
current of the secondary winding of the transformer before
the LC filter when the field current is about 100 A. From
the FFT analysis for the output voltage - the fundamental
magnitude is not included - it is seen that the highest
magnitudes are the 3 and 15" but they are small
compared to the harmonic magnitudes in the Thyristor-
based rectifier output. Although the even harmonics 2"
and 4" occur in the input current as shown lower-right
graph in Fig. 9 due to the switches on-time irregularities
and the odd harmonic 5", the total harmonics distortion is
11% which is lower than the distortion that is caused by
the SCR-based rectifier.
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Fig.9 Output voltage and input current of the
MOSFET-based rectifier with 100 A output field current

When the average field current is increased to 200 A as
shown in Fig. 10, the peak-to-peak current is about 25 A,
by adjusting the modulation index, the amplitude of the
15™ harmonic becomes very small while the 3" increases
in field voltage as depicted in Fig 11. The 5" harmonic is
reduced in the input current but the magnitude of the 2nd
harmonic increases therefore the 22% THD is mainly
because of the second harmonic.
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Fig.10 Field current ripple
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Fig.11 Output voltage and input current of the

MOSFET-based rectifier with 200 A output field current

7. Limitation and Future Work

Some of the motor parameters such as the stator
inductance and rotor inductance are not given in the
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data sheet and not available online, so they are
adjusted to make the operation conditions like what
have been observed in the station. This can be solved
by obtaining these parameters experimentally.
Thermal management and heat-sink design have not
been considered when the number of parallel switches
has been selected. In the future, either the number of
parallel switches will be increased or MOSFETS with
higher-rated parameters will be selected depending on
the thermal requirements.

The circuit is simulated with open loop control, in the
future, a closed loop will be included in order to test
the rectifier with rapid change in the input voltage
and/or in the motor output power.

Conclusions

The SiC-based half-controlled rectifier can improve
the excitation systems' performance in terms of power
density, harmonic distortion, and efficiency. The proposed
system has a faster response than the SCR-based rectifier;
therefore, it is more suitable for weak grids to compensate
for voltage and motor power variations besides its ability
to operate with higher temperatures. The simulation results
verify that the utilized small passive filter is able to
mitigate the generated harmonics by the semi-converter.
The achieved total harmonics distortion of the input
current is 11% with a light load and 22% with a full load.
Future works will focus on thermal management and
controller design to test the rectifier under different
operation conditions.
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