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A New Start-up Method for a Load Commutated Inverter for Large

Synchronous Generator of Gas-Turbine

Hyunsung An* and Hanju Cha’

Abstract — This paper proposes a new start-up method for a load commutated inverter (LCI) in a
large synchronous gas-turbine generator. The initial rotor position for start-up torque is detected by the
proposed initial angle detector, which consists of an integrator and a phase-locked loop. The initial
rotor position is accurately detected within 150ms, and the angle difference between the real position
and the detected position is less than 1%. The LCI system operates in two modes (forced commutation
mode and natural commutation mode) according to operating speed range. The proposed controllers
include a forced commutation controller for the low-speed range, a PI speed controller and a PI current
controller, where the forced commutation controller is connected to the current controller in parallel.
The current controller is modeled by Matlab/Simulink, where a six-pulse delay of the thyristor and a
processing delay are considered by using a zero-order hold. The performance of the proposed start-up
method is evaluated in Matlab/Psim at standstill and at low speed. To verify the feasibility of the
method, a SkVA LCI system prototype is implemented, and the proposed initial angle detector and the
system performance are confirmed by experimental results from standstill to 900rpm.

Keywords: Gas-turbine, Static frequency converter, Load commutated inverter, Start-up method,

Initial rotor position detection

1. Introduction

A gas-turbine generator system needs a start-up system
for internal combustion, and the fuel of the gas-turbine
system begins to combust at approximately 30% of the
rated speed [1]. Before the 1990s, start-up systems used a
DC motor or an induction machines. In case the
conventional methods, the DC motors had maintenance
problems, and the induction machines had shaft vibration
problems. Due to these problems, static frequency
converter (SFC) systems using semiconductor switches
have been studied as a start-up system of gas turbines since
the 1990s [2-5]. An SFC system is used in variable
applications like pumped storage systems, gas-turbine and
start-up systems for large-scale synchronous machines [6-
10]. The SFC system can be applied to multiple gas-turbine
system through one device. The gas turbines range from
several megawatts up to several hundred megawatts, and
the SFC systems range from several hundred kilowatts up
to several megawatts.

The SFC system is applied to a current source inverter
(CSI) because it is a large-scale system, and one generally
used SFC system is a load commutated inverter (LCI)
[11-14]. The switching devices in an LCI system are a
thyristors, rather than insulated gate bipolar transistors
(IGBTs). Although thyristor switches have the uncontroll-
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able characteristics of turn-off, the thyristors can guarantee
the reliability than other switching devices when applied to
high voltages and high current in a large-scale power
station system. Generally, current in the switch must be
reduced to zero, or the voltage across the switch must be
reversed in order to turn off a thyristor. However, with a
motor drive system that operates in variable voltages and
frequency, a different operating method must be applied at
the LCI system because of the insufficient induced voltage
of the synchronous machine in the initial start-up. So, the
LCI system for switch turn-off operates in two modes,
which are forced (or pulse) commutation mode at low-
speed ranges and natural commutation mode at middle-
and high-speed ranges [15, 16].

It is important to know the rotor position of a
synchronous machine in order to obtain the start-up torque
for initial start-up with respect to operation in forced
commutation mode. The thyristor pair at the stopped state
of the synchronous machine is determined according to the
initial rotor position, and the LCI system need the absolute
rotor position of the synchronous machine. Detection
methods for the initial rotor position by using thyristor
converter are limited due to the turn-off characteristic of
the thyristor switch, although there are many methods that
detect the initial rotor position for IGBT based power
conversion system [17-19]. When encoder are used, the
variation rate of the rotor position can be detected, but the
absolute initial rotor position cannot be known before
generating a z-pulse despite using an encoder-based system.
Therefore, a synchronous machine is operated by arranging
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the rotor in a specific position or by distinguishing the
polarity of the terminal voltage via injection of field
current [20]. Back-electromotive force (back-emf) in the
synchronous machine is temporarily induced at the
moment of field current injection, and the magnitude and
polarity of the induced back-emf vary according to rotor
position. Polarity of the back-emf is separated into six
sectors and a pair of thyristors fire in accordance with
polarity. It is difficult to know the exact rotor position,
although the approximate rotor position is known. The
distinguished polarity can incorrectly determine the rotor
position because of noise in the zero-crossing area.
Incorrect information as to rotor position causes erroneous
thyristor selection, which then cannot create the proper
start-up torque.

This paper proposes a detection method of the initial
rotor position by using an integrator and a phase-locked
loop (PLL) simply for a stable start-up method of a
synchronous machine. Modeling of the current controller
was designed in Simulink/Matlab for stable operation in
forced commutation mode. The performance of the
proposed initial angle detector and the performance of
the LCI system were verified through simulation and
experimental results.

2. Gas-Turbine and Start-up System

Fig. 1 shows the overall system of a gas-turbine power
station that consists of a gas-turbine, a synchronous
generator, an LCI system, an excitation system and other
systems of a power station. A gas-turbine generator system
needs an LCI system for initial start-up of the gas-turbine.
The large synchronous machine of power station operates
as a motor before the grid connection. When the rated
speed is reached, the synchronous machine operates as a
generator. A governor for generator, LCI and excitation
system are operated by a main control system according to
command of control room in the power station. Fig. 2
shows the structure of the conventional method through an
induction machine, which includes an additional coupling
shaft and machine. This method is not appropriate because
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Fig. 1. Configuration of a gas-turbine power station
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of the maintenance problem and shaft vibration. Therefore,
a start-up system is applied to an LCI system. Fig. 3 shows
the operating characteristic curve of a gas turbine and an
LCI system. A gas turbine is generally driven by grid
frequency, and an LCI system operates until 90% of the
gas-turbine grid frequency.

2.1 Load commutated inverter

Fig. 4 shows the structure of an LCI system, which
consists of a supply-side thyristor converter, a machine-
side thyristor converter, a synchronous machine, an exciter
and a controller for stable operation of the system. The

Start-up system

Fig. 2. Conventional method for a start-up system
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Fig. 6. Principle of natural commutation mode

load commutated inverter employs a DC reactor between
the supply-side thyristor converter and the machine-side
thyristor converter. The supply-side converter is a thyristor
based three phase six-pulse bridge circuit in which constant
three-phase AC voltage is converted into variable DC
voltage. The machine-side converter is also a thyristor
based three-phase six-pulse bridge circuit in which the DC
voltage generated by the supply-side converter is inversely
converted to three-phase AC power with a variable
amplitude and a variable frequency.

2.2 Commutation modes

The load commutated inverter system operates in two
modes: forced (or pulse) commutation mode and natural
commutation mode. The operation modes of the LCI
system are classified by the turn-off characteristics of the
thyristor. At low speed, the level of the induced back-emf
is too low to ensure correct switching of the converter
thyristors. So, forced commutation mode is used for initial
starting or at low speed in the machine. This forced
commutation sequence is shown in Fig. 5, where the rates
of reduction and the increase in current are dictated by the
circuit voltage levels and the value of the DC link reactor.

When the machine is generating sufficient voltage at its
terminals to allow satisfactory natural commutation of the
machine converter thyristors, the drive operates in normal
running mode. This is shown in Fig. 6, which shows the
waveforms occurring during the process of switching from
thyristors 4 to 6. When the T6 is turn on, because V, is
more than Vy, cause the current in thyristor 4 to reduce and
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Fig. 7. Control structure of an LCI system

that in thyristor 6 to increase. The rate of change of these
currents depends on the value of the effective inductance of
the machine and the magnitude of the voltages while the
current is changing. In addition the period when both
thyristors are conducting (the overlap angle) will depend
on the level of current flowing in the circuit. The overlap
period must be completed before point X is reached
otherwise the voltage which is causing the current transfer
will reverse and the transfer will not be completed,
resulting in an inversion failure and a high fault current in
the circuit.

3. Control Methods of an LCI system

Fig. 7 shows the control structure of an LCI system that
consists of a PI speed controller for purge mode of the gas
turbine, a PI current controller, and a forced commutation
controller. Additionally, the LCI system added an initial
rotor position detector to determine the thyristor pair for
large torque. The stator current vector in the synchronous
machine is injected so as to be vertical with respect to rotor
flux for large-torque generation. Rotor position information
is obtained by a position sensor, and the machine-side
converter operates through constant firing angles. The
supply-side converter operates through variable firing
angles via calculations of the current controller and the
forced commutation controller.

3.1 Detection of initial rotor position

It is important to select a pair of thyristors according to
rotor position in order to inject large torque at initial start-
up. The initial rotor position cannot be known before
generating an initial z-pulse, despite using an encoder-
based system. Field current is used to detect the initial rotor
position and the back-emf is induced in the stator of the
synchronous machine after injecting field current. The
induced back-emf has various magnitudes and polarity,
depending on rotor position. Induced back-emf is
expressed in (1), (2) and (3). o, ow, and o, show the
difference of angles between each terminal axis and the
rotor position, as shown Fig. 8. X references the rotor
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Fig. 8. Simplified representation of a silent-pole synchro-
nous machine

Table 1. Relationship between rotor position and polarity

of back-emf
Rotor position Polarity Combination
E, E, E.
0°~60° - + -
60°~120° - + +
120°~180° - - +
180°~240° + - -
240°~300° + - +
300°~0° + +

position, and iy and k are field current and slope of the
field current. The relations to polarity can be represented in
six sectors, as shown Table 1, and thyristor pairs are
selected by these polarities. However, this method can give
rise to a problem at initial start-up due to mistaken
selection of the thyristor pair from a wrong decision about
polarity at the zero-crossing point in back-emf.

di,

E =k ;’; cosa, 9]
di.

E, =k%cosab 2)
di

E. =k :Zf: cosa, 3

The proposed method uses the relationship between
back-emf and rotor flux of the synchronous machine. Since
back-emf and rotor flux have a phase difference of 90
degrees, rotor flux can be estimated by using the induced
back-emf at field current injection.

The terminal voltage (¥, V) in a stationary reference
frame is expressed in (4) and (5), where R,, L4, i3, and
ey, represent stator resistance, d-q axis inductance, stator
current in the stationary reference frame and back-emf in
the stationary reference frame, respectively.

Vi =I,R, +1L, ii,j,; + e 4
dt
s s d .S S
Vo =1 R +1L, qux + ey (®)]
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The back-emf component by field flux is proportional
to the delta value in field flux. So, back-emf is expressed
in (6) and (7), where 6,,, As, and A, represent initial
rotor position, d-q axis rotor flux and field flux,
respectively.

s _dioy_d

e = E(ﬂdr) :E(i/ c08 6,1 ) (6)
.ody, d .

€, = Z(}pq,) = E(l/ sin 49[,,,-,) (7

In the build-up state for field current, stator current ( Zz, )
is zero in (4) and (5). Therefore, terminal voltage of the
machine is equal to back-emf, which is represented in (8)
and (9).

Ay = [Vidt = [ eyt (8)
oy = [Vadt = esdt )

Fig. 9 shows a block diagram of the method for
detecting initial angle, which consists of the integrator and
the PLL. The PLL can accurately estimate rotor position
and speed without system parameters such as inertia and
torque. The PLL for estimation of the initial rotor position
is shown in Fig. 10, and input of PLL is the estimated rotor
flux. The difference angle between estimated rotor position
and real rotor position is compensated by proportional
integral (PI) controller. It is easy to detect the absolute
position of the rotor,and it does not cause a problem in DC
drift of a pure integrator owing to detection of rotor
position within 150ms. The detected initial rotor position is
accurate to within 1% to the actual position via encoder,
and thyristor pair determined through the exact initial rotor
position shown in Table 2. In this paper, reference to rotor
position is synchronized line-to-line in the A phase and C
phase, and the firing angle of the machine-side converter is
determined to be a constant value at 150 degrees.
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Fig. 9. Block diagram of initial angle detection
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Table 2. Relationship between rotor position and thyristor

pair
Rotor position Thyristor pair
330°~ 30° T3, T4
30°~90° T4, TS
90°~ 150° TS5, T6
150°~210° T6, T1
210°~270° T1, T2
270°~ 330° T2, T3
Current
Controller

& Limiter

Lee + Terr k; Ve o
e S L e ol e 048—"?—’>—'

I dc‘T o cos’
Vdc};
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Fig. 11. Block diagram of the current controller

1/1.35V,

3.2 Current controller and forced commutation

Fig. 11 shows a block diagram of the current controller
and the forced commutation controller connected to the
current controller in parallel. The current controller
generates the DC link voltage reference (7, ) for the firing
angle of the supply-side converter, and the forced
commutation controller generates the voltage reference
(Vi oy =150V) for zero amperes (0A) in DC current.
Firing angle can be calculated through the cos@™ block
of Fig. 11, and the DC voltage (¥4 con ) on the supply side
is expressed in (10). Firing angle of the supply-side
converter is calculated through cos@', as seen in (11).
Vi 1 and @, are the supply voltage and firing angle of
the supply side. The current controller is reset to prevent
saturation of the integrator during operation in forced
commutation mode. The current controller is important for
a stable start-up state in forced commutation mode, and
performance of the current controller is required for the
desired response time and accuracy, because the firing
pulse for forced commutation is generated in order to turn
off the thyristors on the machine side at intervals of 60
degrees, as shown in Fig. 12. So, performance of the
controller must be confirmed by controller loop modeling
of the thyristor converter through Matlab/Simulink.
Modeling of the controller consists of the PI controller, the
output limit of the controller, the thyristor six-pulse delay
and the plant. Six-pulse delay is implemented by zero-
order hold, and the plant is composed of DC reactance
(140mH). The value of the zero-order hold is set to 2.78ms
due to the six-pulse operation, and the sampling time of the
digital processor is 200us. The machine-side converter
does not get considered because of the constant firing
control. Current controller gains are designed to satisfy a
phase margin of 67 degrees, and performance of the current
controller was confirmed by overshoot, rising time and
phase margin. Rising time and overshoot are 9.2ms and
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Fig. 12. Principle of forced commutation

380mA, and controller gain by modeling is applied in the
real LCI system. Controller modeling was verified through
comparison of simulation and experimental results in the
section 4 and 5.

di,y_d
ESY - ﬂ’sr _a l,cosa_m
! dt( d) dt( f )
=135V, 1, COS Ueom (10
V )
Qomy =008 | =2 (11)
1.35xV, 11

4. Modeling and Simulation Results

Fig. 13 shows the modeling of the LCI system, which
consists of supply/machine-side converters as three-phase
six-pulse bridge connection circuits, a DC reactor, a
synchronous machine, controller segments and the initial
angle detection block. The simulation model was imple-
mented through MATLAB, and the simulation was added
through Psim in order to check precisely the performance
such as the current controller, operation characteristic and
so on. The simulation conditions are the same as the
experimental conditions.

4.1 Detection of initial rotor position

Figs. 14 (a) and (b) show the performance of the initial
angle detector according to the initial rotor position. The
initial angle in Fig. 14 (a) is 50 degrees, and the initial
angle in Fig. 14 (b) is 220 degrees. Initial rotor position
was detected rapidly and accurately through the detector.
The thyristor pair was determined by the initial angle, as
shown in Table 2. The initial rotor position detector is no
effect of the load because the LCI is operated by thyristor
pair determined by the initial rotor position detector at the
stopped state (zero speed) of the machine. In other words,
initial rotor position detector operates before the switching
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4.2 Start-up of the LCI system synchronized in E,, (line to line) of the synchronous
machine. Fig. 15 shows forced commutation mode at

Fig. 15 shows the operation in forced commutation 150rpm, and machine input current is reduced to 0A from
mode, and the machine-side firing angle was determined the level of the DC current for thyristor turn-off at 60
by considering start-up torque and leading factor. In this degrees. Additionally, the firing angle is changed by a
paper, firing angle ( @, ) of the machine-side converter is a forced current mode controller to 150 degrees as shown in
constant value at 150 degrees, and the rotor position is the Fig. 15. The LCI system was confirmed to be in a
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stable start-up state. Fig. 16 shows the overall start-up of
the synchronous generator, and the speed command value
was set at 900rpm in consideration of weak field range.
Operation modes and speed/current control are sequential
in accordance with the speed range. These simulation
results show the performance of the LCI system.

5. Experimental Results

To verify the feasibility of the proposed methods, a
S5kVA prototype was built. Fig. 17 shows the prototype
5kVA LCI system and a SkVA motor-generator set (MG-
set), with the power line as explained in the LCI system
configuration in Section 2. DC reactance is 140mH. In
addition, the LCI system is composed of an overall system
controller (MCP), voltage/current sensors (PT/CT), a

Table 3. Parameters of the synchronous machine

Rated power SkVA d-axis inductance 22.6mH
Rated voltage 30220V g-axis inductance 11.3mH
Field current Field current
(no load) 4.9A (rated load) 8.14
Field voltage Field voltage
(no load) 12.6V (rated load) 243V
Rated speed 1800rpm Pole pair 2

EETRRRRRRA L R TR RRRRTUUNL IR A g

Fig. 17. Prototype of the 5kVA LCI system and MG-set
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Fig. 18. Initial angle detection (6;,; = 115°): (a) Measured
theta (2rad/div), (b) Detected theta (2rad/div)

firing system (GPD) and DSP controller, and a field-
programmable gate array (MGI) for desirable control of the
LCI system. Synchronous machine parameters are show in
Table 3. The performance of the LCI system was verified
through initial angle detection and start-up of the LCI
system in forced commutation mode.

5.1 Detection of initial rotor position

Fig. 18 and Fig. 19 show experimental results from
initial angle detection according to initial rotor positions,
which were 115 degrees and 230 degrees. Rotor position
was detected rapidly and accurately within 150ms by the
initial angle detector, and the angle error in detected
position compared to the real position by the encoder was
less than 1%. The LCI system can be operated with
selection of the thyristor pair from initial rotor position
information. Fig. 20 shows the relationship between initial
angle detection and thyristor pair. The initial angle in Fig.
20 is 160 degrees, and the LCI system begins with
thyristors 6 and 1; the switching relationship according to
rotor position is shown in Table 2.

5.2 Start-up of the LCI system

Figs. 21 (a) and (b) show the step response of the DC
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Fig. 19. Initial angle detection (0;,; = 230°): (a) Measured
theta (2rad/div), (b) Detected theta (2rad/div)
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Fig. 20. Selection of thyristor pair: (a) Theta (0, 2rad/div),
(b) B phase input current, (c) C phase input current
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Fig. 22. Initial start-up in forced commutation mode: (a)
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current (I, 2A/div), (c) machine voltage (E,.,
25V/div), (d) Theta (0, 2rad/div)

current and the DC current waveform in forced commuta-
tion mode, where DC current reference is a step value to
3A from OA. Rising time and overshoot of DC current are
9ms and 400mA, as shown Fig. 21(a). These experimental
results are well matched to results according to the
modeling in Matlab, and confirmed that the current
controller is designed well. Fig. 22 shows forced
commutation mode to 50rpm from standstill, and DC
current was reduced to OA from the DC current level for
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Fig. 23. Three-phase current in forced commutation mode:
(a) Machine voltage (E,., 25V/div), (b) A-phase
machine input current (I,, 2A/div), (c) B-phase
machine input current (I,, 2A/div), (d) C-phase
machine input current (I, 2A/div)
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Fig. 24. Overall start-up of the LCI system: (a) DC link
voltage (Vg, 250V/div), (b) A-phase machine
input current (I,, 5A/div), (c) machine voltage (E,,
250V/div), (d) rotor speed (®,, 200rpm/div)

thyristor turn-off at 60 degrees. The DC link current
reference is 3A, and supply-side voltage is three-phase
130V,,,. The DC link voltage of the supply-side converter
is changed by firing angle ( o, =150° ) in forced
commutation mode. Fig. 23 shows three-phase current
(machine input current) in forced commutation mode. After
initial angle detection, commutation performance in the
low-speed range was confirmed through flow of the
machine input current according to determination of the
thyristor pair. Fig. 24 shows the overall start-up of initial
angle detection, forced commutation and natural
commutation. The speed reference was set at 900rpm in
consideration of weak field range. Operation mode and
speed/current control are sequential in accordance with the
speed range. The LCI system was confirmed to be in a
stable start-up state.

6. Conclusion

This paper proposed a start-up method for stable
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operation of a large synchronous generator for gas-turbine,
and the start-up system for the gas turbine applies a load
commutation inverter in order to ensure stable start-up.
Operation modes are applied forced commutation mode
and natural commutation mode, considering thyristor turn-
off characteristics. The initial angle detector consists of an
integrator and a PLL, where initial rotor position is
detected rapidly and accurately within 150ms through
induced back-emf during initial field current build-up time.
The detected rotor position matches position information
from an encoder, with error less than 1%. The current
controller of the LCI system has been designed by Matlab/
Simulink to verify PI current control. Six-pulse thyristor
delay time and processing delay were considered using a
zero-order hold, and current control of the LCI system
was analyzed. The performance of the proposed start-up
method and the current control were evaluated in Matlab/
Psim at standstill and at low speed. To verify the feasibility
of the start-up method, a SkVA LCI system prototype has
been implemented, and the proposed initial angle detector
and operation modes were confirmed by experimental
results at overall speed range.
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