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ABSTRACT 
 

The static frequency converter (SFC) systems are used as a method of driving large synchronous machines in many 
power and industrial plants. In this paper, new control algorithms of SFC systems for starting gas turbosets are proposed 
for a four quadrant operation: start-up at standstill; an acceleration up to the speed of the rated voltage; field weakening to 
reach the rated speed; synchronization to the main alternating current (AC) source; and dynamic braking to stop safely 
within the rating of the synchronous machine. Experimental results show that the proposed algorithms are proper and 
effective. 
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1. Introduction 
 

A variety of systems has been developed over the years 
for starting synchronous machines and gas turbines; with 
the choice of method employed depending on the 
particular requirements and conditions in the supply 
network. With gas turbines, for instance, a rotating exciter 
or separate direct current (DC) motor has been used. As a 
result, there are many mechanical problems because the 

group of the machine is longer. A general system has been 
developed, the static starting device, which is adaptable to 
any specific requirements. In addition, the static starting 
device is not only capable of starting a synchronous motor 
up to a rated speed, but also of braking the motor from the 
rated speed to a standstill. The switching devices of a 
static frequency converter (SFC) are thyristors rather than 
insulated gate bipolar transistors (IGBTs). Thyristors are 
more reliable than IGBTs when subjected to overvoltage 
and overcurrent in a large scale power system. A 
synchronous machine is started from a standstill by 
applying a phase-synchronized variable frequency 
generated by a load commutated inverter (LCI) system. 
The starting system can be located remotely from the 
motor. In addition, one startup system can be applied to 
several motors [1]-[6]. This system can operate at all four 
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quadrants, so it can be used for driving, braking, or 
reversing large synchronous machines [3], [5]. In the 
electrical field, SFC systems are used for starting the 
synchronous motor/generators of gas turbines and pumped 
storage plants. These two machines have the same 
conceptual algorithms except for field weakening in the 
gas turbine. A gas turbine must be run up to about 60% of 
its rated speed before it is capable of producing enough 
power to continuously accelerate[2-3], [5]. Moreover, the 
rotating exciter or separate DC motor is located on the 
same shaft of the synchronous machine, and is used for the 
synchronous machine of the gas turbine. However, the 
SFC system has become the preferred method to start a 
large synchronous machine because it is easily adaptable 
to any specific requirements. Previous studies 
concentrated on the pulse (or forced) and the natural 
commutation at the first quadrant operation [3-5].  

In this paper, control algorithms for an LCI system are 
proposed for starting a gas turbine in the four quadrants 
including start-up at standstill; acceleration up to the speed 
of the rated voltage and field weakening; and 
synchronization and dynamic braking to stop the machine 
safely within the machine rating of the synchronous 
machine. In particular, a proposed field-weakening 
algorithm is described with a detailed analysis of the 
synchronous machine in the field weakening region. 
Experimental results show that the proposed control 
algorithms are appropriate and effective for starting gas 
turbosets. 

 
2. LCI System 

 
Fig. 1 shows a schematic diagram of a load commutated 

inverter with the synchronous machine used to start gas 
turbines. The LCI system consists of a network converter 
(NC) and a machine converter (MC) producing the DC 
voltages condcV −  and invdcV − , and DC link reactor dcL , 

as shown in Fig. 1. The DC link decouples the different 
three-phase bridge frequencies and smoothes the rectified 
current dcI .  

In Fig. 1, the NC on the input side is connected to the 
main supply system and acts as a controlled rectifier 
during normal operation (i.e., the motoring operation). The 
MC on the machine side operates as an inverter. The 

output currents of the MC contain the fundamental and 
harmonic components simultaneously because the gating 
of the thyristor establishes the 120o conduction pattern.  

 

 
Fig. 1  Schematic of a load commutated inverter 

 

Table 1 Relation of switching sequences and output currents 

 

tω

tω
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    Fig. 2  Idealized output current waveforms of the machine  

    converter 
 

  Another operation mode conducts during 60o of a period 
of the stator voltage of the synchronous machine.  

Table 1 presents the relations of the switching 
sequences and the output currents. In Table 1, T1-T6 
represent each thyristor in Fig. 1. 

The output current waveforms of each phase are shown 
in Fig. 2. In Fig. 2, only two thyristors are simultaneously 
turned on during 60o, and the conduction angle of each 
phase is 120o. 
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3. Operating Modes 

 

Fig. 3 shows the driving characteristic curves of the 
synchronous machine fed by the LCI system.  

 

rω
nω×6.0

 
     Fig. 3  Characteristics of load, terminal voltage, and field  

     fluxlevel of the gas turbine 
 
  The operating ranges of the LCI system can be divided 
into driving, field weakening, synchronization, and 
braking modes. Driving mode consists of pulse (or forced) 
and natural commutation operations at the constant field 
flux region as shown in Fig. 3 [2-3], [5]. A field weakening 
operation is needed under the limited voltage condition to 
accelerate the motor with maximum torque, as shown in 
Fig. 3 ③. The synchronization operation occurs with an 
AC power system after the motor reaches the rated or 
synchronous speed to be run by the main AC power. The 
braking operation is necessary to stop the synchronous 
machine safely without mechanical stress on the shaft 
bearing. 

 
3.1 Driving mode 
In the driving mode, the NC on the input side functions 

as a rectifier, and the MC on the machine side operates as 
an inverter [1], [3], [5]. At a standstill, the amplitude of the 
machine voltage is zero, and commutation of the current 
in the MC can no longer be ensured by the machine 
voltage. Instead, at a very low speed, this is achieved by a 

pulse operation. Then, commutation is regulated by the 
NC rather than the motor voltage, as shown in Fig. 3 ①. 
Therefore, during the pulse operation or the left part of the 
driving range, a pulse operation or a forced commutation 
is needed by the NC [2], [5]. The firing angle γ of the MC is 
always controlled as described in Table I. As the motor 
speed is increased, the rate of change of the switching 
sequence is directly proportional to the motor speed. Fig. 4 
shows a control block diagram of the driving mode of the 
LCI system with the synchronous machine. 

 

S
1

 
 
Fig. 4  Control block diagram of driving mode of LCI system 

with synchronous machine 
 
In Fig. 4, the current and voltage references are 

developed by the speed controller and the current 
regulator in which the PI controller is adopted, 
respectively. As shown in Fig. 4, the firing system of the 
NC needs the phase angle of the AC power system for 
proper natural commutation, and the rotor position for 
pulse commutation at the low speed range. The MC only 
requires information of the rotor position for natural 
commutation. This control scheme is similar to general 
motor control [7-8]. 

 
3.2 Field weakening mode 
To understand the coupling between the load 

commutated inverter and the synchronous machine, it is 
first necessary to examine the operation of the 
synchronous machine [6]. The synchronous machine will 
be analyzed using the dq-axes representation with 
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electrical angular velocity ωe. The motor parameters are 
functions of the rotor position unless the dq-axes reference 
frame is assumed to be rotated synchronously with the 
motor. 

The voltage equation of the cylindrical synchronous 
machine at the steady state can be written as  
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where r

dsV  and r
qsV are d- and q-axis components of 

the stator terminal voltage, respectively, and r
dsi and 

r
qsi are d- and q-axis currents of the stator, respectively. Ls 

is the stator self-inductance, and Rs is the stator resistance. 
The electromagnetic torque Te is given by  
 

'3
2

r
e m f d q sT P L i i⎡ ⎤= ⎣ ⎦                 (2)                                               

where P is the number of pole pairs, and '
fdmiL  is the 

rotor flux linkage made by the rotor excitation system. 
This equation does not suggest the vector control of the 

synchronous machine. In (1) and (2), these equations are 
introduced to help in understanding the field weakening 
operation described in this paper. 

 
a) Operating limit conditions  

The maximum available voltage Vs max that the NC can 
supply to the machine is limited by the output voltage of 
the NC, as shown in (3)-(5): 

 

α
π

cos23
max llscon VV −− =                           (3) 

 
where Vcon-max is the maximum output voltage of the NC, 
Vs-ll  is the line-to-line voltage of the AC source, and α  
is the firing angle of the NC. 

From Fig. 1, the available output voltage of the machine 
converter can be expressed by 

 

ratedcdcinvinv IRVV −−− −= maxmax
                      (4) 

where Vinv-max is the maximum output voltage of the MC, 

dcR  is resistance of the DC link, and Idc-rate is the rated 

current. As a result, the maximum output voltage of the 
MC, 

maxsV , is 
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In (5), Vsmax is proportional to the amplitude of the 

line-to-line voltage of the AC source, and to the firing 
angle of the NC. However, the firing angle of MC, γ, has 
the full firing angle of zero for natural commutation. The 
maximum current maxsI  of the synchronous machine is 

limited by the MC’s current rating and machine thermal 
rating. Therefore, the voltage and current limit conditions 
of the synchronous machine for the operation of the field 
weakening region are defined as [9]-[11]: 
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b) Proposed field weakening algorithm 

In order to drive the synchronous machine for starting 
the gas turbine effectively in the field weakening region, 
two factors must be considered. One is the optimal starting 
speed of the field weakening, and the other is the optimal 
current trajectory to produce maximum torque. According 
to the load and machine conditions, including the 
excitation of the field winding, the saturation of the PI 
current regulator varies. Therefore, the starting speed of 
the field weakening must be changed. The early starting of 
the field weakening may cause a drop in output torque, 
even in the constant torque region. Late starting results in 
saturation of the current regulator such that the control 
performance of the starting system degrades. Accordingly, 
it is necessary to change the starting point of the field 
weakening operation according to load and machine 
conditions. From (1) and (6), the optimal starting speed 
can be derived as  
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In (8), the optimal starting speed is varied according to 

the maximum available voltage, the stator current, the 
excitation current, and the load condition. However, it is 
difficult to derive the exact starting speed of field 
weakening without the precise machine parameters. 

The voltage limit circle can be derived using (1) and (6)  
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The voltage drop due to resistance is ignored to simplify 

the resulting equation. Thus, the rotor excitation current 
can be obtained as 
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Fig. 5 shows the current limit circle of the dq-axes 

synchronous reference frame. In Fig. 5, r
dsi , r

qsi
 

are the 

d-and q-axis currents, respectively. The voltage limit 
circle is nearly constant according to the variation of the 
motor speed in the constant field operation region. This is 
because the terminal voltage is nearly proportional to the 
increase of the motor speed. 

In (9), the radius of the voltage limit circle, 

rms LV ω/max , is decreased about the variation of the 

motor speed. The current limit circle Is max is always 
constant. 

The control of the SFC for driving the synchronous 
machine is possible in both the voltage limit circle and the 
current limit circle, as shown in Fig. 5. The voltage limit 
circle decreases according to the motor speed so that the 
PI current regulator is saturated quickly due to the lack of 
a control voltage in the field-weakening region. Therefore, 
the total area of the produced torque is reduced. 
Fig. 5(a) shows the operating characteristics of the 
synchronous machine without the field weakening 

operation at the constant torque region. 
In this region, the produced torque is nearly constant 

because the margin of the voltage is enough to accelerate 
the synchronous machine. 

  
Fig. 5   Voltage and current limit diagram for maximum torque 

operation: (a) Operation of the constant torque region (b) 
Operation of constant field current control (c) Operation 
of the field weakening control 

 
Fig. 5(b) shows the operating characteristics of the 

synchronous machine with constant field current control in 
the field weakening region. In this case, the center of the 
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voltage limit stays at the fixed point (- '
fdi , 0), so the 

operating area is reduced to rapidly regulate the stator 
current.  

Fig. 5(c) shows the operating characteristics of the 
synchronous machine with field weakening control in the 
field-weakening region. The voltage limit circle decreases 
according to the motor speed, but the rotor field excitation 
also decreases so that the center of the voltage limit circle 
moves to the left of the d-axis as shown in Fig. 5(c). The 
total area of control is slightly reduced, but the voltage 
margin is enough to regulate the stator current in the high 
speed region. The produced torque is larger than without 
the field weakening control in this field weakening region. 
Therefore, the synchronous machine can be rapidly 
accelerated within the voltage and current ratings. 
However, it is not easy to obtain optimal current trajectory 
of the dq-axes synchronous reference.  

Fig. 6 shows a block diagram of the proposed field 
weakening control for the gas turbine. At low and 
intermediate speeds, the magnitude of voltage command 

vector *
dcV , which is the output of the PI current regulator 

of the NC to regulate the DC link current, is less than Vs 

max. There is no feed signal at the feedback loop of the 
anti-windup controller, as shown in Fig. 6.  

In this case, the field weakening algorithm is not 
activated. As the operating frequency increases, *

dcV  

finally reaches Vs max. The field weakening operation must 
then begin above this speed because there is a feedback 
signal at the anti-windup controller. As is known from the 
proposed field weakening algorithm, the field weakening 
operation is automatically achieved by using the feedback 
signal of the anti-windup without any information about 
machine speed, load conditions, and machine parameters, 

  

  
    Fig. 6  Overall block diagram of the proposed field  

    weakening algorithm 

 
except for the feedback signal of the anti-windup 
controller. Therefore, the proposed field weakening 
algorithm has the attractive features of easy 
implementation, and robustness to variation in machine 
parameters and load conditions 
 

3.3 Synchronization 
Fig. 7 shows the control block diagram of the 

synchronization. Generally, the synchronous machine for 
starting the gas turbine must be brought up to 60% of its 
rated speed, and is then operated by the gas turbine. The 
turbine accelerates the machine up to rated speed to 
synchronize it with the AC network. To achieve 
synchronization, the phase angle of the AC power supply 
and the terminal voltage of the synchronous machine are 
detected and compared. When both sides of the phase 
angle are nearly the same and one of the phase voltages 
passes through zero crossing, then the line connection will 
be smoothly completed. Firstly, SW1 and SW 2 are off, 
and then SW3 is on to connect the machine to the AC 
power supply.  

 
3.4 Braking mode 
The braking operation is needed to obtain electric 

energy from the kinetic potential of the motor moving 
groups, and to smoothly stop the synchronous machine 
within the current rating when it is disconnected from a 
main AC source. Without the regeneration braking method, 
some of the kinetic energy generated by the moving 
groups may be dissipated as heat is lost in the distributed 
stator winding or the shaft bearing. However, the rest of 
the energy will be transferred through the DC link to the 
AC source if the proper control method of regeneration 
braking is adopted. During the braking operation, the back 
EMF of the motor functions as an AC source, the output 
voltage of the DC link is negative, and the DC link current 
is nearly constant. The MC functions not as an inverter, 
but as a rectifier, which regulates the constant extinction 
angle γ  according to the rotor position for proper 

commutation and transfers the kinetic energy from the 
moving groups of the motor to the main AC source. The 
NC tries to transfer the maximum kinetic energy from the 
moving groups to the main AC source, but the rated 
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current of the synchronous machine is limited. Therefore, 
the NC transfers the maximum available energy to the 
main AC source within the current rating to safely and 
smoothly stop the machine without mechanical stress on 
the shaft bearing. A control block diagram of the 
regeneration braking is the same as shown in Fig. 4. 

 

 
      Fig. 7  Control block diagram of the line connection for  

      synchronization with AC power 
 

groups may be dissipated as heat losses in the distributed 
stator winding or the shaft bearing. However, the rest of 
the energy will be transferred through the dc link to the ac 
source if the proper control method of regeneration 
braking is adopted. During the braking operation, the back 
EMF of the motor functions as an ac source, the output 
voltage of the dc link is negative, and the dc link current is 
nearly constant. The MC functions not as an inverter but a 
rectifier, regulates the constant extinction angle γ  

according to the rotor position for proper commutation, 
and transfers the kinetic energy from the moving groups of 
the motor to the main ac source. The NC tries to transfer 
the maximum kinetic energy from the moving groups to 
the main ac source, but the rated current of the 
synchronous machine is limited. Therefore, the NC 
transfers the maximum available energy to the main ac 
source within the current rating to stop the machine safely 
and smoothly without mechanical stress on the shaft 
bearing. A control block diagram of the regeneration 
braking is the same as shown in Fig. 4. 

 
4. Experimental Results 

 
The parameters of the synchronous machine are shown 

in the Appendix. The drive system for the experiments 

was implemented with two TMS320VC33 DSP control 
boards as shown in Fig. 8. One board was used to control 
the NC and MC. The other was used to control the 
excitation system of the field winding of the synchronous 
machine. The firing of all thyristors was implemented on 
the NC, MC, and excitation system by using the field 
programmable gate array (FPGA) of the DSP control 
board. 
 

 
      Fig. 8  Overall drive block diagram of LCI-synchronous  

      machine and the excitation system 
 

4.1 Driving mode 
Fig. 9 shows the experimental results of the driving 

mode. The speed waveform for starting the synchronous 
machine from 0 to 1800 rpm is shown in Fig. 9(a). Below 
200 rpm, the amplitude of the stator voltage is too small to 
commutate the stator current. Thus, the pulse operation is 
employed to chop the DC link current for proper 
commutation at the MC as shown in Fig. 9(b). From this 
waveform, there is a difference between the pulse 
operation and the natural commutation operation. Fig. 9(c) 
shows the waveform of the DC link voltage. The 
amplitude of the DC link voltage is proportional to the 
motor speed. After the motor speed reaches 1800 rpm, the 
DC link voltage is nearly constant. 

 
4.2 Field weakening mode 
Figs. 10 and 11 show the same experimental conditions 

except for the field weakening operation. As known from 
Figs. 10(c) and (d), the DC link current does not remain 
constant at the high speed range because the current 
regulator is already saturated due to a lack of supply 
voltage. As shown in Fig. 11, the DC link current remains 
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constant during the acceleration because there is a 
considerable voltage margin to regulate the machine 
current, even in the field weakening region, due to the 
proposed field weakening algorithm. As a result, the 
motor speed increases as shown from Fig. 11(d). 
Therefore, the experimental results show the usefulness of 
the proposed field weakening algorithm. 

 

dcV

dci

rω

 
Fig. 9  Experimental results of the driving mode (a) Motor 

speed (b) DC link current (c) DC link voltage 
 

fdi

dcV

dci

rω

 
Fig. 10  Experimental results of the constant field control 

(a) Field current (b) DC link voltage (c) DC link 
current (d) Motor speed 

fdi

dcV

dci

rω

 
 
 
Fig. 11  Experimental results of the proposed field 

weakening algorithm (a) Field current (b) DC 
link voltage (c) DC link current (d) Motor speed 

 
4.3 Synchronization mode 
During synchronization, line connection is performed 

between the synchronous machine and the main AC power. 
Fig. 12 shows the experimental results of line connection. 
The beginning point of the synchronization is from the 
upward arrow (↑) in Fig. 12(a) and the downward arrow 
(↓) in Figs. 12(c) and (d). In Figs. 12(a) and (b), the 
experimental waveforms show the operation of the line 
connection when both phase angles of the NC and MC are 
the same, and one of these phase voltages passes through 
zero-crossing. As a result, the experimental waveforms of 
the motor voltage and the stator current show smooth 
synchronization operation and the usefulness of the 
proposed line connection algorithm in Figs. 12(c) and (d). 
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Fig. 12  Experimental results of synchronization with ac source: 

(a) Phase voltage of machine side (b) Phase voltage of 
source side (c) Phase current of machine side (d) Phase 
voltage of machine side 

 
4.4 Braking mode 
Fig. 13 shows the experimental waveforms in the 

braking mode operation. Fig. 13(a) shows the variation of 
the speed reference from 1,800 to 0 rpm for the dynamic 
braking mode operation. Fig. 13(b) shows the DC link 
current, which is regulated within the rated current. The 
characteristics of the motor speed, DC link current, and 
voltage show the usefulness of the proposed braking mode 
algorithm. Fig. 13(c) shows the variation of the DC link 
voltage from negative to zero, which demonstrates that the 
DC link current is constant, and the amplitude of the DC 
link voltage is reduced in proportion to the motor speed. 
From several experimental results, the proposed 
regenerative braking algorithm is practical and useful. 

dcV

dci

rω

 
Fig. 13  Experimental results of the regeneration braking mode: 

(a) Motor speed (b) DC link current (c) DC link      
voltage 

 

5. Conclusions 
 

In this paper, the new control algorithms is proposed  
for a synchronous machine drive system using a load 
commutated inverter in four quadrant ranges including 
start-up from standstill, acceleration up to the rated speed, 
synchronization, and dynamic braking to save energy and  
safely and quickly stop the machine within the machine 
rating of the synchronous motor. For high speed operation, 
a new field weakening algorithm was proposed with a 
detailed analysis. The proposed field weakening method 
has no dependence on motor speed or machine parameters.  

Experimental results show the validity of the proposed 
control algorithms for the operation of an LCI system to 
drive a gas turbine. 

 
Appendix 

 
Synchronous machine data: 
Rated power = 900W, Rated voltage = 400V,  
Rated current = 1A, Rated speed = 1800r/min, R = 8.5Ω, 
Poles = 4, Field current = 1.15A, Xbase = 133.3Ω 
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