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Abstract: The thyristor based current source inverter (CSI) fed ac machine drives are often employed 
in high power applications. However, the thyristor based CSI has intrinsic drawbacks because the 
thyristors cannot be turned off by the gating signals. Therefore, external circuits are required to turn the 
thyristors off by using reverse-biased voltages, as well as transfer reactive energies of inductive loads 
after turning off the thyristors. This paper presents a hysteresis modulated CSI drive which overcomes 
all these drawbacks and results in sinusoidal motor voltage and current even with CSI switching at 
fundamental frequency. The proposed CSI drive uses a voltage source inverter as an auxiliary circuit 
replacing the bulky ac capacitors used in the conventional drive. Then an indirect field oriented 
controlled CSI drive based on proposed configuration is developed. The simulation results are 
presented. Simulation results show that the proposed drive has stable operation even at low speeds. 
 
Key words:  Commutation, current-source inverter (CSI), hysteresis modulation (HM), space vector 
  control, Particle Swarm Optimization (PSO), voltage-source inverter (VSI). 

 
INTRODUCTION 

 
 Hysteresis Modulation (HM) thyristor-based current source inverter (CSI) fed AC motor drives, are often 
used in high power applications. These drives have following advantages (Kwak and Toliyat, 2005; Beig, 
Ranganathan, 2006). 
 
Simple Structure: 
 Due to the economical and reliable properties of the thyristors, the CSI topologies based on thyristors have 
performance indicator such as simplicity, severity, cost effectiveness, and very low switching losses. 
• Nearly sinusoidal outputs. 
• Intrinsic four quadrant operation: 
 
 Because of using the fully controlled silicon-controlled   rectifier (SCR) converters at the input of CSI drive 
s, under regeneration the polarity of the voltage at the converter terminals will be reversed and the energy will 
be fed back to the utility. So, unlike VSI fed drives, does not require an additional circuit. 
 
Reliability: 
 Because of using the DC link reactor in the CSI drives, the rate of rise of current under short circuit will be 
limited. So the drives can be easily protected under short circuit. On the other hand, the presence of DC link 
reactor will result in slow dynamic response of the drive, hence these drives are used where fast dynamic 
response is not needed. 
 Due to all these features, the thyristor-based CSIs have been, so far, the desirable power converter topology 
in high-power applications, with available switching devices at high−power rating. However, the thyristor-based 
CSI has intrinsic drawbacks because the thyristors cannot be turned off by the gating signals. Therefore, external 
circuits are required to turn the thyristors off by using reverse-biased voltages, as well as transfer reactive 
energies of inductive loads after turning off the thyristors (Kwak and Toliyat, 2006). Usual forced commutated 
CSIs are the auto sequentially commutated inverters (ASCIs) based on commutation circuits with six ac 
capacitors and six high-power diodes. Despite its auto commutating capability, the ASCIs have shown 
disadvantages including: 1) a number of bulky high-voltage ac capacitors; 2) high-voltage stresses across the 
thyristors and load terminals; 3) power losses incurred by the main diodes; 4) ac capacitance sensitive to load 
parameters; and 5) limited upper operating frequency due to long commutation delay associated with the ac 
capacitors (Matsuse and Kubota, 1986; Cho and Park, 1987). To overcome these disadvantages, Kwak and 
Toliyat presented a CSI with advanced external circuit. In this CSI a thyristor-based CSI utilizing a standalone 
voltage-source inverter (VSI) as an external circuit, this circuit is illustrated in Figure 1. This VSI performs three 
functions, including turning off the thyristors in the CSI, transferring the reactive load energy, and limiting load 
terminal voltage. In fact, the single VSI can carry out the demanded purposes related with the commutation 
procedures, which have been done with unique circuit component and bulky ac capacitors in the conventional 
CSIs. The VSI operates only during the commutation intervals of the load currents and stops its operation for the 
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non commutating periods, therefore a VSI with a small power rating can be employed. As a result, this CSI 
system can utilize advantages of the two component inverters containing high-power handling capability of the 
thyristor-based CSI as well as safely control of the small VSI (Kwak and Toliyat, 2006). 
 Considering that the hysteresis control is characterized by unconditioned stability, very fast response, and 
good accuracy, this method has investigated to be the suitable solution for the most applications of current 
source inverters (Buso et al., 2000). Although the core of the hysteresis control is inherently analog, the digital 
implementation of the hysteresis band regulators is not only possible, but strongly recommendable to exploit the 
well known advantages of the digital control techniques over the analog ones (Malesani et al., 1996). Therefore 
in this paper the digital hysteresis control is used as modulation circuit for CSI. 
 Also, considering that the CSI drive is a nonlinear and non minimum phase system, it cannot operate stably 
under open loop conditions (Daming Ma et al., 2000). Thus, to achieve stable operation and improve dynamic 
performance of the drive, field oriented (vector) control is suggested (Tajima and Hori, 1993). 

 
 
Fig. 1: Diagram of using thyristor-based CSI (Kwak and Toliyat, 2006). 

 
 The CSI configuration is explained in Section II. The hysteresis modulation method is described in Section 
III. An indirect vector control drive based on proposed CSI configuration is presented in Section IV. Particle 
Swarm Optimization method is described in Section V.  
 The simulation results for a 20-hp induction motor are presented in Section VII. These results, shows the 
proposed drive has stable and accurate performance over the conventional CSI drives. 
 
Thyristor Based Current Source Inverter (CSI): 
 The structure of the CSI is illustrated in Figure 1. This system is included of two different types of inverter 
configurations, a CSI and a VSI. The CSI is fed through a dc-link inductor and a three-phase controlled rectifier, 
while the VSI has a dc capacitor as its energy-storage element. The large CSI is used as the main inverter to feed 
and control inductive loads such as induction motors. In fact, the small VSI, connected in parallel with the CSI, 
is used as an auxiliary inverter which is performed the commutation process of the CSI because of the no self 
commutation capability of the CSI. The VSI is designed to operate only during commutation intervals of the 
load currents in order to turn off the thyristors in the CSI as well as transfer the reactive energy of load. 
 During the commutation periods, the VSI imposes the reverse-biased voltage on an outgoing thyristor to 
turn it off. In addition, the VSI absorbs the inductive energy of an outgoing load phase to the dc capacitor. The 
switching process of the VSI then recovers the reactive energy in the dc capacitor to an incoming load phase. 
Consequently, the load currents in the outgoing and incoming phases gradually decrease and increase, 
respectively. Most of the load currents are supplied by the CSI and therefore the VSI currents show a very small 
fraction of the entire load currents because the VSI works only during the commutation periods. Thus, the VSI 
with much smaller power rating than the CSI can be applied in this scheme. The VSI performs three functions 
including: 
 
Turning off Thyristors in CSI: 
 At every commutation instant of the CSI, the VSI applies the reverse-biased dc voltage across an outgoing 
thyristor for the short time duration. Therefore, the thyristors in the CSI can successfully turn off based on the 
reverse voltage of the VSI dc capacitor. 
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Transfer of Reactive Load Energy: 
 In this drive, the VSI provides the current paths to gradually increase and decrease the load currents during 
the commutation. The dc capacitor absorbs the reactive energy from the outgoing load phase and refers the 
energy to the incoming load phase. As a result, the load reactive energy is transferred from the outgoing phase to 
the incoming phase by means of the VSI. The dc voltage in the VSI is also maintained to the constant voltage 
level at steady state by dc capacitor. 
 
Clamping of Voltages Across Load Terminals and Thyristors: 
 In the proposed drive, the dc capacitor in the VSI works as a voltage clamper. The peak line-to-line voltage 
across the loads and the peak voltage stresses of the thyristors are limited to the VSI dc voltage by dc capacitor. 
This dc voltage can be controlled with the time duration of the active energy-transfer stages. Therefore, the peak 
load terminal voltage and the peak thyristor voltage stresses can also be regulated through the VSI operation and 
the excessive high-voltage stresses on the load terminals and the thyristors can be eliminated. The operation 
modes of the CSI with external circuit are described in (Kwak and Toliyat, 2006). 
 Considering the above descriptions of the proposed CSI, the VSI are used instead of the conventional auto 
sequentially commutation circuits. Therefore, the proposed drive is achieved the better performances than the 
conventional types. In this paper, field oriented control algorithm is implemented on this drive configuration. 
The detailed power circuit and various controller blocks are shown in Figure 2. Designs of various controllers, 
generation of gate signals for CSI are explained in the following sections. 
 
Hysteresis Modulation: 
 Hysteresis Modulation is a current feedback control method. This method provides the switch gating signals 
in such a way that the output current waveform tracks the reference current waveform within a hysteresis band 
(Lajoie-Mazenc et al., 1985; Bendre et al., 2001). In this method, a reference waveform of desired magnitude 
and frequency is compared with the actual output waveform, and the inter section points determine the 
switching and pulse widths of gating signals. If the actual output waveform exceeds the upper limit of the 
hysteresis band, the top switch is turned off and the bottom switch is turned on. As a result, the output waveform 
starts to decrease. If the output waveform crosses the lower limit of the hysteresis band, the bottom switch is 
turned off and the top switch is turned on. Consequently, the output waveform gets back into the hysteresis 
band. Hence, the actual output waveform is forced to track the reference waveform within the band (Taufik et 
al., 2007). 
 As Figure 2 shows, in this paper the reference currents produced by proposed field oriented control and the 
actual currents obtained from induction motor. It is important to find out that the output of the hysteresis 
modulator exerts to the gates of the thyristor-based CSI. 

 
 
Fig. 2: Functional block diagram of indirect rotor-flux-oriented control. 

 
Indirect Field Oriented Control of New CSI Fed Induction Motor Drive: 
 Since the novel CSI drive cannot work on open loop, an indirect field oriented controlled scheme for the 
proposed CSI drive configuration is employed (Vas, 2001). In this paper, the indirect rotor-flux-oriented control 
is used. The functional block diagram of the indirect vector control of a CSI-fed induction machine drive is 

shown in Figure 2. This field oriented control algorithm requires
r
ρ .     
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Then mrω  is as following. 

slrefωrωmrω   (1) 

 where rω  and slrefω  are obtained as following. 

dt
rdθ

rω   (2) 

sxrefirT
syrefi

slrefω   (3) 

 Furthermore 

dt
rdρ

mrω   (4) 

 Thus the angle rρ is obtained by subtracting the equations (2), (3) and (4) in (1), as following, 

  dt
sxrefirT

syrefi
rθdtslrefωrθrρ  (5) 

 which (5) serves as the basis for obtaining the angle rρ when the indirect method is used in the 

implementation of the rotor-flux-oriented control of the induction machine. Also an incremental rotor position 

sensor is used to obtain rθ and rω . Then rrefω  is compared with the monitored value of the rotor speed and the 

error is supplied as the input to the speed controller, which is a PI controller. In this paper, the parameters of 

speed controller ( PK , IK ) are optimized by using the PSO and the detailed method is described in next section. 

The output of the speed controller is ereft  and in accordance with following equation, 

syimri
rL

2
mL

P
2

3
et   (6) 

 This is divided by the constant )r(2L2
m3PL to obtain syrefi . The monitoring rotor speed serves as the 

input to the function generator (FG) and the output of which is mrrefi . Below based speed, FG give a constant 

value of mrrefi , while above based speed mrrefi  is inversely proportional to the rotor angular speed. 

Considering the following equation, 

sximri
dt

mrid
rT   (7) 

 This equation is used to drive sxrefi . Then the reference currents sxrefi  and syrefi are converted by a 

rectangular-to-polar converter in to the srefφ . When rrefρ  is added to this angle, srefα is obtained. 

Therefore, srefi  and srefα are inputs to a polar-to-rectangular converter and the outputs of which are sDrefi
 

and sQrefi . These two axis current reference are then converted into sArefi , sBrefi  and sCrefi by using of the 

two-phase to three-phase transformation according to following equations: 
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 (8) 

 Finally, sArefi , sBrefi , sCrefi and sAi , sBi , sCi  are used as inputs of the HM circuit. Then the output of 

the hysteresis modulator provides the gate signals of the CSI which supplies the induction machine. 
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Particle Swarm Optimization:  
 Particle Swarm Optimization is similar to the continuous Genetic Algorithm in that it begins with a random 
population matrix. Unlike the Genetic Algorithm, PSO has no evolution operators such as crossover and 
mutation. The thought process behind the algorithm was inspired by the social behavior of animals, such as bird 
flocking or fish schooling. The rows in the matrix are called particles (same as the Genetic Algorithm 
chromosome). They contain the variable values and are not binary encoded (Randy and Sue, 2004). Each 
particle moves about the cost surface with a velocity. The particles update their velocities and positions based on 
the local and global best solutions as shown in (9) and (10). 
 

Vm,n
new= w×Vm,n

old+ Γ1×r1×( Pm,n
local best-Pm,n

old)+ Γ2×r2×( Pm,n
global best-Pm,n

old) (9) 

Pm,n
new= Pm,n

old+ Γ Vm,n
new (10) 

 Where: 
Vm,n = particle velocity 
Pm,n = particle variables 
W= inertia weight 
r1, r2 = independent uniform random numbers 
Γ1 = Γ2 = learning factors 
 Pm,n

local best = best local solution 
 Pm,n

global best = best global solution 
 
 The PSO algorithm updates the velocity vector for each particle then adds that velocity to the particle 
position or values. Velocity updates are influenced by both the best global solution associated with the lowest 
cost ever found by a particle and the best local solution associated with the lowest cost in the present population. 
If the best local solution has a cost less than the cost of the current global solution, then the best local solution 
replaces the best global solution. The particle velocity is reminiscent of local minimizes that use derivative 
information, because velocity is the derivative of position. The advantages of PSO are that it is easy to 
implement and there are few parameters to adjust. The PSO is able to tackle tough cost functions with many 
local minima (Randy and Sue, 2004).  
 
PSO Application: 
 PSO has been applied to search for optimal parameters of the speed controller of proposed control schemes. 
This optimization problem is contained two variables, (KP, KI). The PSO parameters, which contain number of 
particle, particle size, number of iteration, Γ1, Γ2, and Γ are chosen as 20, 2, 100, 2, 2 and 1, respectively. Also, 
the inertia weight, w, is linearly decreasing from 0.9 to 0.4 and the boundaries of the designed parameters are 
considered from 0.1 to 100.  
 Finally, the optimal parameters of the speed controller, outputs of PSO, are obtained 94.83 and 71.67, 
respectively. 
 
Objective Function: 
 The PI controller in proposed field oriented control is designed to minimize the variations of speed of 
induction motor. Therefore, the following objective function is used in this algorithm to damping the variations 
(Abido, 2004). It is important to note that in this paper the simulation time, tsim, is considered 2 seconds. 

dt
simtt

0t
ΔωtJ 




  (11) 

Simulation Results: 
 The proposed drive was simulated using a 20-hp induction motor to investigate the possibility of 
implementation of the proposed method and control principle. Also, to present the practical capability of 

proposed method, the white noise with amplitude of 0.03 srad and the offset of 1 srad  are added to actual 

speed and the simulation is performed for this important case. To eliminate the harmonic effects of CSI output, 
three capacitors of 1- μF was used between each two phases of motor. The time duration of- mode 2 and mode 3, 

in VSI of 350- and 9-μs , respectively. The output frequency was set at 60 Hz. A 200- μF dc capacitor was used 

in the VSI for this simulation. With a larger dc capacitor, the variation of the capacitor voltage for the 
commutation periods is reduced. The reference speed of this simulation, is selected 20-, 50-, 100-, 20- and -

20 srad  in time intervals [0,0.3], [0.3,0.6], [0.6,1], [1,1.4] and [1.4,2] respectively. On the other hand, also the 

load of 140-N.m is exerted to induction motor in time of 1-s. In fact, the goal of this simulation is that, despite to 
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presence of load, the actual speed of induction motor tracks the defined reference speed. This tracking operation 
announces the ability of the field oriented control to reach the stable performance in this proposed drive. 
Figures 3, 4 show the speed- and torque average waveforms of the induction motor without the effects of the 
noise and offset, respectively. Also Figures 5, 6 show the speed- and torque average waveforms of the induction 
motor with the effects of the noise and offset, respectively. It is important to notice that the peaks of the torque 
average are occurred in the times that the reference speed is jumped. 
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Fig. 3: Actual speed of induction motor and it’s reference (Without noise). 
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Fig. 4: Torque average of induction motor and it’s reference (Without noise). 
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Fig. 5: Actual speed of induction motor and its reference (With noise). 
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Fig. 6: Torque average of induction motor and it’s reference (With noise) 

 
Conclusions: 
 A new CSI-fed induction motor drive with HM is described in this paper. In order to reach the stable 
performance of the drive, the indirect rotor-flux-oriented control is used on the proposed CSI configuration. On 
the other hand, another feature that causes of preferring this drive than the conventional type is that the peak 
voltages across the load and the thyristors are also limited to the dc capacitor voltage level of the VSI, which can 
be adjusted by the VSI operation. As the waveforms of motor- speed and torque are shown, the proposed drive 
has the great capability to control the speed of motor and the actual speed tracked the reference speed, even for 
the low- and reverse speed accurately. 
 
 



Aust. J. Basic & Appl. Sci., 5(9): 1449-1457, 2011 

1456 

Nomenclature: 
 

rρ  Angle of  rotor magnetizing-current space phasor 

rθ  Rotor angle 

srefφ  Phase-angle of the stator current reference frame 

srefα  Phase angle of the stator-current space phasor with respect to the real axis of the stationary reference frame 

mrω  Angular speed of the rotor magnetizing current space phasor 

rω  Rotor angular speed 

slrefω  Reference value of the slip frequency 

rrefω  Desired reference value of the rotor angular  speed 

Δω  Difference of motor speed and it’s reference 

rT  Rotor time constant 

simt  Simulation time 

ereft  Reference value of the electromagnetic torque 

mrrefi  Reference value of the rotor magnetizing current 

sxi  
of the direct axis stator currents in the rotor-flux-oriented reference  

syi  of the quadrature-axis stator currents in the rotor-flux-oriented  

sxrefi  Reference value of the direct-axis stator current component expressed in rotor flux oriented reference frame 

syrefi  Reference value of the stator current expressed in the rotor-flux-oriented reference frame 

sAi  Monitoring phase stator current A 

sBi  Monitoring phase stator current B 

sCi  Monitoring phase stator current C 

sArefi  Phase reference stator current 

sBrefi  Phase reference stator current 

sCrefi  Phase reference stator current 
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