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ABSTRACT 

 

The current source inverter (CSI) fed ac machine drives are often used in high power applications. 
The CSI has intrinsic drawbacks because the thyristors of it 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. In this paper a 
hysteresis modulated CSI drive is used which this implementation overcomes all drawbacks and 
results in sinusoidal motor voltage and current even with CSI switching at fundamental frequency. 
The proposed CSI uses a voltage source inverter (VSI) 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. In order to intelligent and robust operation of this drive in 
uncertainty and noisy situation, a fuzzy PI speed controller with scaling factors structure is used. The 
scaling factors of the fuzzy speed controller are tuned using Genetic Algorithm (GA) optimization 
method. The simulation results are presented. This results show that the proposed drive has stable and 
robust operation even at low speeds and noisy conditions. 
KEY WORDS: current-source inverter (CSI), hysteresis modulation (HM), space vector control, 

genetic Algorithm (GA), fuzzy PI speed controller. 
 

1. INTRODUCTION 
 

Hysteresis Modulation (HM) current source inverter (CSI) fed AC motor drives, are usually used in 
high power applications. These drives have many advantages such as Simple structure, nearly sinusoidal 
outputs, Intrinsic four quadrant operation and Reliability [1, 2]. Due to all these advantages, the thyristor-based 
CSIs have been 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 [3]. 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 [4, 5]. 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. 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 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 [3]. 

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 [6].  

Also, considering that the CSI drive is a nonlinear and non minimum phase system, it cannot operate 
stably under open loop conditions [7]. Thus, to achieve stable operation and improve dynamic performance of 
the drive, field oriented (vector) control is suggested [8]. 
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Fig. 1. Diagram of using thyristor-based CSI [3]. 

 
In this paper, the CSI configuration is explained in Section 2. The hysteresis modulation method is 

described in Section 3. An indirect vector control drive based on proposed CSI configuration and fuzzy speed 
control are presented in Sections 4, 5 respectively. Fuzzy controller tuning using Genetic Algorithms is 
described in Section 6 and finally the simulation results are presented in section 7. These results, shows the 
robust and safe operation of the proposed drive under uncertainty and noisy conditions. 
 
2. Current Source Inverter (CSI) configuration 

The structure of the CSI is illustrated in Figure 1. This system is contained 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 which is performed the commutation process 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 [3]. 

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 [3].  
 
3.  Hysteresis Modulation 

Hysteresis Modulation (HM) provides the switch gating signals in such a way that the output current 
waveform tracks the reference current waveform within a hysteresis band [9, 10]. 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 [11].  

As shown in the figure 2, in this paper the reference currents produced by proposed field oriented 
control and the actual currents is sampled from induction motor. Also 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. 
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4. Indirect Field Oriented Control (IFOC) 
Since the novel CSI cannot work on open loop, the vector control method is used for proposed CSI 

configuration [12]. In this paper, the indirect rotor-flux-oriented control is used and the functional block diagram 
of this method is shown in Figure 2. also the scaling fuzzy controller is used as speed controller. The scaling 
parameter of this controller are optimized using Genetic Algorithm (GA) and the detailed method is described in 
next section.  
 
5. PI fuzzy controller 

As mentioned before, in this paper a new Fuzzy type PI controller is considered for speed. Fuzzy 
method has three major sections as membership functions, rule bases and defuzzification. In classical Fuzzy 
methods, the boundaries of membership functions are adjusted based on expert person experiences that may be 
with trial and error and does not guarantee safe performance of the system. For solve this problem, in this paper 
the boundaries of the membership functions are tuned by an optimal search for achieving the best boundaries. 
Therefore the boundaries of input and output membership functions are considered as uncertain and then the 
optimal boundaries are obtained by genetic algorithms [13]. Here the proposed Fuzzy controller block diagram 
is given in Fig. 3. In fact, it is a nonlinear PI-type Fuzzy logic controller with two inputs and one output. In this 
paper Teref is modulated in order to output and the speed deviation  and its rate d()/dt are considered as the 
inputs of speed controller. Also there are three parameters denoted by Kin1, Kin2 and Kout which are defined over 
an uncertain range and then obtained by genetic algorithms optimization method.  

 
Fig. 3. Fuzzy speed controller 

 
Though the Fuzzy controller accepts these inputs, it has to convert them into fuzzified inputs before the 

rules can be evaluated. To accomplish this, one of the most important and critical blocks in the fuzzy PI 
controller is the Knowledge Base. The Knowledge Base consists of two blocks namely the Data Base and the 
Rule Base [13]. 
 
5.1. Data base 

Data base consists of the membership functions for input variables, Δω and d(Δω)/dt, and output 
variable, Teref , described by linguistic variables shown in Tables 1-3 [14]. 
 

Table 1 - The linguistic variables for Δω 
Big Positive (BP) Medium Positive (MP) Small Positive (SP)   
Big Negative (BN)    Medium Negative (MN) Small Negative (SN) 
Zero (ZE)   

 
Table 2 - The linguistic variables for d()/dt 

Positive (P) Negative Zero (ZE) 

  
Table 3 - The linguistic variables for output 

 Big Positive (BP) Medium Positive (MP) Small Positive (SP)   
Big Negative (BN)    Medium Negative (MN) Small Negative (SN) 
Zero (ZE) Very Big Positive (VBP) Very Big Negative (VBN)    

 
The “triangular membership functions” are used as membership functions for the input and output 

variables. The Figures 4-6 illustrate these in detail indicating the range of all the variables. These ranges are defined 
as default and then tuned via cascade K parameters (Kin1, Kin2 and Kout ) and adjusted on the optimal values.    
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Fig. 4. Membership function of input 1 () 

 
Fig. 5. Membership function of input 2 (d()/dt) 

 

 
Fig. 6. Membership function of output 

 
5.2. Rule base  

The other half of the knowledge base is the Rule Base which consists of all the rules formulated by the 
experts. It also consists of weights which indicate the relative importance of the rules among themselves and 
indicates the influence of a particular rule over the net fuzzified output. The Fuzzy rules which are used in this 
scheme are shown in Table 4. 

  
Table 4 - Fuzzy Rule Bases 

 
          Δω 

d(Δω)/dt 

BN MN SN ZE SP MP BP 

N VBN BN MN SN ZE MP BP 
ZE BN MN SN ZE SP MP BP 
P BN MN ZE SP MP BP VBP 

 
The next section specifies the method adopted by the Inference Engine especially the way it uses the 

Knowledge Base consisting of the described Data Base and Rules Base [14]. Plotting the inputs versus output 
based rules base is shown in Fig. 7.   
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Fig. 7. The output coefficient versus two inputs 

 
5.3. Defuzzification method 

The Defuzzification method followed in this study is the “Center of Area Method” or “Gravity method”. 
This method is discussed in [14]. As mentioned before, in this paper the boundaries of the membership functions 
are adjusted by genetic algorithms. In the next section a brief introduction about genetic algorithms is presented.  
  
5.4. Genetic Algorithms  
  Genetic Algorithms (GA) are global search techniques, based on the operations observed in natural 
selection and genetics [15]. They operate on a population of current approximations-the individuals-initially 
drawn at random, from which improvement is sought. Individuals    are encoded as strings (Chromosomes) 
constructed over some particular alphabet, e.g., the binary alphabet {0.1}, so that chromosomes values are 
uniquely mapped onto the decision variable domain. Once the decision variable domain representation of the 
current population is calculated, individual performance is assumed according to the objective function which 
characterizes the problem to be solved. It is also possible to use the variable parameters directly to represent the 
chromosomes in the GA solution. At the reproduction stage, a fitness value is derived from the raw individual 
performance measure given by the objective function and used to bias the selection process. Highly fit 
individuals will have increasing opportunities to pass on genetically important material to successive 
generations. In this way, the genetic algorithms search from many points in the search space at once and yet 
continually narrow the focus of the search to the areas of the observed best performance. The selected 
individuals are then modified through the application of genetic operators. In order to obtain the next generation 
Genetic operators manipulate the characters (genes) that constitute the chromosomes directly, following the 
assumption that certain genes code, on average, for fitter individuals than other genes. Genetic operators can be 
divided into three main categories: Reproduction, crossover and mutation [15]. 
 Reproduction: selects the fittest individuals in the current population to be used in generating the next 

population. 
 Cross-over: Causes pairs, or larger groups of individuals to exchange genetic information with one another 
 Mutation: causes individual genetic representations to be changed according to some probabilistic rule.  
 
6. Fuzzy controller tuning using Genetic Algorithms 

In this section the membership functions of the proposed Fuzzy Genetic PI controller are tuned by K 
parameters (Kin1, Kin2 and Kout). These K parameters are obtained based on genetic algorithms optimization method.  

The parameter Teref is modulated to output and speed deviation  and its rate are considered as input 
to Fuzzy Genetic PI controller. The optimum values of Kin1, Kin2 and Kout which minimize an array of different 
performance indexes are accurately computed using genetic algorithms. In this study the performance index is 
considered as (1). In fact, the performance index is the Integral of the Time multiplied Absolute value of the 
Error (ITAE) [16].   

dtΔωtITAE
t

0
 (1) 

  The parameter "t" in performance index is the simulation time. It is clear to understand that the 
controller with lower performance index is better than the other controllers. The following genetic algorithm 
parameters have been used in present research.  

 Number of Chromosomes: 3                      Population size: 48 
 Crossover rate: 0.5                                      Mutation rate: 0.1 

  The optimum values of the parameters Kin1, Kin2 and Kout are obtained using genetic algorithms and 
summarized in the Table 5.  
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Table 5 - Obtained parameters Kin1, Kin2 and Kout using Genetic Algorithms  
Parameters Kin1 Kin2 Kout 

Obtained Value 58.37 17.26 0.52 
 

7. SIMULATION RESULTS 
 
The proposed drive was simulated using a 20-hp induction motor to present the possibility of 

implementation of the proposed method. Also, to show the practical capability of this 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 output frequency was set at 60 Hz. The reference speed of this 
simulation, is selected 30-, 60-, 100-, 30- and -10 srad  in time intervals [0,0.3], [0.3,0.7], [0.7,1], [1,1.5] and 
[1.5,2] respectively. Also a 140 N.m load is exerted to induction motor in time of 1-s. In fact, the goal of this 
simulation is that, despite to 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 and robust 
performance in this proposed drive. 

Figures 8, 9 show the speed- and torque average waveforms of the induction motor without the effects 
of the noise and Figures 10, 11 show the speed- and torque average waveforms of the induction motor with the 
effects of the noise. It is important to notice that the peaks of the torque average are occurred in the times that 
the reference speed is jumped. 
 

 
Fig. 8. Actual speed of induction motor without noise 

Solid (Actual Speed); Dashed (Reference Speed) 
 
 

 
Fig. 9. Torque average of induction motor without noise 

Solid (Actual Torque); Dashed (Reference Torque) 

 
Fig. 10. Actual speed of induction motor with noise 

Solid (Actual Speed); Dashed (Reference Speed) 
 
 

 
Fig. 11. Torque average of induction motor with noise 

Solid (Actual Torque); Dashed (Reference Torque) 
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8. Conclusions 
 

A new CSI-fed induction motor drive with Hysteresis Modulation is described in this paper. The 
indirect rotor-flux-oriented control is used to gain the stable performance of this implantation on the proposed 
CSI configuration. In order to reach the safe and robust operation of the proposed drive, the fuzzy PI speed 
controller is used in the vector control. 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 noisy speed accurately. 
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