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Abstract— The application of current source inverters (CSI)in 
induction motor (IM) drives offers a number of advantages, 
including voltage boosting capability, natural shoot-through 
short-circuit protection and generation of sinusoidal voltages. In 
this paper, an attempt to model the CSI fed IM drive is 
presented. The mathematical model takes into account of the 
inverter, and induction motor dynamics and is established in the 
stationary reference frame. For controlling the drive speed, a 
direct field-oriented control (FOC) is proposed. To counter the 
effects of torque pulsations at very low speeds and the rotor 
resistance variation, a slip angle compensation loop is included in 
the control law formulation. Analytical expressions for CSI fed 
IM with Direct FOC are derived and validated using 
MATLAB/SIMULINK. 
 

Index Terms—CSI, Direct FOC, Induction Motor, MATLAB, 
SVPWM. 

I.  INTRODUCTION 
MONG all types of machines the squirrel cage induction 
motors are most commonly used in the low and medium 
power (<160kW) variable-speed drives [1]. Squirrel cage 

induction motors are simple in construction, economical, 
rugged, reliable, and are available in a wide power range [1]. 
Besides traditional industrial drives, i.e. pumps, fans, cranes, 
automation drives, at present the induction motors are used in 
hybrid electric vehicles (HEV) and battery powered electric 
vehicle (BEV) providing high performance of torque control 
[2]. In the field of wind energy systems, for the last decade, 
the squirrel cage induction machines are increasingly 
employed in multi stage geared small wind generation systems 
(<100kW) with back-to-back converters connected to grid. 
      Generally, the two groups of power converter topologies 
can be applied to variable speed IM drives: VSI (voltage 
source inverter) and CSI (current source inverter). Nowadays, 
the current regulated PWM VSI for a high performance ac 
drive has been preferred to the CSI since the circuit cost is 
low, the control is simple, and the current loop has a wide 
bandwidth. However, it has drawbacks such as weakness to 
arm short failure and high dv/dt due to the pulse width 
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modulated voltages of the inverter, and acoustic noise. The 
dv/dt may cause an insulation deterioration of the motor 
windings even though the acoustic noise can be eliminated by 
the high switching frequency (>1MHz). In addition, since the 
VSI does not keep a regeneration capability, the dynamic 
braking circuit has to added. 
         The application of high switching frequency (>20 kHz) 
silicon (Si) power transistors (IGBTs and RB-IGBTs) [3]-[5] 
and recently, the application of high switching 
frequency(>100kHz) silicon carbide (SiC) devices (SiCJFETs 
and SiC diodes) [6]-[7] has an enormous influence on 
applications of systems based on CSI and creates new 
possibilities. With the increase of switching frequency the 
volume of DC link inductors significantly decreases. 
Moreover the volume of the output filter capacitors decreases 
taking the fractional value of the VSI DC link capacitor. The 
SiC devices offer the possibility of a high blocking voltage 
and a low on-state resistance, which is the key parameter of 
the CSI. 
         CSI-fed induction motor drives have generally been used 
in high-horse power adjustable-speed applications. Many 
strategies have been proposed for controlling the motion of 
CSI-fed induction motor drives; to name a few, slip control, 
synchronous control, angle control, field-oriented control, and 
others. There are several requirements on designing a high-
performance CSI-fed induction motor drive: the speed 
responses must be smooth without cogging or torque 
pulsations at low speeds; speed reversals are smooth under 
loading conditions; the drive system has symmetrical four 
quadrant operation; and the system is in constant full-torque 
operation below the rated speed and in constant horsepower 
operation at reduced flux above the rated speed. Among the 
many proposed control schemes, the field-oriented control has 
emerged as one of the most effective techniques in designing 
high-performance CSI-fed induction motor drives. 
          There are several modulating techniques applied for the 
CSI, including trapezoidal pulse width modulation (TPWM), 
selective harmonic elimination (SHE), and space vector 
modulation (SVM). Compared with TPWM and SHE, SVM 
provides more control flexibility and better dynamic 
performance.  
          This paper presents the mathematical model of IM, 
SVPWM, FOC, and CSI. All the above mentioned 
mathematical models are implemented in 
MATLAB/SIMULINK by using only basic Simulink blocks. 
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II.  DESCRIPTION AND MODELING OF CSI FED INDUCTION 
MOTOR DRIVE  

         Fig.1. shows the main circuit configuration of the six-
switch three-phase CSI. This inverter comprises a constant DC 
power supply, an inverter section to convert the DC power to 
the variable-voltage frequency AC power and an induction 
motor at the load side. Moreover, three capacitors are 
connected to the AC terminals to absorb the over voltages 
which occur when the current is cutoff. The overvoltage 
absorption capacitors which are connected to the AC terminals 
function as a filter, therefore the output current has a 
sinusoidal waveform. 

 
Fig. 1.  A Generalized six-switch three-phase CSI 

A. Mathematical model of Induction Motor  
      The model of the induction motor consists of three-phase 
to two-phase transformation equations, electro-mechanical 
equations and load dynamic equations. Consider that three 
phase sinusoidal currents are impressed in the three phase 
stator windings, which are given as 

    mI sin( )Ai tω=                                              (1) 

m
2I sin( )
3Bi t πω= −                                (2) 

 m
2I sin( )
3Ci t πω= +                                         (3) 

The three-phase current source are transform into two phase 
i.e. abc to d-q transformation. The current equations for phase 
transformation as follows: 
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τ = is the rotor circuit time constant. Equations 

(5) and (6) give rotor fluxes as functions of stator currents and 
speed. Therefore, knowing these signals, the fluxes and 
corresponding unit vector signals can be estimated. The 
electromechanical block configuration is based on the 
following equations. With the rotor voltage vector normally 
assumed zero, the torque equation in excitation reference is 
expressed as 
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The load dynamics block is based on below equation 
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m

m m L

d T TB
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From equation (9), the slip frequency rω can be calculated 
and fed back into the electromechanical block 

2r m
Pω ω ω= −                                            (9) 

where Ψdr& Ψqr are d, q axis fluxes linkages; ids& iqs d, q-axes 
currents; Lm is mutual inductance between the phases; Lris 
rotor inductance; P is no of poles; TL is load torque; ώm is 
mechanical speed of the motor; Jm is moment of inertia of 
motor; JL is moment of inertia of load. 

B. Modeling of current source inverter 

 
Fig. 2. Switching States for a Current Source Inverter  
 

The switching pattern design for the CSI should generally 
satisfy two conditions: 1) DC current Idc should be continuous, 
and 2) the inverter PWM current iA, iB, iC should be defined. 
The two conditions can be translated into a switching 
constraint: At any instant of time (excluding commutation 
intervals), there are only two sets of series connected switches 
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conducting, i.e., one set in the top half of the bridge such as S1 
in Fig.1 and the other in the bottom half of the bridge such as 
S2 . The switching function for switch Sm is defined as 

m

m

0 S  open
 0,...6

1 S  closedmS m= =              (10) 

The switching constraint be satisfied if following equations 
are hold good 

1 3 5

4 6 2

1
1

S S S
S S S

+ + =
+ + =

                                    (11) 

There are nine out of 32 switching states developed from 
equation11. To generate a given set of ac line current 
waveforms, the inverter must move from one state to another. 
Thus, the resulting line currents consist of discrete values of 
current, which are Idc, 0, Idc. The selection of the states in order 
to generate the given waveforms is done by the modulating 
technique that should ensure the use of only the valid states 9. 
These valid 9 states are shown in theFig.2. The CSI output 
three-phase currents iA, iB and iC are the functions of the DC-
link current Idc and the switching functions g= [S1, S2, S3, S4, 
S5, S6] as follows: 
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                                   (12) 

From equations (12) modeling of the CSI was built in 
MATLAB/SIMULINK. 

III.  DIRECT FIELD ORIENTATION CONTROL OF INDUCTION 
MOTOR DRIVE 

       The essence of the FOC is the decoupled control of the 
rotor flux Ψr and electromagnetic torque Te these two 
variables are controlled separately. 

The induction motor is fed by a current-controlled space 
vector modulated inverter. The motor speed ώ is compared to 
the reference ώ*and the error is processed by the speed 
controller to produce a torque command T*

e. The block 
diagram given in fig.3 shows a variable speed induction motor 
drive using field-oriented control. 
The stator quadrature-axis current reference i*

qs is calculated 
from torque reference Te

*as given in (13) 

*
* 2 2
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where Lr is the rotor resistance, Lm is the mutual inductance 
and Ψr is the estimated rotor flux linkage given by (14) 
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τ = is the rotor constant. The stator direct-axis 

current reference i*
ds is obtained from rotor flux reference 

input Ψr * as follows 

*
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Fig. 3.  Block Diagram of SVM based FOC of CSI fed IM drive 
 
The rotor flux position θe required for coordinate 
transformation is generated from the rotor speed ώm  and  ώr 

 ( )e m rθ ω ω= +∫                                       (16) 

The slip frequency is calculated from the stator reference 
current iqs and the motor parameters in (17) 

 *m r
r qs

r r

L R i
L

ω
ψ

=                                           (17) 

The i*
qs and i*

ds current references are converted into phase 
current references i*

A, i*
B and i*

C then given as input to the 
SVM block. 

IV.  MODELING OF SPACE VECTOR PULSE WIDTH 
MODULATION 

A. Space Current Vectors 
A space current vector in complex notation is given by 

 22 ( )
3k A B cI i ai a i= + +                             (18) 

where 
2
3

j
a e

π

= The PWM CSI uses six unidirectional 
switches to connect the dc current source to the load. Two 
switches in two different legs, one in the upper switch bridge 
(S1; S3; S5) and the other in the lower switch bridge in Fig.1 
are allowed to conduct at any instant. It is noted that there 
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should always exist a current path in the CSI. If not, a high 
voltage at open terminal is induced so that the switch might be 
destroyed. The CSI can generate only six effective space 
vectors and three zero vectors. The zero vectors mean that 
both the upper and lower switches in the same arm are turn-on 
state simultaneously. The space current vectors are illustrated 
in Fig.4. 

 

 
Fig. 4.  Space Vector Diagram for Current Source Inverter 
 

The main function of SVM block is to generate six switching 
pulses to six switches of the CSI inverter so that the desired 
phase currents are obtained. The input to the SVM block is the 
three reference currents i*

A, i*
B and i*

C and the DC link current 
Idc. 

 

1 11
2 2 2
3 3 30

2 2

A
d

B
q

C

i
i

i
i

i

− −⎛ ⎞⎛ ⎞⎜ ⎟⎛ ⎞ ⎜ ⎟⎜ ⎟=⎜ ⎟ ⎜ ⎟−⎜ ⎟⎝ ⎠ ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

            (19) 

This transformation can be used with three phase currents 
associated with three-phase six-switch current source 
inverters. From which we can calculate iref , θ as 

2 2
ref d qi i i= +                                          (20) 

arctan( )q

d

i
i

θ =                                                               (21)                           

B. Dwell Time Calculations 
             The dwell time calculation is based on ampere-second 
balancing principle, i.e, the product of the current reference 
vector Iref  and sampling period Ts equals the sum of the 
current vectors multiplied by the time interval of chosen space 
vectors. Assuming that the sampling period Ts is sufficiently 
small, the current reference vector Iref can be considered 
constant during Ts. So can be considered constant during Ts. 
So Iref can be approximated by two adjacent active vectors Ik, 
I(k+1) and a zero vector Iz. To ensure that the generated current 

in one sampling period Ts made up of the currents provided by 
the vectors Ik, I(k+1) and Iz used during times T1, T2 and Tz is on 
average equal to the current reference vector Iref the dwell time 
can be obtained by 

 1 sin( ( 1) )
6 6a sT m T nπ πθ= − + −             (22) 

2 sin( ( 1) )
6 6a sT m T nπ πθ= − − −                              (23) 

1 2z sT T T T= − −                                                            (24) 

where 1ref
a

dc dc

I Im
I I

= = is modulation index, I1 is the peak 

value of the fundamental frequency component of ( iA, iB and 
iC ) and n is sector number. 

TABLE I 
SWITCHING STATES AND SPACE VECTORS 

 

C. Switching sequence  
         The PWM switching pattern for the CSI must satisfy a 
constraint, i.e, only two switches in the inverter conduct at any 
time instant, one in the top half of the CSI bridge and the other 
in the bottom half. Under this constraint, the three phase 
inverter has a total of nine switching states as listed in Table I. 
These switching states can be classified as zero switching 
states and active switching states. There are three zero 
switching states (14), (36), and (52). The zero state (14) 
signifies that switches S1 and S4 in inverter phase leg A 
conduct simultaneously and the other four switches in the 
inverter are OFF. The DC current source Idc is by passed, 
leading to iA = iB = iC = 0. This operating mode is often 
referred to as by-pass operation. There exist six active 
switching states. State [12] indicates that switch S1 in leg A 
and S2 in leg C are ON. The DC current Idc flows through S1, 
the load, S2, and then back to the DC source, resulting in iA = 
Idc and iC = Idc. The definition of other five active states is 
given in the Table I. 
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TABLE II 
COMPARISON OF CSI MODULATION TECHNIQUES 

 

V.  SIMULATION RESULTS AND DISCUSSIONS 
The comparison of CSI modulation techniques is shown in the 
Table II. The Direct FOC scheme for CSI fed Induction Motor 
drive has been simulated in MATLAB/SIMULINK. The 
simulation parameters have been given in appendix. The 
simulated waveforms of DC current, motor current, reference 
torque, estimated torque, reference speed and actual speed are 
shown in Figs.5-9. The simulation is carried out for two 
different cases. In case-I with Different Reference Speeds at 
constant load torque and case-II with Different Load Torques 
at constant reference speed. 
 
Case-I: In this section the behaviour of Induction motor at two 
reference speeds are observed. When Idc = 20A, Kp=3, and 
Ki=0.000004. Different reference speeds are applied at 0.2sec.  
for this case the simulated waveforms are shown in figs.5-7. 
The Fig.5 shows the waveform of inverter input DC current 
and motor input i.e. stator current of phase A. The Fig.6 shows 
the waveform of the Reference Speed and Actual Speed of the 
motor when the ωr =130 rad/sec. The Fig.7 shows the 
waveform of the Reference Speed and Actual Speed of the 
motor when the ωr =110 rad/sec. 
 

 
Fig. 5.  The waveforms of Inverter Input (DC current) and Output (Stator 
current) 
 
 

 
 
Fig. 6.  The waveform of the Reference Speed and Actual Speed of the motor 
when the ωr=130 rad/sec 

 
 
Fig. 7.  The waveform of the Reference Speed and Actual Speed of the motor 
when the ωr =110 rad/sec 
 
Case-II: In this section the behaviour of Induction motor at 
two different load torques are observed. When Idc = 20A, 
Kp=3, and Ki=0.000004. The two different load torques are 
applied at 1.2sec. The Fig.8 shows the wave form of the 
Reference Torque and Actual Torque of motor when the TL is 
at 10N-m. The Fig.9 shows the wave forms of the Reference 
Torque and Actual Torque of motor when the TL is at 5N-m.  
 

 
 
Fig. 8.  The waveforms of the Reference Torque and Actual Torque of motor 
when the TL is at 10N-m 
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Fig. 9.  The waveforms of the Reference Torque and Actual Torque of motor 
when the TL is at 5N-m 

VI.  APPENDIX 
Parameters used in the simulation are Rated power 

(P)=7.5kW, V=220V, f=50Hz, ώr=1440rpm. The Induction 
motor parameters are Stator resistance (Rs)=0.294Ω, Stator 
inductance (Ls)=0.0425H, Stator leakage reactance (Xls)= 
0.524Ω, Rotor resistance (Rr)=0.156Ω, Rotor inductance 
(Lr)=0.0418H, Rotor leakage inductance referred to stator 
(Xlr)= 0.0418H, Jm=0.4kg-m2, B=0.062, P=4. 

 

VII.  CONCLUSIONS 
This paper presents advantages of CSI compared to VSI 

due to advancements in power semiconductor devices used in 
CSI which is best suited for variable speed drive applications. 
In this paper, the mathematical model of CSI, Induction 
Motor, SVPWM and control of IM with direct FOC has been 
explained in detail. Analytical expressions for CSI fed 
Induction Motor with Direct FOC are derived and validated 
using MATLAB/SIMULINK by using only basic Simulink 
blocks. The switching time calculations and switching states 
are discussed in detail. The proposed scheme control of CSI 
fed Induction motor drive has good dynamic performance. 
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