
Chapter 5 

Circuit Modeling and Simulation 

Simulation is a good practice in the engineering world in-prior to the implementation. In 
this case Matlab Simulink Package has been selected for the simulations. With the 
identified circuit parameters, the designed circuit as in the figure 3.1 has been modeled in 
the Simulink by using SimPowerSystems library and with the help of some other 
demonstrations available in the help-Simulink. [ 4] 
Figure 5.1 below is the modeled circuit with the Matlab-Simulink package. Here the 11 kW 
WRIM is in place with required data, a three phase 415V/ 50Hz power source is feeding 
the stator, rotor windings are connected to an external resistor in star configuration, and a 
three phase rectifier module is also connected to the rotor winding parallel to the external 
resistor. IGBT is in place as the transistor chopper and it is linked to the DC bus via the DC 
commutating choke. Snubber components are also there for simulation. Two numbers of 
ideal switches are representing the bypass contactor in actual circuit. A pulse generator, 
\\hich is having a facility to program the pulse frequency and the duty factor of the square 
wavefom1, performs gate drive of the IGBT and an oscilloscope is connected to see the 
pulse train to the gate terminal ofthe IGBT. 
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Three separate oscilloscopes are used to observe and trace the behavior of Rotor Current 
(!R) and Stator Current (Is), Speed of the Rotor (Nrpm) and the Electromagnetic Torque (Tc) 
De\ elopmcnt of the rotor. 
Se\'eral numbers of simulations has done for identifying the feasibility of the design, while 
improving the perfonnance. 

5.1 Simulation - Setl: 
Circuit modeled as in the figure 5.1 is used for simulation-set1. Here the Pulse frequency is 
kept as 1OOHz constant and varied the duty factor (D) of the IGBT from 1% (min) to 99°/cJ 
(max) manually in step by step. Other circuit values for simulation as follows, Ll- lmH, 
Ext Resistance- 330hm/ Star Bridge, Snubber- R2 270hm, C- 2.2nF, C1 - 0.11 uF. 
Figure 5.2 shows below the simulation results for Rotor Curre!1t (IR) and Stator Current (Is) 
separately. You will see with the duty factor (D), the variations in the current profiles of the 
rotor and stator. 
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Further, a closer look on the current profiles of the motor give a more clear picture, and can 
sec the impacts due to the rotor and stator current wavefonns as in the figure 5.3 below. We 
can sec a clear discontinuation of the rotor current at a pulse frequency of 1OOHz and the 
impacts to the rotor has clearly reflected to the stator winding too. Stator current wavefom1 
is also deviating from its original sine wave. 
The s\vitching impacts to the rotor should be compensated with the DC commutating 
choke, and its inductance is important in this regard. After having several simulations, it 
has proven with a higher value of inductance (Ex: L=200mH) this switching impacts could 
he minimized at this pulse frequency. But a 200mH inductor is a very bulky component 
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and its resistance could add extra resistance to the rotor winding and the power loss is also 
high. Feasible level for the inductance is 1 mH to 1 OmH range and as it closer to lmH very 
small in size. The idea is to keep the inductance at 1 mH and increase the pulse frequency 
and sec the impacts to the rotor and stator current profiles. 
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The important thing is to analyze whether the rotor can develop its speed with an increased 
duty factor of the IGBT. Yes, it can do. As the duty factor of the IGBT increases, rotor 
speed will develop. In this case simulations are completed for different duty factors like, 
1% (min- to see the initial speed development with external resistance), 25%, 50%, 75% 
and 99%. The speed development ofrotor vs. Time at different duty factors of the lGBT is 
given in the figure 5.4 below. 
Another important parameter is the torque development of the rotor as the povver 
electronics starter does the motor starting job. You can sec the electromagnetic torque 
de\elopment at different duties ofthe IGBT in figure 5.5 below. 
For the simulations, the rated torque of the motor is taken as 20Nm. Initial torque 
de\elopment is entirely decided by the size of the external resistance and it is a 330hm star 
bridge in this case. At lower duty factors of the transistor chopper, the torque variations are 
high, and as the duty will closer to 100%, torque fluctuations are very small. The torque 
lluctuations could compensate by the inertia of the rotor and the inertia of the load when it 

is connected to a load. 
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5.2 Simulation- Set2: 
It is clear that to minimize switching impacts, increasing the size ofthc inductor is not the 
choice. The most suitable way to minimize the switching impacts is to increase the pulse 
frequency and see the improvement. For this task, it is required to simulate the model with 
di !Terent pulse frequencies. 
In this case, 1 kHz has been selected as the pulse frequency, and all other circuit parameters 
arc kept as constants. Here too, the duty factor of the transistor varies from 1 o;;, initially, 
then 25%, 50%, 75%, and 99% finally. Figure 5.6 below shows you the rotor and stator 
current profiles IR and Is respectively. See the improvement. Discontinuation of rotor 
current waveform vanishes with higher pulse frequencies, but even with 1 kHz deviation 
fi·om original sine \Vave is very high and need to look for further. 
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!\ext selection for the pulse frequency is 5 kHz. Change the pulse frequency of the pulse 
generator into 5 kHz and while keeping all other parameters constantly, the simulation has 
run. This time, the rotor and stator waveforms are closer to its original sine wave, and 
impacts due to switching has minimized. Figure 5.7 gives a closer look on rotor and stator 
cuncnt profiles of WRIM with power electronics starter at a pulse frequency of 5 kHz. 
It is clear that, by increasing the pulse frequency of the IGBT, perfom1ance of the starter 
can enhance and the switching impacts to current wavefom1s can minimize. Final 
simulation on pulse frequency is to select 10kHz, and see the results. It is giving a very 
smooth sine wave for current profiles even with the switching of IGBT and it is 
appreciable. Therefore, our choice ofpulse frequency for the practical implementation is 10 
kHz and the size of the inductor is lmH. Figure 5.8 shows the current profiles at a pulse 
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frequency of 10 kHz. There we can see a clear improvement on the current profiles of the 
rotor and stator as the pulse frequency increases. 
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Hasc pulse frequency of 10 kHz or even higher is not a great deal with today's 
'111crocontrollers. As the pulse frequency increases the only concern is the derating of 
t)O\\ cr handling of the semiconductors, in this case it is an IGBT. 

~.3 Simulation- Set3: 
\imulation set compares and contrasts the effects to rotor speed development and 
, kctromagnetic torque development of rotor at different pulse frequencies. Rotor speed 
lluctuations become negligible at higher pulse frequencies. Electromagnetic torque 
lluctuations are also become smaller at higher pulse frequencies. Simulations have done by 
c:i\ ing a duty factor manually to IGBT. 
I 1gure 5.9 gives a graphical view on the rotor speed development and electromagnetic 
·.xque fluctuations with different pulse frequencies. In this c~se 100Hz and I kHz have 
·)ccn selected. Obviously, the motor will have improved characteristics at a pulse frequency 

·'110kHz. 
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It is good to simulate and analyze the initial rotor and stator cunent wavefom1s. During this 
time the power switch is in offline and only the external resistance is connected. With 
externally connected resistance, there is no deviation from the original sine wave of the 
current profiles, and it shows very clearly in the figure 5.10 below. 
Similarly, once the starter completed the starting of the motor or the rotor reaches to the 
rated speed. you can short-circuit the rotor windings at the slip rings as in the case of a 
l'tlnventional rotor resistance starter for WRIM. Figure 5.11 shows the rotor and stator 
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hypass contactor to bypass the power semiconductors, when the application doesn't require 

,1 \ ariablc speed operation for long run. 
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SA Simulation- Set4: 
Simulations below show the importance of some electric components available in the 
design of proposed power electronics starter. Let's see the impacts to the rotor and stator 
current v,ithout the DC link commutating choke or the inductor by keeping all other 
components as they are. Pulse frequency is 1 kHz and the duty factor of the transistor is 
)()<% for this simulation. Figure 5.12 shows below the modeled circuit with Simulink 
package. 
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It is clear that without the inductor, the switching stress on the rotor and stator current 
profiles arc very high irrespective to the pulse frequency. Anyhow the impacts are very 
significant at lower pulse frequencies. Without the inductor in the DC link, again a 
discontinuation started in the rotor current profile and stator current profile is also disturbed 
heavily. Further the impacts to the electromagnetic torque development are also 
considerable. Figure 5.13 below shows the rotor and stator current profiles without the 
mductor at a pulse frequency of 1 kHz. 
Actually, there is no commutation to the switching impacts generated by the IGBT without 
the inductor and hence the name implies to this inductor as the DC Link Commutating 

Choke. 
'!ext simulation shows to have an external resistance connected to the rotor circuit. 
\1odelcd circuit in the Simulink package without an external resistance is shown below in 
the figure 5.14. When there is no external resistance connected to the rotor, it will open 
circuit for a very short time during the switching. Opening the rotor circuit will stop rotor 
current flow for a while and there would be severe impacts to the original current profiles 
of the rotor and stator, and this is having a significant impact to the electromagnetic torque 
development of the rotor too. Figure 5.15 gives a clear picture on the behavior of rotor and 

stator current profiles. 
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\\'hen there is no external resistance, rotor current fluctuations are severe and deviating 
\cry much from the sine wave. There we can see fast rising and decaying and the peak-to
peak variation is very high. Further the stator current profile is also distorted heavily, when 

the external resistor is not in place. 
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lt ts obvious. that an external resistor is essential for optimum operation of the power 
electronics starter. But the sizing of this resistance is very tactful. Starting torque of the 
mtor will determine by this external resistance, but as the external resistance becomes 
smaller, initial rotor speed will be very high. Finally the range for speed control by the 
pm\er electronics starter will be narrow . 
. \s per the simulations, with a 330hm star bridge of external resistance, initial speed of the 
rotor will be 200rpm approximately. This is clearly visible in the figure 5.16 above, and it 
i-; showing initial speeds of rotor with different external resistances. As the resistance 
becomes lower, the initial speed becomes higher and finally the retaining range for speed 
control is narrow and vise versa . 
. \nother impmiant consideration with initial resistance is the starting torque of the motor . 
. \s the external resistance becomes lower, the starting to~que would be higher. This 
selection should be entirely done base on the load or the application. Simulations has been 
carried out for 330hm star-configured external resistance with the rotor circuit and it could 
deliver an average starting torque which is slightly higher than the rated motor torque, i.e. 
20Nm. There is a maximum limit for increasing the size of resistance, since the resistance 
becomes higher and higher, starting torque will be lowered. 
Figure 5.17 shows below a comparison of electromagnetic torque development of rotor vs. 
time with different external resistors. 
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5.5 Simulation- SetS: 
In practical life, when there is no speed control requirement, if the power electronics starter 
ts using as a starter of the WRIM, the duty factor of the IGBT has to increase from 0 to 1 
gradually. The time period taken to increase the duty from 0 to 1 should be programmable. 
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\s the duty varies from 0 to 1, the rotor speed is also increasing from initial speed (with 
c\ternal resistance only) to the rated value, and time taken to accelerate up to the rated 
speed is known as the Ramp-up time very commonly. 
For this kind of simulation, we have to modify the pulse generating part for the IGBT 
slightly. Modified schematic in Simulink is shown below in the figure 5.18. the block of 
repeating sequence is used as the base pulse frequency generator, the block of Ramp is pre 
programmable to a suitable ramp-up time and relational operator is comparing the above 
[\\ o signals and generating a PWM waveform for IGBT. This is the gate signal, which 
\aries the duty factor from 0 to 1 within a given ramp-up time. 
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·Fig-5.18: ~11odded Powerr£.[ectronics Starter in Simufinf(jor(Progranzma6[e (}(amp Start 

Figure 5.19 belO\v shows a result of simulations at different ramp-up times. lt is showing 
speed and electromagnetic torque development of rotor ofWRIM at a ramp-up time of 5scc 

and 2.5sec respectively. 
The above curves are derived from the Simulink simulations. But in the real world, ramp-
up time is determined by the load inertia. We can't request a very low ramp-up times when 
there is a large inertial load. Fir fast ramp-ups, stator needs more cunents during the 

acceleration time, and rotor is also following the stator. 
.\s the figure 5.19 shows below, fluctuations ofthe electromagnetic torque development of 

the rotor is also high during a fast ramp-up. 
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[JZamp-up rJi'me = 5sec} [(](amp-up rrime = 2.5secf 
·F1g-5.19: Campa risonJ]\ptor Speed and 7orque !])e-ve[opment at cDifferen t 1\i:Imp-up rJ imes 

')Ct of simulations as above shows the feasibility of the proposed power electronics staticr 
ltW WRIMs, and further some simulations emphasized the duty of certain components and 

ts importance. 
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