
 

  
Abstract--A novel approach to develop behavioral model of 12-

pulse converter, which reduces the overall system simulation 
time, is presented. A detailed model of a 12-pulse converter with 
its control using circuit simulation tools such as PSPICE, 
MATLAB or SABER takes significant computer time for 
simulation. This is even more critical when the power converter 
is only a small part of a large system under study. A model based 
on mathematical equations derived under ideal conditions could 
be used, but the need to consider secondary effects such as 
continuous and discontinuous current or current commutation 
make this method much complicated due to the multiple modes 
of power converter operation. A regression based behavioral 
model was developed using a “Design of Experiment” (DOE) 
approach with very good statistical fit. This reduces simulation 
time drastically capturing also those aspects of the 12-pulse 
converter that are not normally included in models using other 
simplifications. This method could also be extended to the 
modeling of other complex power converter topologies and sub-
systems allowing a much faster simulation of full installations. 
 

Index Terms-- Simulation, power converter model, positive 
sequence solution, table lookup, design of experiments. 

I.  INTRODUCTION 
ITH increasing electrical power demands, and loading 
limitations of existing power distribution networks the 

trend is towards distributed energy generation.  Increasing use 
of computerized information systems demand higher power 
quality from the grid. The need exists for detailed system level 
analysis using computer simulation of power generating units 
such as micro-turbine, fuel cell, and power quality 
improvement systems such as high power UPS, Dynamic 
voltage restorer (DVR) and distribution Statcoms 
interconnected with the grid or in islanded operation. This 
leads us to the development of models of various power 
system components that may be interconnected in complex 
manner. The power converter can be a relatively small 
component of the overall system. All node voltages and 
branch currents of the power converter may not be necessary 
for the study of the overall systems. One such power 
electronic 
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Fig. 1.  Twelve-pulse converter used as rectifier front end for the UPS with 
the inverter side modeled as a current source load. 
 
component is a large UPS, within which the 12-pulse 
converter is significant part of power electronics. For power-
system level study a simplified representation of the 12-pulse 
rectifier is required [1]. A prime requirement is to make use of 
component models of the subsystems to perform analysis such 
as sizing, energy storage requirements overall power quality 
compatibility with loads. 

System level analysis of distributed power generating units 
using circuit simulators involves system level modeling of 
various sub-systems, such as 12-pulse converter in a 
Megawatts UPS. An analytical model defined using 
mathematical equations in high level simulation languages 
takes less simulation time. Mathematical model developed 
with simplified assumption limits the scope of study because 
secondary effects such as continuous and discontinuous 
current, current overlap in the thyristors during commutation 
etc., can not be easily analyzed since mathematical model are 
derived under ideal conditions [2]-[4]. A detailed component 
level model of 12-pulse converter can be used to take into 
account these secondary effects [5]. However such component 
level model even by itself would take significant time for 
simulation. Hence, there is a need for developing a model that 
takes into account secondary effects and can be expressed in 
mathematical form in order to reduce simulation time. In this 
paper a regression based behavioral model of a 12-pulse
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Fig. 2.  Network component level circuit simulation model of a 12-pulse converter. 

 
converter is described. The performance of the model is 
compared with simplified analytical models and detailed 
network models in terms of simulation speed and accuracy. 

II.  MODELING APPROACH 
Modeling of the power converter is based on a three step 

approach consisting of the following. First is a preliminary 
mathematical idealized model that is used for simplified 
understanding. The second step is to create a detailed 
component level model that captures all the required non-
idealities. The third step is to obtain the regression model. 

A.  Mathematical approach 
A simplified analysis of the 12-pulse converter shown in 

Fig. 1 leads to the following equations for the input and output 
quantities.  
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Where, α:  firing angle 

u:  commutation interval 
Is1: fundamental-frequency current of sI  

n: effective transformer ratio (primary Wye and 
secondary Wye is 1:n) 

These mathematical relations are based on following 
assumptions: 

• Continuous conduction of DC bus current 
• Sinusoidal, balanced and constant AC voltage 
• Balanced AC side impedance 
• Ideal circuit component. 
A model based on mathematical equations derived under 

ideal conditions could be used for the system level study. 
However the need to consider secondary effects such as 
continuous and discontinuous current, and different modes of 
current overlap in the thyristors during commutation make this 
method of analysis complex [6]. Deriving the equations for 
quantities such as Total harmonic distortion (THD) requires 
complex expressions along with simplifying assumptions on 
the interactions between the input and output filters. 

B.  Component level modeling 
A detailed component level model of 12-pulse converter 

that takes into account secondary effects such as continuous 
and discontinuous current, current overlap in the thyristors 
during commutation etc. can be used. A detailed network 
component model of a 12-pulse converter implemented in 
SABER is shown in Fig. 2. 

For the system level study that we are found that this model 
is not as useful for following reasons. One is that, this model 
alone already takes a long time to complete a simulation run in 
a computer simulation. It is not desirable for such a small 
component of a larger system to incur such a long model 
computation time. Also, very few variables of this model such 



 

as DC bus voltage (Vdc), input current, power factor, real 
power, reactive power, THD etc., are the main variables 
required from the overall system simulation and analysis.  

Simulation using the component based model allows one to 
capture the operation of the power converter. The primary 
regression functions of the operation of the 12-pulse converter 
was derived in terms of the firing angle and the equivalent DC 
bus current.  

C.  Regression based model 
Regression methods can be used to develop simple 

empirical mathematical relationships between inputs and 
output variables. Regression provides an approximate means 
of obtaining the relationships between a response parameter 
and the factors that influence it when the true relationship is 
unknown, or is too difficult to derive. Regression involves 
mainly analyzing factors that affects response parameters and 
building equations that can be used to predict system behavior 
at interpolated operating points and conditions. All the input 
and output variables for the regression are evaluated at steady 
state operating conditions. Energy storage elements such as 
capacitors and inductors are not included in the regression 
equation. Hence after accounting for energy loss, the power 
flow between the input and the output in the circuit is 
balanced on an instantaneous basis in the regression model. 

 The first step to obtain the regression model is to identify 
the input (independent) variables and the output (dependent) 
variables. The complexity of the regression equation can 
rapidly increase as the number of input variables is increased. 
Hence, a minimum number of input variables should be used. 
The next step is to determine the operating range of each of 
the independent variables. Care should be taken to ensure that 
the results of the study make use of input variables within this 
range. Choosing a narrower operating range can help improve 
the accuracy of the model. The third step is to evaluate the 
granularity of the operating conditions under which the 
regression is evaluated. In case a large nonlinearity is expected 
in certain variables, then the number of evaluation of the 
system should be increased for those variables. Once these 
decisions are made, the simulations to obtain the regression 
equations is carried out using the detailed network model of 
12-pulse converter a different points in the space and a non-
linear multi-variable function that can be represented as a 
response surface was obtained. From these simulation results, 
the relations between system level parameters of the 12-pulse 
converter and the variables on which they depend are obtained 
as a polynomial function of the independent variables. 

III.  REGRESSION BASED BEHAVIORAL MODEL OF 12-PULSE 
CONVERTER 

Response parameters are system level variables for which 
empirical mathematical relation need to be obtained. In this 
case, DC bus voltage (Vdc), input AC current (Iac), input power 
factor (pf), real and reactive power at AC input terminals, and 
input current THD are identified as response parameters 

 
Fig. 3.  Surface showing variation of DC bus voltage at different firing angle 
and DC bus current of 12-pulse converter for fixed input AC voltage2. Y-axis 
is DC bus voltage, X2 axis is DC bus current and X3 axis is firing angle.  
 

 
Fig. 4.  Surface showing variation of real power at different firing angle and 
DC bus current of 12-pulse converter for fixed input AC voltage3. Y-axis is 
real power, X2 axis is DC bus current and X3 axis is firing angle.  

 
for the system level study. Factors that influences response 
parameters are understood by analyzing simplified 
mathematical model, which are input AC voltage (Vac), firing 
angle (α), average DC bus current (Idc). Since regression is 
essentially obtaining a curve fitting equation for set of data 
points, various data points representing relationship between 
response parameters and factors that influences response 
parameters are required for developing regression model of 
12-pulse converter. Such data points were obtained by 
performing design of experiment (DOE) simulations on 
network component level model of 12-pulse converter at 
different points in the design space1. A full factorial DOE with  

                                                        
1 Design space for influencing factors are as follows: 
    488.75 V <Vac< 661.25 V,  
    50 <α< 1750,  
    25 A <Idc< 1000 A. 
 



 

 
Fig. 5.  Surface showing variation of reactive power at different firing angle 
and DC bus current of 12-pulse converter for fixed input AC voltage4.  Y-axis 
is reactive power, X2 axis is DC bus current and X3 axis is firing angle. 
 
6 levels of DC bus current, 12 levels of firing angle and 3 
levels of Vac was performed to obtain data for the regression 
model. These data points obtained from simulation can be 
represented as non-linear multi-variable response surface. 
Response surface for some response parameters are shown in 
Fig. 3 through Fig. 5. Fig. 3 shows the variation of DC bus 
voltage with respect to firing angle indicating cosine relation, 
with a droop as a function of load current. Fig. 4 shows that 
for firing angle less that 900 real power is positive and for 
firing angle greater that 900 real power is reported as negative, 
as expected from the mathematical model. Fig. 5 shows 
reactive power is maximum when firing angle close to 900 and 
reactive power approaching zero for firing angle of 00 and 
1800. Next step is to obtain curve fit equation; various 
statistical software tools such as MINITAB are available for 
such purpose. Curve fit equations are obtained for Vdc, Iac, 
input power factor, real and reactive power at AC input 
terminals. A specimen third-order regression equation for DC 
bus voltage is shown below. 
Vdc = (k0) + Vac(k1) + Idc(k2) + α(k3)  

+ VacIdc(k4) + Vacα(k5) + Idcα(k6) + Idc
2 (k7) 

+ α2(k8)+ Idc
2Vac(k9) + Idc

2α(k10)+ α2Vac(k11) 
+ α2Idc(k12) + Idc

3(k13) + α3(k14) (6) 
The regression coefficients for the above equation are in 
Appendix. Conducting a larger number of simulation runs 
allows the flexibility to incorporate higher order terms in the 
above equation. However, a larger number of simulation runs 
would require additional computation time. In the above 
equation some regression coefficients are not significant and 
hence are ignored. The statistical significance of each term in 
the equation provides the guidance as to whether to include 
the term in the equation. For example, the square term for Vac 
is ignored in (6). Such statistical significance can be evaluated 
by set confidence interval and the p-value obtained from 
hypothesis testing [7]. The equations are valid in the range of 
inputs where the detailed component simulations were carried 
out. Care should be taken not to extrapolate out of this range.  

 

 
Fig. 6.  Perturbation plot for DC bus voltage. 
 

 
Fig. 7.  Perturbation plot for reactive power. 
 
The measure of goodness of curve fit is determined by the R2 
value of the regression equation [7]. A larger number of DOE 
runs and use of appropriate higher order terms for the 
regression equations gives a better R2 value. The R2 for most 
of the responses such as Vdc, Iac, real and reactive power and 
power factor was more than 99% and THD was more than 
80%. The mathematical expression captures the underlying 
physics of the system. This can be explained by analyzing 
perturbation plots. Fig. 6 shows perturbation plot for DC bus 
voltage. The variation of DC bus voltage with respect to firing 
angle shows cosine relationship. Similarly Fig. 7 shows 
perturbation plot for reactive power. The variation of reactive 
power with respect to firing angle is sine variation and with 
input AC voltage is linear. This variation observed is identical 
to what we observe in mathematical model derived under ideal 
conditions. 

The regression based behavioral model of 12-pulse 
converter modeled in SABER is shown in Fig. 8, all 
regression equations are defined in simple high level 
simulation language. The output of model is a steady state 
numerical value of the response parameter and not time-
domain waveform. The regression model represents on the 
quasi steady state operation of the system and the controller 
that is used to model the overall system as shown in Fig. 8 
does not indicate the high speed response capability of the 
system. The control system includes an inner dc link current 
controller and outer dc bus voltage controller. 

 



 

 
Fig. 8.  Regression based behavioral model of 12-pulse converter. 

 
Regression based model is significantly simplified and 

takes a small fraction of the original computational time. The 
computation time for the behavioral model is 0.02 seconds 
compared to 183 seconds for the detailed network model for 2 
seconds of circuit simulation in time domain. This helps to 
reduce simulation time especially for system level analysis of 
multiple interconnected power converters. It is also possible to 
extend this type of regression model wherein number of 
distributed power units of various types is interconnected an a 
large number of system configurations. This model not only 
reduces simulation time significantly but also takes into 
account secondary effects such as continuous and 
discontinuous current, current overlap in the thyristors during 
commutation etc., which are would require multi-mode 
mathematical modeling approach. 

Regression based behavioral model of 12-pulse converter 
developed here is not a generalized model. This model is valid 
only for component values (such as DC bus capacitor, filter 
inductor etc.) and other system parameters that are used in 
component level model and design space within which data 
points were collected. Furthermore, instantaneous time-
domain waveform of response variables is not captured; the 
model calculates only steady-state numerical value of the 
response parameter, however slow control loop dynamics and 
slow time domain transients can be studied with the model.  

A final system consisting of the grid power supply, standby 
genset, an UPS with a 12-pulse rectifier and inverter, and 
multiple flywheels for energy storage was studies with this 
approach. It was possible to study various operating scenarios, 
using this approach with significantly reduced simulation 
time. It was seen that the predicted operating scenarios 
matched well with tests conducted on a industrial power 
system under study.  

IV.  CONCLUSION 
A simplified regression based behavioral model of 12-pulse 

converter is presented. This model reduces simulation time 
significantly and also takes into account secondary effects that  

 
 
 
 
 
 

are difficult to model using analytical mathematical modeling 
approach. However, this model is not a generalized model and 
detailed time-domain waveforms of response variables cannot 
be obtained. Preliminary study indicates the usefulness of the 
proposed novel modeling approach for system level analysis 
using computer simulation. 

V.  APPENDIX 
The UPS parameters considered are Vs =575V, frequency = 

60Hz, nominal power = 500kW, Vdc nominal = 540V. 
Regression coefficients for (6) are given by: k0 = -168.22; 

k1 = 1.64; k2 = 9e-2; k3 = 9.26; k4 = -7.89e-4; k5 = -1.29e-2; 
k6 = -2.92e-3; k7 = 4e-4; k8 = -1.41e-1; k9 = 5.17e-7; k10 = 
1.15e-6; k11 = -3.6e-5; k12 = 1.2e-5; k13 = -4.21e-7; k14 = 
5.8e-4. 
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