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Improve the Performance of Intelligent PI Controller for 

Speed Control of SEDM using MATLAB 
 

 
A. K. Singh

 1
      A.K. Pandey

 2       
M. Mehrotra

 3
  

 
Abstract–In this paper a new approach is develop for speed 

control of separately excited D.C. motor by enhancing the 

feature of artificial neural networks (ANN).The development 

of artificial Neural Network controller for D.C. drives is 

inspired by the ANN control strategy. The aim of the 

proposed schemes is to improve dynamic performance of 

separately excited D.C. motor [6].  The ANN concept is 

applied for both control strategy i.e. current and speed for 

D.C. separately excited motor. This new concept enhances the 

performance    and dynamics of D.C. motor in comparison to 

conventional PI controllers and this is verified through 

simulation using MATLAB/SIMULINK. 
 
Keywords–DC motor, ANN, PI controller, NARMA-L2 

controller 

 

I.  INTRODUCTION 

 

The separately excited Direct current (DC) motors with 

conventional Proportional Integral (PI) speed controller 

are generally used in industry. This can be easily 

implemented and are found to be highly effective if the 

load changes are small. However, in certain applications, 

like rolling mill drives or machine tools, where the system 

parameters vary substantially and conventional PI or PID 

controller is not preferable due to the fact that, the drive 

operates under a wide range of changing load 

characteristics. 

 

The artificial neural network (ANN), often called the 

neural network, is the most generic form of Artificial 

Intelligence for emulating the human thinking process 

compared to the rule-based Expert system and Fuzzy 

Logic [2]. Multilayer neural networks have been applied in 

the identification and control of dynamic systems. The 

three typical commonly used neural network controllers: 

model predictive control, NARMA-L2 control, and model 

reference control are representative of the variety of 

common ways in which multilayer networks are used in 

control systems. As with most neural controllers, they are 

based on standard linear control architectures [3].There are 

a number of articles that use ANNs applications to identify 

the mathematical D.C. motor model and then this model is 

applied to control the motor speed [4]. They also use 

inverting forward ANN with input parameters for adaptive 

control of D.C. motor [5].  

 

This paper address the study of steady-state and dynamics 

control of  dc  machines  supplied  from  power  converters  
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and their integration to the load. This paper a comparative 

study of artificial neural networks over conventional 

controller such as PI speed and current controller. With the 

help of transfer function models, analysis of the 

performance of the dc motor drives for different cases has 

been done. 

 

II. TWO-QUADRANT THREE-PHASE CONVERTER 

CONTROLLED DC MOTOR DRIVE 

 

The control schematic of a two converter controlled 

separately excited dc motor is shown in Fig.1. The 

thyristor bridge converter gets its ac supply through a three 

phase transformer and fast acting ac contactors. The field 

is separately excited, and the field supply cannot be kept 

constant or regulated. The DC motor has a tacho-generator 

whose output is utilized for closing the speed loops. The 

motor is driving a load considered to be frictional for this 

treatment. The output of the tacho-generator is filtered to 

remove the ripples to provide the signal, ωmr. The speed 

command and ωr* is compared to the speed signal to 

produce a speed error signal. This signal is processed 

through a proportional plus integrator (PI) controlled to 

determine the torque command. The torque command is 

limited, to keep it within the safe current limits. The 

armature current command ia* is compared to the actual 

armature current ia to have a zero current error. In case, 

there is an error, a PI current controller process it to alter 

the control signal vc. The control signal accordingly 

modifies the triggering angle α to be sent to the converter 

for implementation [2]. The operation of closed speed 

controlled drive is explained from one or two particular 

instances of speed command. A speed from zero to rated 

value is commanded, and the motor is assumed to be at 

standstill, this will generate a large speed error and a 

torque command and in turn an armature current command. 

The armature current error will generate the triggering 

angle to supply a preset maximum dc voltage across the 

motor terminals. 
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Fig.1: Speed –controlled two quadrant dc motor drive  
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The inner current loop will maintain the current at level 

permitted by its commanded value. When the rotor attains 

the commanded value, the torque command will settle 

down to a value equal to the sum of load torque and other 

motor losses to keep the motor in steady state. The design 

of the gain and time constant of the speed and current 

controllers is of paramount importance in meeting the 

dynamic specifications of the motor drives. 

 

III. MODELING AND DESIGN OF SUBSYSTEMS 

 

A. DC motor and load 

The dc machine contains an inner loop due to the induced 

emf. It is not physically seen; it is magnetically coupled. 

The inner current loop will cross this back-emf loop, 

creating a complexity in the development of the model. 

The development of such a block diagram for the dc 

machine is shown in Fig.2. The load is assumed to be 

proportional to speed and is given as     
                        

                    mll BT       (1) 

To decouple the inner current loop from the machine-

inherent induced-emf loop, it is necessary to split the 

transfer function between the speed and voltage into two 

cascade transfer functions, first between speed and 

armature current and then between armature current and 

input voltage, represented as 
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Fig.2: Block diagram of the motor drive 
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B. Design of Controllers 

The design of control loops starts from the innermost 

(fastest) loop and proceeds to the slowest loop, which in 

this case is the outer speed loop. The reason to proceed 

from the inner to the outer loop in the design process is 

that the gain and time constants of only one controller at a 

time are solved. Instead of solving for the gain and time 

constants of all the controllers simultaneously not only 

that is logical; it also has a practical implication. Note that 

every motor drive need not be speed controlled but may be 

torque-controlled, such as for a traction application. In that 

case, the current loop is essential and exists regardless of 

whether the speed loop is going to be closed. Additionally, 

the performance of the outer loop is dependent on the 

inner loop; therefore, the tuning of the inner loop has to 

precede the design and tuning of the outer loop. 

 

a. Current Controller 

The current control loop is shown in Fig.3. the loop gain 

function is 
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This is a fourth-order system, and simplification is 

necessary to synthesize a controller without resorting to a 

computer. Noting that Tm is on the order of a second and in 

the vicinity of the gain crossover frequency, we see that 

the following approximation is valid: 

                     

mm sTsT  )1(  (10) 

this reduces the loop gain function to 
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the time constants in the denominator are seen to have the 

relationship 

 12 TTTr                     (13) 

The equation (11) can be reduced to second order, to 

facilitate a simple controller synthesis, by judiciously 

selecting 

 2TTc              (14) 

Then the loop function is 
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Fig. 3: Current control loop 

The characteristic equation or denominator of the transfer 

function between the armature current and its command is 

 KsTsT r  )1)(1( 1     (16) 

this equation is expressed in standard form as 
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From which the neural frequency and damping ratio are 

obtained as 
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where n and  are the natural frequency and damping 

ratio, respectively. For good dynamic performance, it is an 

accepted practice to have a damping of 0.707.Hence, 

equating the damping ratio to 0.707 in equation (19), we 

get 
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by equating equation  (12) to (23).the current-controller 

gain is evaluated 
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b. Speed Controller  
The speed loop with the first-order approximation of the 

current-control loop is shown in Fig.4.The loop gain 

function is 
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This is a fourth-order system. To reduce the order of the 

system for analytical design of the speed controller, 

approximation serves. In the vicinity of the gain crossover 

frequency, the following is valid 

 mm sTsT  )1(                              (26) 

The next approximation is to build the equivalent time 

delay of the speed feedback filter and current loop. Their 

sum is very much less than the integrator time constant Ts 

and hence the equivalent time delay, T4 can be considered 

the sum of the two delays, Ti and T . This step is very 

similar to the equivalent time delay introduced in the 

simplification of the current loop transfer function.Hence, 

the approximate gain function of the speed loop is 
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Fig.4: Representation of the outer speed loop in the dc motor 

drive 

The closed loop transfer function of speed to its command 

is 

)(

)(1

)1(
1

)(

)(

3
3

2
210

10

22
2

2
4

3

2

*

sasasaa

aa

H

T

KK
KKsTs

sT
T

KK

Hs

s

s

s

s

s

s

r

m



































     (30) 

where                 

      ss TKKa /20                              (31) 
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         sKKa 22               (32) 

                                12 a                                      (33)

             43 Ta                                     (34) 

This transfer function is optimized to have a wider 

bandwidth and a magnitude of one over a wide frequency 

range by looking at its frequency response. Its magnitude 

is given by 
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This is optimized by making the coefficients  and  

equal to zero, to yield the following conditions 
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2
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Substituting these conditions in terms of the motor and 

controller parameters given in (31) into (34) yields 
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Thus after simplification, gives the speed – controller gain 

as                   
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Substituting equation (41) into equation (39) gives the 

time constant of the speed controller as 

 44TTs                               (42) 

Substituting for Ks and Ts into equation (38) gives the 

closed-loop transfer function of the speed to its command 

as 
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It is easy to prove that for the open-loop gain function the 

corner points are1/4T4 and 1/T4, with the gain crossover 

frequency being 1/2T4. 

 

IV. NARMA-L2 CONTROL 

 

The central idea of this type of control is to transform 

nonlinear system dynamics into linear dynamics by 

canceling the nonlinearities. This section begins by 

presenting the companion form system model and 

demonstrating how you can use a neural network to 

identify this model [11]. Then it describes how the 

identified neural network model can be used to develop a 

controller. The tapped delay line (TDL), to make full use 

of the linear network. There the input signals enter from 

the left and passes through N-1 delays. The output of the 

tapped delay line (TDL) is an N-dimensional vector, made 

up of the input signal at the current time, the previous 

input signal. Using the NARMA-L2 model, you can obtain 

the controller. 
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which is realizable for d ≥ 2.  

 

 
 

Fig.5: Block diagram of the NARMA-L2 controller 

 

This controller can be implemented with the identified 

NARMA-L2 plant model, as shown in the Fig.6. 

 

 
 

Fig. 6: Identified NARMA-L2 plant model 

 

V. SIMULINK MODEL AND RESULTS  

 

A.  Response of the system using current and speed control 

strategy with conventional PI controller 
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Fig.7: Simulink plant model with speed and current controller 

 

In this control strategy, current control and speed control 

are applying for improving the performance of DC motor 

drive. In Fig.7.Shows the simulation plant model for this 

case. The responses are shown in Fig.8(a) and 8(b). 

 

B. Control strategy with ANN controller (NARMA-L2 

CONTROL) 

In this text consider the simulink modeling of a separately 

excited DC motor with speed and current controller using 

ANN. The entire conventional PI controller is replaced by 

ANN. The control system of DC motor using neural 

networks is presented. In this case study where use the 

either single neural network as a controller for the control 

the speed of DC drive with using Both control strategy. 

The performance of DC motor drive with ANN controller 

is evaluated by simulink plant model. The plant input and 

output data are generated by neural network tools of 

MATLAB/SIMULINK for training of neural networks. 

The control signal for converters according to plant output 

is generated by trained ANN on the basis of plant 

identification. In this study use the different type of cases 

are as follows: 

a. Using only current controller 

b. Using only speed controller 

c. Single ANN controller with both current and 

speed control 

 
Fig.8 (a): Output motor current response 

 
Fig.8 (b): Output motor speed response 

 

a. Response of system using only current control strategy 

with ANN: 
In this case reference plant have only current controller, 

shown in Fig.10.The input and output data are generated 

by this reference plant which is shown in Fig.12.The 

complete plant layout is given in Fig.9.The neural network 

specification are shown in Fig.11.The response of the 

system with simulink plant model with ANN, using 

current control strategy is shown in Fig.13.The result 

shows that the response of the system is better than using 

conventional PI controller. 

 

simulink plant model using only current control strategy with ANN 
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current controller 

b. Response of the system using only speed control 

strategy with ANN:  

In this case plant layout is shown in Fig.14. Only change 

the plant specification of ANN and reference plant model 

which is shown in Fig.15&16. The input and output data 

are generated by this reference plant which is shown in 

Fig.17.The response of the system with simulink plant 

model with ANN, using speed control strategy is shown in 

Fig.18.The results show that the response of the system is 

not so poor but the settling time is more in comparison to 

(a). 

 

Fig.11: ANN and Plant specification model with only current 

control strategy 

 

Fig.12: Plant input and output generated by reference plant for 

ANN 

c. Response of system using speed and current control with 

ANN: 

In this case only single neural network is used for both 

speed and current control strategy which is shown in 

Fig.19. Reference model for training of ANN with current 

and speed controller is shown in Fig.20. The plant 

specification and plant input output model with both 

current and speed control strategy is shown in Fig.21 and 

22. The response of the system is shown in Fig.23. The 

result of this system shows that the response of the plant is 

so better in comparison to previous cases as well as 

conventional PI control methods. 
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Fig.13: Plant output with current control strategy using ANN as 

current controller 
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Fig.14: Simulink plant model using only speed control strategy 

with ANN 

 

Fig.15: Simulink reference model for training of ANN with 

speed controller 

 
 

Fig.16: ANN and plant specification model with only speed 

control strategy 
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Fig.17: Plant input and output generated by reference plant for 

ANN 
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Fig.18: Plant output speed control strategy using ANN as speed 

controller 
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Fig.19: Simulink plant model with current and speed control 

using ANN 
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Fig.20: Simulink reference model for training of ANN with 

current and speed controller both 

 

Fig.21: ANN and plant specification model with current and 

speed control strategy 

 

Fig.22: Plant input, output and ANN training error  
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Fig.23: Plant output with current and speed control strategy using 

single ANN 

 

VI. RESULTS AND DISCUSSION 

 

In this work actually evaluated the performance of a dc 

motor with a constant load using different type of control 

strategy conventional (PI) and modern (ANN) controller 

concept. Using the ANN controller concept with dc motor 

the performance and dynamics of the dc motor is 

improved in comparison to the conventional PI controllers. 

The simulation of the complete drive system is carried out 

based on training for different reference plant with 

different control strategy. The D.C. motor has been 

successfully controlled using an ANN. Firstly, one ANN 
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controller is used with only Current control strategy. The 

results with both speed and current control strategy are 

better as compared to the results obtained with only 

current control and speed control strategy. The simulation 

result (Fig.23) shows that the response of the plant with 

both current and speed controller is better as compared to 

conventional methods (Table 1). The results prove that the 

complete D.C. drive system is robust to parameter 

variations. All the comparisons for the different cases are 

tabulated in Table 1. 
 

Table 1: speed response 

 

VII. CONCLUSION 

 

By using ANN mode controller for the separately excited 

DC motor speed control, the following advantages have 

been realized. 

 

The speed response for constant load torque shows the 

ability of the drive to instantaneously reject the 

perturbation. The design of controller is highly simplified 

by using a cascade structure for independent control of 

flux and torque. By using ANN don’t have to calculate the 

parameters of the motor when designing the system 

control. By using ANN the complete D.C. drive system is 

robust to parameters variations. The dynamic and steady 

state performance of the ANN based control drive is much 

better than the PI controlled drives. Settling time has been 

reduced to a label of 0.0.74 sec. 
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APPENDIX 

 

The following motor parameters and ratings are used for 

designing speed-controlled dc motor drives, maintaining 

the field flux constant. 

 

Power rating = 5HP, 

D.C. motor input voltage = 220V, 

Armature current rating = 8.2A, 

Rated speed = 1470 rpm, 

Armature resistance Ra = 4 Ω, 

Moment of inertia J = 0.0609 kg-m
2
, 

Armature Inductance La = 0.074H, 

Viscous friction coefficient Bt = 0.0867 Nms/rad, 

Torque constant Kb = 1.23 V/rad/s. 

Converter Supplied voltage = 230 V, 

3 – Phase, A.C. Frequency = 50 Hz, 

Maximum control input voltage is ± 10 V. 

Maximum current permitted in the motor is 20 A. 

Number of training sample is 500. 

Number of training epoche is 150 

Number of hidden layers is 2. 
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Control Strategy with Game Theoretic Approach in DC 

Micro-grid 
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 2
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Abstract–This paper proposes a decentralized control 

algorithm for DC micro-grid which is based on the game 

theory without communication, the proposed algorithm is an 

application of the Nash certainty equivalence principle. Since 

it is achieved without communication, it benefits from 

concerned reliability issues. Compared with the droop 

control system, extensive analysis based on simulations 

demonstrates that the proposed modeling, although 

simplified, is sufficient for an adequate control system design. 

The proposed control algorithm brings more accurate DC 

bus voltage and good current sharing performance. The 

simulation results verify the voltage stability and accuracy of 

DC bus, and current-sharing control of DC-DC converters 

are achieved simultaneously. 

 
Keywords–Nash certainty equivalence principle, DC Micro-

grid, game theory, distribute generation 

 

I.  INTRODUCTION 

 

Nowadays, energy and environmental problems are 

interrelated with the factors, such as the growth of energy 

demand, and the high quality with safe and reliable 

electric requirement. Against the background of these 

problems, a large number of distributed generations (DGs) 

are being installed into power systems. However, it is well 

known that an insertion of many DGs affects power 

quality of the utility grids, and it may cause problems such 

as rising of voltage and protection problem. In order to 

solve these problems, one of the solutions is to construct a 

new power system, i.e. micro-grids which have been 

especially researched all over the world [1]. DC 

distribution micro-grids are suitable for those kinds of 

energy storages and DGs, which can reduce conversion 

losses and supply high quality power [2]. There are some 

advantages using DC micro-grid in practice [3]. 

 

In the literature, most control strategies depend on a 

communication infrastructure. Reference [4] presents the 

operation of a multi-agent system for the control of a 

micro-grid. The expensive communication system can be 

avoided by using active power/frequency droop control in 

the conventional grid control system [6,7]. An improved 

droop control principle is presented for the control of 

generators in an islanded micro-grid [8]. The droop control 

method is a good solution for load sharing. However, the 

conventional droop method also has several drawbacks 

including a slow transient response, a trade-off between 

load sharing accuracy and voltage deviation [12]. The load 

sharing accuracy is affected by line, DG output 

impedances and corresponding voltage drops. To improve 
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the accuracy of load sharing, increased droop gain scheme 

is adopted. However, increased droop gain has a negative 

impact on the overall system stability. Moreover, it 

increases the range of system voltage variations [13-15]. 

 

In this paper, a control strategy is proposed based on the 

game theory which does not depend on communication 

infrastructure. As is shown in the Fig. 1, the multiple DG 

system is modeled and employs game theory [9] to design 

control strategy. The control strategy can minimize output 

voltage error. It is found that performance of each DG is 

practically independent in the system. 
 

DG1
Game

Controller
1

DG2
Game

Controller
2

DGn
Game

Controller
n

...

DC Line Bus

Energy
Storage

Distribute 
Load

 
Fig.1: Multi-circuit system without communication 

 

II. DECENTRALIZED CHARGING CONTROL PROBLEMS 

FOR PCS IN MICRO-GRID 

 

The decentralized DGs charging control problem is a form 

of non-cooperative game, where a large number of selfish 

DGs transfer the electricity resources to the DC line bus to 

ensure the DC bus voltage stable. This paper presents a 

novel control strategy that achieves Nash equilibrium by 

simultaneously updating each DG’s best individual 

strategy with respect to minimize the cost function. The 

algorithm is unrelated to the number of DGs, since they 

update their control strategy simultaneously and 

independently. The proposed decentralized charging 

control strategy drives the system asymptotically to a 

unique Nash equilibrium. 

 

The proposed algorithm is an application of the so-called 

Nash certainty equivalence principle. The control 

algorithm can achieve optimality of the micro-grid, i.e. it 

can make the DC bus voltage stable and load sharing. 

Nash equilibrium is the most important concept in game 

theory. In fact, Nash equilibrium is a kind of “stalemate” 

in which no one is interested in changing [16]. 

 

Definition 1: A collection of control strategies 

 ;nd n N   is Nash equilibrium if each individual DG 

can benefit nothing by changing its own strategy  

 

( ; ) ( ; )
n n nn n nJ d d J d d

 

                           (1) 

 

for all (0,1)nd  , and all n N . 
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where 
*

nd  is the collection of control strategies of the 

whole DGs without DG n  [19].  

In other words, 
*
nd  is the solution of minimum cost 

function 

 
* * * * * *

1 1 1arg min ( , , , , , , ),

1,2, , .

n n n n n Nd J d d d d d

n N

 


           (2) 

 

Therefore, 
*
nd  is the control strategy which can obtain the 

minimum value of cost function ( )n nJ d . 

 

If the two above-mentioned conditions are achieved by 

each DG, the micro-grid will achieve the state of Nash 

equilibrium, i.e. the DC micro-grid will keep voltage 

stable and load sharing. 

 

A. Virtual Rivals Strategy 

Assuming there are 1n   DGs supply power for the 

micro-grid which means there are n  rivals for every DG. 

Estimation of supply power strategy for every rival will be 

difficult to calculate because the workload is extremely 

large. In this paper, a conception of virtual rivals is 

introduced which means to take the other DGs as an 

equivalent virtual rival. This will simplify the estimation 

for every rival and it has advantages as follows: 1) 

Simplicity: Reducing the number of rivals from n  to 1 

simplifies the model and the complexity of calculation 

greatly, and 2) High estimating accuracy: Estimating 

supply power strategy for n  rivals, since the uncertainty 

is too much for every rival, so the estimating error is 

relatively large [5]. When estimating the equivalent rival, 

the randomness will be offset and the estimating accuracy 

is enhanced.  

 

By this way, the method simplifies the n-player-game 

problem to two-player-game problem that simplifies the 

complexity of problem greatly. Therefore, in the 

discussion of this paper, we only discuss the two-player-

game problem because it has the same result of n-player-

game problem. 

 

B. Proposed Optimal Controller 

The underlying decentralized DGs charging control is a 

non-cooperative dynamic game. Each DG shares other 

DGs with the information by DC line bus voltage. So we 

need formulate the decentralized DGs charging control 

problem as a dynamic games. 

 

We consider charging control of each DG of size M  with 

the charging time {0,1, , 1, , 1, , }t T T T     

where T  denotes the ultimate charging steadily instant. 

The serial number of DG is denoted as 

{0,1, , , , }M n N . With a control strategy of micro-

grid with game theoretic approach, we assume that DGs 

achieve Nash equivalence at time T . The objective is to 

implement a collection of DGs charging strategy that 

achieves dual objectives, 1) the DC line bus voltage 

achieves setting value of voltage, and 2) each DG achieve 

the state of current sharing. 

The objective of the control is to minimize the output 

voltage error. Hence, a definition of the cost function of 

each DG n  is given by 
1

2 2

1 2 3

0

1
2 2

1 2 3

0

( , ) ( ) ( )

( ) ( )

m t

n r m m r t

m

m t

t t r m m r t

m

J u i AP B k u k u k i D u u

Au i B k u k u k i D u u

 



 



     

     





  (3)                  

where， A , B , D ,
1

k , 
2

k and 
3

k are all non-negative 

constant, P  represents the output power of the each DG, 

u  and i  denote the output voltage and current of the each 

PC, ru is the voltage reference of the DC line bus. 

 

As is shown in (3), the output current, voltage and error of 

the system voltage output are included in the cost function. 

Where AP denotes the output power, which has the 

minimization of the input to the system results in 

minimum input energy (minimum cost). Where 
1

2

1 2 3

0

( )
m t

r m m

m

B k u k u k i
 



  determines the penalty for 

deviating from the setting value, and 
2

( )
r t

D u u  denotes 

minimization of the output error that is one of the main 

targets of the system. It will be shown that the presence of 

the squared deviation term ensures convergence to a 

unique collection of locally optimal strategies which is 

Nash equilibrium [11]. The cost incurred in deviating from 

the voltage reference of the DC line bus. 

 

This paper proposes a control scenario which individual 

DG minimize its own operating cost function (3). In order 

to minimize its own operating cost, it is adopted by 

calculate method of the extreme value of binary function 

[10]. 

 

Therefore, we can demonstrate using the control law (4) 

and (5) can minimize its cost function (3). The control law 

can be simplified as: 
1

2

1 2 3

0

2
( ) 2 ( )

m t

r r m m r t

m

Bk
i k u k u k i D u u

A

 



          (4)                                                                                    

and  

1 2 3 .
r

i
k k k

u
                         (5)                                                                                                                              

 

According to the transformation in (4) and (5), through the 

voltage reference ru ,the previous voltage mu and current 

mi ( 0,1, , 1)m t  and present voltage tu can calculate 

the reference current ri  which can be obtained, and then 

detect the output current i . Finally, PI adjust is adopted 

for a current closed loop to ensure a suitable power output. 

The local information such as output voltage u  and 

output current i  can be detected directly. It is obviously 

that only local information can minimize the cost function. 

Accordingly, using this method can achieve desired 

performance in voltage regulation and current sharing 
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among the DGs. Such a structure has notable advantages 

such as simplicity and reliability. And this method can 

satisfy the most important characteristics of the micro-grid, 

i.e. plug and play. DG can be considered as different 

agents. Assuming each agent is ‘rational’ which means 

every agent always following the maximum of its own 

benefit function. Finally, the micro-grid system achieves 

the state of Nash equilibrium. 

 

III. SMALL-SIGNAL MODEL OF GAME THEORETIC 

STRATEGY 

 

A linear model is necessary for designing linear controls. 

An average model is sufficient for the bandwidth 

requirements of typical applications [17]. Accordingly, a 

simple average model for the buck converter is developed 

based on ideal transform concepts for switching. The DG’s 

converter shown in Fig. 3 can be replaced by an average 

model. 

 

+

-

L

R
C

1V
+

-

1x

2x y

c

p

a

Q

 

Fig. 3: The module of buck converter 

 

At time [0, ]t d T , the switch Q  is turned on, 

( ) ( )

( ) ( )

a c

cp ap

i t i t

u t u t




                            

(6) 

where d  is the duty cycle of the switch Q , ai  is the input 

current of terminal a , ci is the output current of terminal 

c . cpu  and apu  is the voltage between terminals a , p  

and c  respectively. 

 

At time [ ,1]t d T , the switch Q  is turned off, 

( ) 0

( ) 0.

a

cp

i t

u t





                                (7) 

 

Ideal transformer averaging concepts can be directly 

applied to buck converter. A large signal average model 

can be formed with transformers by realizing (6) and (7) 

and similar average current equations, 

( ) ( )

( ) ( ) .

a c

cp ap

i t i t d

u t u t d

 


                             

(8) 

 

The small signal model is formed from the large signal 

model by perturbing the large signal parameters about a 

particular operating point: 

ˆ ˆ ˆ, ( ) , ( ) ,
cp cp cp ap ap ap

d D d u t V u u t V u     

ˆ ˆ( ) , ( ) ,
a a a c c c
i t I i i t I i   

 

where the set { , , , , }
ap cp a c

D V V I I  defines a particular 

operating point, and the set ˆ ˆ ˆˆ ˆ{ , , , , }
ap cp a c

d u u i i  defines 

perturbing. The nonlinear model for the converter 

operating in the continuous conduction mode is given by 

   
   

ˆˆ ˆ

ˆˆ ˆ .

a a c c

cp cp ap ap

I i I i D d

V u V u D d

    

    





          (9) 

 

The dynamic model given in (9) is nonlinear and cannot 

be directly employed to design a control system with the 

most commonly used techniques, which require a linear 

model. However, if the magnitudes of the perturbations 

are much smaller than their steady-state values, the 

nonlinear terms can be ignored without resulting in 

significant error, and a linear approximation of the system 

is obtained. Assuming dynamic components are much 

smaller than steady-state components,  

ˆ ˆ ˆˆ ˆ
1, 1, 1, 1, 1.

ap cp a c

ap cp a c

u u i id

D V V I I
         (10) 

 

So the infinitesimal of higher order ˆˆ
c

i d  and ˆˆ
ap

u d  

can be neglected. Hence, (10) can be divided into steady-

state component and perturbing component respectively. 

 

Steady-state components 

.

a c

cp ap

I I D

V V D

 
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

                             

(11) 

 

Perturbing component 

ˆˆ

ˆˆ ˆ .

a c c

cp ap ap

i i D I d

u u D V d

   
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



                  

(12) 

 

Thus, a small-signal reduced-order linear model for the 

buck converter can be defined as Fig. 4. 
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Fig. 4: The small-signal equivalent circuit model of buck 

converter 

 
Table 1: Parameters of the small-signal equivalent circuit 

model. 

Parameters Values Unit 

Output inductor 10e-2 H 

Resistance of load 20   
Output storage capacitor 300e-6 F 

Load 20   
Switching frequency of 

the converter 

2 kHz  
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The parameters of the small-signal model are given in 

Table 1, the transfer functions (13) and (14) can be easily 

obtained applying the Laplace transform in (12) assuming 

zero initial conditions 
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Therefore, the open loop small-signal model without game 

theoretic control is obtained, and the bode plot of ( )
vd

G s  

is shown as Fig. 5, 
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Fig. 5: The bode plot of ( )
vd

G s  

 

As is shown in the Fig.5, phase margin is only about 10, 

the system is in a critical steady state. When the proposed 

game theoretic control is adopted, the close loop structure 

is illustrated in Fig.6.  
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Fig. 6: The closed loop structure of circuit with game theoretic 

control 

 

The equations of control are 

'
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Combine the (15) with (16) 
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Assuming the input voltage 20
in

U V , the parameters are 

given as fallows, 0.01K  ,
'

0.5K  , 0.5
P

K  , 1
I

K  , 

1
1K  , 

2
0.8K  , 

3
0.2K  . The open loop gain of 

current can be given by  
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Also, the bode plot can be obtained as Fig. 7. 
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Fig. 7: The bode plot of current loop 

 

As is shown in the Fig. 7, phase margin is about 110, the 

design of current loop is in a steady state. Therefore, the 

close loop structure with game theoretic control in Fig. 6 

can be simplified as Fig. 8. 
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Fig. 8: The simplify close loop structure of circuit with game 

theoretic control 

 

As is shown in the Fig. 8, the overall open-loop transfer 

function is obtained by  
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Through the overall open-loop transfer function, the bode 

plot can be obtained as Fig. 9. 
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Fig. 9: The bode plot of overall open loop transfer function 

From Fig. 9, it can be seen that phase margin is about 80, 

the system is in a steady state. 

 

Through the small-signal model of the system control with 

game theoretic strategy, the design of the controller is 

stable. 

 

IV. NUMERICAL SIMULATION 

 

In this part, by using the concept of virtual rival strategy, a 

system composed of two DGs with a resistive load and a 

storage device is used for simulate the micro-grid system. 

In this paper, we adopt the buck converter as the main 

circuit of controller. One DG is consisted of photovoltaic 

generator and its controller, and the other DG is consisted 

of wind turbine and its controller. The simulation structure 

of simplified system of micro-grid is shown as Fig.10, and 

the parameters of the model are as follows: the output 

inductor is 10e-2 H, the resistance of load is 20  , the 

switching frequency adopt 2 kHz. 
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Fig. 10: Simulation structure of simplified system of micro-grid 

 

A. Simulation Experiment 

According to the design parameters above and the 

reference value of the DC line bus voltage is 20V. The 

results obtained from simulations in MATLAB are 

represented in Fig. 11, Fig. 12 and Fig. 13which show the 

state of micro-grid with different control methods. The 

current of each DG is shown in the upper picture, and 

voltage of DC line bus is shown in the lower picture. At 

the upper picture, the two curves indicate the current of 

photovoltaic generator and wind generator circuit 

respectively. 

 

When two DGs are adopted open loop control, the results 

of current share mainly depend on the symmetry of 

module parameters. As is shown in the Fig. 11, it is clear 

that the voltage is maintained in 20V and the performance 

of the current sharing is bad. Although using the open loop 

control can meet the voltage regulation, the performance 

of the current sharing is not ideal. 

 

When the micro-grid system adopt the droop control 

strategy, as is shown in Fig. 12, it is clear that the output 

current of each circuit is almost the same, and the error of 

current is less than 5%. However, the voltage of DC bus is 

only maintained about 17V which causes a drop in voltage 

regulation. Although using the traditional droop strategy 

can meet the request of output current sharing, the 

regulation of DC line bus voltage is not ideal. 

 

Compared with the traditional droop control strategy and 

directly parallel strategy, the game controller has a good 

performance on voltage regulation and current sharing. As 

is shown in the Fig. 13, it is clear that the output current of 

each circuit is almost the same and the voltage is 

maintained in 20V. In addition, the regulation time of 

game system is as long as the traditional controllers which 

adopt the droop strategy. In conclusion, the game theoretic 

method is possible to control each system rapidly and 

independently. 

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
0

1

2

3

4

5

6

7

Th
e 

ou
tp

ut
 c

ur
re

nt
 o

f E
ac

h 
PC

(A
) 

T(s)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
0

5

10

15

20

25

Dc
 li

ne
 b

us
 v

ol
ta

ge
 U

(V
)

T(s)

Fig.11: State of micro-grid system with the open loop control 

strategy 
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Fig.12: State of micro-grid system by droop control method 
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B. Dynamic Response 

In order to study the controller performance to large 

transients, a variable load is implemented (a load of 10  

is turned on in the micro-grid output). In this part, the 

reference value of the DC line bus voltage is 24V. The Fig. 

14, Fig. 15 and Fig. 16 show the load change in the micro-

grid when time arrive at 0.05s.  

 

Fig. 14, Fig. 15 and Fig. 16 present the experiments for a 

load step from 100% to 50% of the output power. During 

this transient, an overshoot of less than 5% is observed in 

the output voltage with a good regulation as required. At 

the same time, the current of each DG changes 

synchronously, which achieves current sharing state 

finally. 
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Fig.14: Voltage of dc line bus when load change in 0.05s 
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Fig.15: Current of dc line bus when load change in 0.05s 
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Fig.16: Current of each PC when load change in 0.05s 

 

C. Experimental Result 

An experimental result is produced by laboratory 

prototype, as shown in Fig. 17. This prototype consists of 

two PV simulators, and their buck converters connected to 

a stand-alone DC system which has an output storage 

ultra-capacitor and an adjustable resistive load. The 

simplified system is shown in Fig. 10. 

 

The Fig. 17 and Fig. 18 show the measured waveform for 

a step load increase. 100% load is increased at t = 370s, 

causing a transient step up of the output current 

waveforms of two DGs. The experimental results of the 

microgrid voltage are depicted in Fig. 17, which shows the 

change of the DC bus voltage due to the variations of the 

load. Fig. 18 shows the output current of each DG 

converter. During the dynamic process, the current sharing 

is achieved by the two DGs. The measured current 

waveforms in Fig. 17 show the rapid response of the 

current-regulated. At the same time, the voltage of DC bus 

keeps the reference value stable in 24V. 
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Fig. 17: Measured voltage of each converter when load steps 

increase at 370s 
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Fig. 18: Measured output current of each converter when load 

steps increase at 370s 

 

V. CONCLUSION 

 

In this paper, the game controller is applied to DGs and it 

can be seen that using this method achieves desired 

performance in voltage regulation and current sharing 

among the micro-grid system. In order to simplify the 

analysis, we adopt the concept of virtual rival strategy that 

simplifies the n-player-game problem to two-player-game 

problems. 

 

A small-signal stability analysis of the proposed control 

approach was shown. In addition, the proposed approach 

has been tested extensively in simulation. The controller 

allows DGs to share power generation without 

communications, and the performance of dynamic 

response is obtained by experimental results. It is 

concluded that the new control strategy shows good results 

in transient issues, power sharing, and stability. 
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Three Phase Double Boost PFC Rectifier Fed SRM Drive  
 

M. Rajesh 
1
     B. Singh

 2
  

 
Abstract: This paper deals with a three phase double boost 

PFC(power factor correction) rectifier fed SRM (Switched 

Reluctance Motor) drive. The proposed system consists of 

two boost converters with DC outputs connected in series to 

feed a midpoint converter fed SRM drive. This system needs 

only two active switches at rectifier side and a midpoint 

converter needs only one active switch per phase. Besides, it 

provides balanced DC link capacitor voltages with improved 

power quality at AC mains. The proposed three phase double 

boost PFC rectifier fed SRM drive is designed, modeled and 

its performance is simulated in MATLAB/Simulink. The 

performance of proposed system is compared with a six pulse 

diode bridge converter fed SRM drive. 

 
Keywords–Midpoint converter, power quality, switched 

reluctance motor, Boost PFC rectifier, Scott transformer.  

 

I.  INTRODUCTION 

 

A switched reluctance motor (SRM) has the simplest 

construction and is economical among other electrical 

motors. It has several advantages as a variable speed drive 

as it can operate in wide speed range. However SRM 

cannot be operated directly from AC or DC supply, it 

requires power converts for its operation.  The most 

commonly used converter is a midpoint converter since 

only one switch per phase is needed thus reducing the cost 

of drive [1]. All these converters need DC supply or AC 

supply with a rectifier. Fig.1 shows six pulses diode bridge 

rectifier fed midpoint converter based SRM drive. The 

disadvantage of this configuration is that it generates 

harmonics to the AC mains with low input power factor.  
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Fig.1: Six pulse diode bridge rectifier fed SRM drive 

 

Three phase active PFC boost rectifiers are preferred in 

industries due to their high efficiency, low EMI emission 

and improved power quality at AC mains. Most commonly 

used PFC boost rectifiers are multilevel boost rectifier, 

Vienna rectifier and third harmonic modulated rectifiers. 

Different configurations of multilevel  rectifiers  are  given  
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in [2-5]. Multilevel reduce the voltage stress across active 

switches and operate at lower frequencies. However, these 

rectifiers need more number of active switches and control 

of capacitor voltages becomes difficult with increase in 

levels. A simple three phase NPC three level rectifier 

needs twelve active switches. The multilevel rectifiers are 

capable of operating in all four quadrants [6]. Vienna 

rectifier [7-12] is a boost rectifier which requires only 

three active switches and its control is simple. This 

rectifier has short circuit immunity to failure of control 

circuit, immunity towards voltage unbalance and voltage 

variations. Third harmonic modulated rectifier is explained 

in [13-15]. It consists of third harmonic current injection 

network to inject third harmonic current at AC side of 

rectifier to improve power quality at AC mains. 

 

Minnesota rectifier [16] is one of the most commonly used 

rectifier which uses third harmonic current injection 

technique.  This rectifier needs only two active switches 

and a zig zag transformer is used to inject third harmonic 

current at AC side of rectifier. All these converter 

topologies do not provide isolation. However in many 

applications isolation is required between AC mains and 

the drive.  

 

Three phase double boost PFC rectifier fed midpoint 

converter based SRM drive is recommended in this paper 

for improving power quality at AC mains. In this system 

the outputs of two single phase boost PFC rectifier are 

connected in series to form split DC bus voltage. The input 

of these boost rectifiers is connected to Scott connected 

transformer which provides isolation. The voltage stress 

on the active switches and the diodes of this boost rectifier 

is equal to half of DC link voltage. The proposed SRM 

drive is designed, modeled and its performance is 

simulated using MATLAB/Simulink environment and the 

performance is also compared with a conventional six 

pulse diode bridge rectifier fed SRM drive. The power 

quality of the proposed drive system is found within IEEE 

519 standard limit [17].  

 

II. SYSTEM CONFIGURATION  

 

The schematic diagram of three phase double boost PFC 

rectifier fed midpoint based SRM drive is shown in Fig.2a. 

Two single phase AC supplies with 90
0
 phase shift are 

obtained from Scott connected transformer and given to 

two single phase boost rectifier.  The outputs of single 

phase boost rectifiers are connected in series and form 

split DC bus voltages which are connected to a midpoint 

converter based SRM drive. The connection diagram and 

phasor diagram of Scott connected transformer is shown in 

Fig.2b.  Two single phase transformers are used to obtain 

three phase to two single phase conversion. One of the 

transformers is called teaser transformer and has the turns 

ratios of 0.866V:V1 and other transformer called main 

transformer has midpoint at primary winding having turns 

ratio of 0.5V - 0.5V:V2. Where V is the magnitude of 
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supply line voltage, V1 and V2 are secondary voltages of  
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Fig.2 (c): Control of three phase double boost PFC rectifier 

 

the transformers.  Two single phase boost rectifiers are 

controlled independently by sensing their inductor currents. 

A small rating capacitor Cf is connected at the secondary 

terminals to eliminate higher order harmonics.  

 

III. DESIGN OF THREE PHASE DOUBLE BOOST PFC 

RECTIFIER  

 

Three phase double boost PFC rectifier consists of a two 

single phase transformers, two boost inductors, two DC 

link capacitors, two active switches and ten diodes. The 

design of proposed converter system is explained below. 

 

A. Design of Boost Inductor  

For a 4kW, 8/6 pole SRM drive, an input power is 

considered as 4.4kW including losses. The value of boost 

inductor (L=L1=L2) is calculated as [18], 

 

in

s

V D
L

If



                       (1)    

where Vin and D are defined as, 

 

1
2 2
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V
V


            (2) 

 

1

1

-c in

c

V V
D

V
            (3) 

 

where Vin is the DC  output voltage of bridge rectifier, V1  

is the secondary terminal voltage of transformer, D is duty 

ratio, ΔI is the inductor ripple current, Vc1 is the output 

voltage of boost rectifier and fs is switching frequency.  

 

The input power 4.4kW is shared by PFC boost rectifier 

equally. Hence the supply current drawn by the boost 

rectifier with transformer secondary voltages V1 = V2 = 

180V is calculated as, 

 

1

2200
12.22

180

boost
P

I A
V

                 (4) 

 

Since same current flows through inductor the ripple 

current (ΔI) in the inductor at 12% ripple is calculated as, 

ΔI = 10% x I = 1.222A                (5) 

Taking duty switching frequency fs as 20 kHz, DC link 

voltage Vdc as 560V and Vc1 as 280V (Vdc/2 = 560/2), from 

eqns. (1-5), the obtained value of boost inductor is L is 

2.8mH, hence L1 and L2 are selected as L1 = L2 = 3mH. 

 

B. Design of Capacitor 

To assure DC link voltage within limit for three phase 

double boost PFC rectifier the DC link capacitor (C1, C2) 

is calculated as [18], 

1 2 2
1

I
dC C
V

c


 


 

                (6) 

 

where ΔVc1 is the ripple voltage across capacitor, ω =2пf  

is angular frequency of supply voltage and f is supply 

frequency and Id is DC link current. 

DC link current Id is calculated as, 

 

in

d

dc

P
I

V
                (7) 

 

Taking Pin as 4.4kW, Vdc as 560V, f as 50Hz and ΔVc1 as 

2% of Vc1, the obtained value of Id is 7.851A and  obtained 

value of C1 is 2233µF, hence C1 and C2 are selected as 

2200µF. 

 

C. Design of Transformer  

For converting three phase 415V AC mains  to two single 

phase voltages of each of 180V, the required turns ratio(n1, 

n2) of single phase transformers needed for Scott’s 

connection is calculated as, 
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Fig.2 (a): Three phase double boost PFC rectifier fed SRM drive                    Fig.2 (b): Scott connected transformer and its phasor 

diagram      
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Main transformer  
2

2

0.5 - 0.5V V
n

V
                                 (9) 

 

where V is the AC mains voltage, V1 and V2  are secondary 

voltage of transformers, with V = 415V and V1 = V2 as 

180V, the calculated value of turns ratio are n1 = 359.5/180 

and n2 = 207.5-207.5/180.  

 

IV. CONTROL OF THREE PHASE DOUBLE BOOST PFC 

RECTIFIER FED SRM DRIVE 

 

The control algorithm of three phase double boost PFC 

rectifier is shown in Fig.2c. The boost rectifiers are 

controlled independently by sensing boost inductor current. 

The gate signals are generated by carrier based PWM 

controller.  Each boost rectifier consists of capacitor 

voltage controller, reference boost inductor current 

estimator and boost inductor current controller.  

 

A. Capacitor Voltage Controller 

The reference capacitors voltages (Vc1
*
 and Vc2

*
) of two 

boost PFC rectifier are compared with the sensed 

capacitors voltages (Vc1 and Vc2). The resulting capacitors 

voltage errors (Vc1e and Vc2e) at n
th

 instant are given as, 

 
*

1 1 1
( ) ( ) - ( )

c e c c
V n V n V n                       (10) 
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2 2 2
( ) ( ) - ( )

c e c c
V n V n V n

      
   (11) 

 

The PI (Proportional Integral) voltage controllers are used 

to get reference currents Im1
*
 and Im2

*
 and are given at n

th
 

sampling instant as, 
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where the outputs of capacitor voltage controllers at n
th

 are 

Im1
*
(n) and Im2

*
(n)  and for (n-1)

th
  instant  are    Im2

*
(n-1) 

and Im2
*
(n-1). These capacitors voltage error at n

th
 instant 

is given by   Vc1e(n) and V\c2e(n) and for (n-1)
th

 sampling 

instant are Vc1e(n-1) and V\c2e(n-1); Kp1 and Ki1 are 

proportional and  integral gains of the DC capacitor 

voltage controllers. 

 

B. Reference Boost Inductor Current Estimation 

Unit templates of secondary side voltage of Scott’s 

transformer are given as, 
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where Vm is the amplitude of transformer secondary 

voltages.   

 

The reference inductors currents (iL1
*
 & iL2

*
) are estimated 

as, 

 

* * * *
1 1 1 2 2 2( ) ( )L m t L m ti I u t and i I u t      (15) 

 

C. Boost Inductor Current Controller 

Fig.2c shows the controller of the three phase double boost 

PFC rectifier. The reference boost inductor currents are 

compared with sensed currents and the current error is 

processed through a proportional current controller of gain 

Kc. This output of current controller is fed to the carrier 

based PWM generator. The carrier based PWM generator 

consists of a comparator and a triangular carrier wave of 

20kHz. The output of current controller is compared with 

carrier wave to generate PWM signal and given to 

switches Sa and Sb..  

 

V. CONTROL OF SRM 

 

The rotor speed of SRM is compared with reference speed 

and the speed error is processed through a speed 

proportional integral (PI) controller.  The error speed (Δωe) 

at n
th

 instant is given as, 

 

Δωe(n) = ωe
*

 (n) - ωe(n)                    (16) 

 

The PI speed controller generates reference motor current 

magnitude I
*
 and at n

th
 sampling instant the magnitude of 

reference current is given as, 

 
* *

2 2
( ) ( -1) { ( ) - ( -1)} ( )

p e e i e
I n I n K n n K n         (17) 

 

where I
*
(n) and I

*
(n-1) are magnitude of reference phase 

current of SRM at n
th

 and (n-1)
th

 sampling instants. Kp2 

and Ki2 are proportional and integral gain constants of the 

PI speed controller. This reference current magnitude is 

given to reference current generator. The reference current 

generator generates all four phases reference currents by 

multiplying unit pulse obtained from Hall effect position 

sensors. 

Reference current of k
th

 phase of SRM is given as, 

 

 

Ik
*
 = I

*
Uk                      (18) 

 

 

where Uk is unit pulse of k
th

 phase obtained from the 

information of Hall effect position sensor, turn on and turn 

off angles. 

 

The phase currents SRM windings are compared with 

generated reference currents and given to the hysteresis 

current controller. The output of hysteresis current 

controller is used for gating insulated gate bipolar 

transistors IGBT (G1) - IGBT (G4) of a midpoint converter. 

 

The angle where the IGBT of the phase of SRM is excited 

is called turn on angle (Өon) and the angle at which IGBT 

of the phase of SRM winding is turned off is called turn 

off angle (Өoff). If the phase commutation is made faster 

by adjusting Өon and Өoff, the current in the winding 

increases at minimum inductance position and thereby 

getting the advantage of reducing the current before the 

rotor reaches the negative torque region.  This is achieved 

by advancing Өon by an advance angle (Өadv) from the 

position Өm where the inductance starts increasing.  The 



Asian Power Electronics Journal, Vol. 7, No. 2, Dec 2013 

64 

advance angle (Өadv) is calculated as per following 

equation.  

 

Near turn on the voltage - Ampere equation can be 

approximated as, 

1
di di

V Luc i dt dt


 


              (19) 

 

Using first order approximations, (19) can be written as, 

 

1
di d di

V L Lu uc d dt d
 

 
         (20) 

 

(18) is used for calculating advance angle, Өadv as, 

 

1C

L iu p
adv V
                 (21) 

 

where LU is the unaligned inductance, Vc1 (=Vdc/2) is the 

applied voltage across a phase of SRM, ω angular speed 

and ip is the desired phase current of SRM for obtaining 

required torque.  

 

Turn on angle (Өon) to achieve desired phase current ip at 

Өm is given as, 

 

-on m adv
  

 

      (22) 

 

 

VI. MATLAB BASED MODELING OF PROPOSED SRM DRIVE 

 

The developed MATLAB/Simulink model of three phase 

double boost PFC rectifier fed midpoint convert based 

SRM drive is shown in Fig.3. A filter capacitor is used at 

line to reduce higher order harmonics. Three phase 415 V, 

50 Hz AC supply voltage is fed to a three phase double 

boost PFC rectifier based SRM drive. The reference DC 

link capacitor voltages (Vc1, Vc2) are selected as 280V and 

the reference speed (ωr) is considered as 157.08rad/sec. 

The rating of SRM and other data are given in Appendix. 

The data of SRM motor used in this simulation is obtained 

from experimental data of 4kW, 8/6 pole, 1500rpm. Turn 

on angle is selected as per (21-22). 

 

VII. RESULTS AND DISCUSSION 

 

The performance of proposed three phase double boost 

PFC rectifier fed midpoint convert based SRM drive is 

simulated and the performance is compared with a 

conventional six pulse diode bridge converter fed SRM 

drive. The simulated results are shown in Fig.4a-5e , Vsph 

and Is represent AC mains phase voltage and line currents. 

Ia represents line current of AC mains phase A.  I1 – I4 

represents the phase currents of SRM. ω is motor speed in 

rad/sec and T is the developed motor torque in Nm.  

Simulated results of six pulse bridge rectifier fed SRM 

drive at 25Nm load torque are shown in Fig.4a-4b. The 

simulated results show that at rated load torque, the supply 

current THD is 61.7%, CF (crest factor) is 2.1754 and the 

supply rms current(Irms) is 6.9A. Hence the supply current 

THD and CF of six pulse rectifier fed SRM drive are very 

high which are not within the limits of IEEE -519 standard 

[17]. 

 

Simulated results of the proposed three phase double boost 

PFC rectifier fed SRM drive at rated load torque of 25Nm 

are shown in Figs.5a-5b. The steady state response at rated 

load is shown in Fig.5a and its harmonic spectrum of 

supply current is shown in Fig.5b. Simulated results of the 

proposed drive system show that at rated load the supply 

current THD is 2.04%, CF(crest factor) is 1.4224 and the 

supply rms current(Irms) is 6.05A. Simulated results of the 

proposed SRM drive at 20% rated load torque of 5Nm are 

shown in Figs.5c-5d. Simulated results show that at 20% 

of rated load torque the supply current THD is 4.23%, 

CF(crest factor) is 1.3928 and the supply rms current(Irms) 

is 2.15A. Hence these results show that the THD and CF 

of AC mains current for the proposed drive are within 

IEEE - 519 standard limit [17]. Fig.5e shows the dynamic 

response of proposed drive. Steady state operation is 

reached in 0.255s and the starting current is well within 

the limit.  

 

Table 1 shows the performance of six pulse diode bridge 

converter fed SRM drive at different loads. It is seen that 

the THD and CF of AC mains current of six pulse diode 

bridge converter fed SRM shown are very high and power 

factor is very low even at full load.   Table 2 shows the 

performance of proposed three phase double boost PFC 
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Fig.3. Matlab model of three phase double boost PFC rectifier fed SRM drive. 
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rectifier fed SRM drive at different loads. It is observed 

that the THD and CF of AC mains current of proposed 

drive are well within the limit for all loads and the power 

factor is also very high even at light loads.  

 

 

 
Fig.4 (a): Steady state response of six pulse AC-DC converter fed 

SRM drive at rated torque of 25Nm. 

 
 

VIII. CONCLUSION 

 

The proposed three phase double boost PFC rectifier fed 

midpoint converter based SRM drive has been designed 

and modeled using MATLAB/Simulink environment.  The 

performance of proposed SRM drive has been compared 

with a six pulse converter fed SRM drive.  A three phase 

double boost PFC rectifier fed SRM drive along with 

capacitor filter on secondary winding of the transformer 

has reduced the THD of supply current to less than 5%. 

The THD and CF of AC supply current have been 

maintained within IEEE - 519 standard limit even with 

20% rated load torque with a high power factor. The 

dynamic response of the proposed three phase double 

boost PFC rectifier fed SRM drive has shown the smooth 

operation which is required in many industrial applications. 

The ripple in DC link voltage is found negligible and the 

voltages across the capacitors are found well balanced 

which is needed for smooth operation of SRM. 

 
Fig.4 (b): Harmonic spectrum of six pulse AC-DC converter fed 

SRM drive at rated torque of 25Nm. 

 
Fig.5 (a): Steady state response of three phase double boost PFC 

rectifier fed SRM motor drive at rated torque of 25Nm. 

 
Fig.5 (b): Harmonic spectrum of three phase double boost PFC 
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rectifier fed SRM motor drive at rated torque of 25Nm. 

 
 

Fig.5 (c): Steady state response of three phase double boost PFC 

rectifier fed SRM motor drive at 20% rated torque of 5Nm. 

 

 
Fig.5 (d): Harmonic spectrum of three phase double boost PFC 

rectifier fed SRM motor drive at 20% rated torque of 5Nm 
 

 Table  1: Performance of six pulse AC-DC converter FED 

SRM drive at varying load torque at 415V supply voltage 

TL(N.m) THD % I rms (A) CF DPF DF PF 

5 91.43 2.81 2.8675 1 0.405 0.405 

10 83.47 3.85 2.6378 1 0.551 0.5507 

15 77.18 4.90 2.4852 1 0.636 0.6359 

20 70.07 5.93 2.3270 1 0.713 0.7135 

25 61.70 6.90 2.1754 1 0.787 0.787 

 

 

Table 2: Performance of three phase double boost PFC 

rectifier FED SRM motor drive at varying load torque at 

415V supply voltage 

TL(N.m) 
THD 

% 
I rms (A) CF DPF DF PF 

5 4.23 2.15 1.39276 1 0.999 0.999 

10 3.20 3.00 1.35878 1 0.999 0.999 

15 2.65 4.00 1.41343 1 1.000 1.000 

20 2.30 5.00 1.40562 1 1.000 1.000 

25 2.04 6.05 1.42243 1 1.000 1.000 
 

 

 
Fig.5 (e): Dynamic response of three phase double boost PFC 

rectifier fed SRM motor drive at rated torque of 25Nm. 

 

APPENDIX 

 

Switched Reluctance Motor Specifications: 

4kW, 8/6pole, 1500rpm, R (Phase Resistance) =0.7 Ω, Lu 

(unaligned inductance) = 12mH, La (aligned inductance) = 

110mH, J=0.016kg-m
2
, B=0.0065Nms. 

Reactor: Boost inductor L = 3mH  

Midpoint Converter Capacitors: C1 = C2 = 2200µF. 

AC Mains: 415 V L-L, 50 Hz, source inductance, Ls = 2mH, 

Rs = 0.09Ω. 

Passive Filter Parameters: Cf = 5µF. 

Transformer:  

Teaser transformer- 2.5kVA, 359.4V/180V  

Main transformer- 2.5kVA, 207.5V-207.5V/180V 

Gains of PI Controllers: Kc=40, Kp1 = 0.01, Ki1 = 20, Kp2 = 

0.077, Ki2 = 50. 
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A Novel Seven-Level Inverter System for DTC Induction 

Motor Drive 
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Abstract–This paper presents the novel multilevel inverter 

fed control structure for induction motor based Direct 

Torque Control (DTC) strategy using a seven-level Multi 

Point Clamped (MPC) Voltage Source Inverter (VSI) is 

presented. It is shown that the multilevel topology presents 

enough degrees of freedom to control both electromagnetic 

torque and stator flux with very low ripple and high 

dynamics on other side. Simulation results, obtained with 

conventional or two-level, three-level inverter, five-level and 

seven-level inverter fed DTC induction motor (IM) drive, are 

presented and compared. This analysis shows that feeding 

electrical drive with multi level inverter can greatly improves 

the drive performance. The performance of this control 

method has been demonstrated by simulations performed 

using a versatile simulation package, MATLAB/SIMULINK. 
 
Keywords–DTC, seven-level MPC VSI, induction motor, 

MATLAB/SIMLINK. 
 

I.  INTRODUCTION 

 

Electrical vehicle applications require frequent torque 

control to adjust the speed of a vehicle. This has resulted 

in the need for a control scheme with high performance, 

fast transient, and accurate control of torque for an 

induction motor drive. The two most popular schemes for 

this are the vector control and the direct torque control 

(DTC) [1], [2]. The DTC schemes proposed by [3], and [4] 

(as a direct self-control) have several variations to the 

original structure, such as to overcome the inherent 

disadvantages in any hysteresis-based controller with 

variable switching frequency, high sampling requirement 

for digital implementation, and high torque ripple [5]–[11] 

Recently, predictive control strategy [12]–[14], dithering 

technique [15], sliding mode control [16], fuzzy logic 

control [17], and support vector machine (SVM) [10], 

[18]–[20] have found applications in motor drives. 

Furthermore, the use of these control schemes during a 

large step change in torque command does not guarantee 

the fastest torque response.  

 

Multilevel power conversion technology is a very rapid 

growing area of power electronics with good potential for 

further development. The most attractive application of 

this technology are in the medium to high voltage range 

(2-13kv), and include induction motor drives, power 

distribution, power quality and power conditioning 

applications.  

 

In general multilevel power converters  can  be  viewed  as  
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voltage synthesizers, in which the high output voltage is 

synthesized from many discrete small voltage levels. The 

main advantages of this approach is ,The voltage capacity 

of the existing devices can be increased many times 

without the complications of static and dynamic voltage 

sharing that occurring series connected device. It is 

possible to obtain refine voltage wave forms and reduced 

THD in voltage with increased number of voltage levels. It 

is possible to reduce the electromagnetic interference 

problem by reducing the switching dv/dt stress. Multilevel 

wave forms naturally limit the problems of large voltage 

transients that occur due to the reflections on cables, 

which can damage the motor windings and cause other 

problems. 

 

The diode-clamped multilevel converter employs 

clamping diodes and series DC capacitors to produce AC 

Voltage waveforms with multiple levels. The converter can 

be generally configured as a multilevel topology, but only 

the three-level converter, also referred as Multi Point 

Clamped (MPC) converter, has found wide application in 

medium-voltage high-power applications. The main 

features of the MPC converter include reduced dv/dt and 

Total Harmonic Distortion (THD) in its AC output 

voltages in comparison to the conventional two level 

converters. As in any multilevel converter it can be used in 

the medium-voltage applications to reach a certain voltage 

level without series connection of power semiconductors. 

In principle, DTC method is based on instantaneous space 

vector theory. By optimal selection of the space voltage 

vectors in each sampling period, DTC achieves effective 

control of the electromagnetic torque and the stator flux on 

the basis of the errors between theirs references and 

estimated values. It is possible to directly control the 

inverter states through a switching table, in order to reduce 

the torque and flux errors within the desired bands 

limits[8][9]. The present work is based on the study of the 

application of DTC to the seven-level MPC VSI. 

 

II. MULTI LEVEL DIRECT TORQUE CONTROL (MDTC) 

 

Fig.1 shows a simple structure of the Proposed Block 

diagram of 7-level MPC inverter DTC IM drive. In DTC 

the reference to be applied is directly calculated from the 

equation of the load, usually an Induction Motor (IM). In 

the following, a short description of DTC is presented, just 

to introduce to its extension to multilevel VSI. 

Considering Park transform of IM equations, it is possible 

to write in equation (1), where S is the stator flux, us, is 

and rs are the stator voltage, current and resistance 

respectively. 

 

SSS
S irU

dt

d 




                         (1) 
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S

Torque
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



C
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Fig.1: Proposed Block diagram of 7-level MPC inverter DTC IM drive 

 

Ignoring the contribution of the current, which can be 

considered small in the respect of the stator voltage, the 

variation of stator flux can be ascribed all to the voltage 

applied. So, a proportional relationship between flux 

variation and voltage in a given cycle Tc can be found by 

discretizing (1). 


 ScS iT                          (2) 

Analyzing the equation binding the stator and rotor fluxes 

( S and r ) to the torque (Te), it is possible to find that an 

augmentation of the angle between fluxes ( ) means an 

augmentation of torque, as equation (3) shows, where M, 

σ, Ls and p are the mutual inductance, the leakage 

inductance and number of poles respectively. 

 
Fig.2: DTC Principles: vector representation of the stator a  

rotor fluxes during a sample interval Tc. 

 

srrS
S

e
L

Mp
T 


sin

22

3
                     (3) 

The relationship between stator and rotor fluxes it can be 

assumed that a fast variation of the stator flux angular 

speed will reflect in an increment of the angle Vsr as Fig.2. 

Schematically shows. So, imposing a particular stator 

voltage, it is possible to control either the stator flux 

amplitude or the torque. The vector SCS UT


  can be 

decomposed in the component parallel and perpendicular  

to the stator flux; the parallel component modifies the 

stator flux amplitude while the perpendicular component 

controls the torque. 

III. SEVEN-LEVEL MPC VSI AND RELATED OUTPUT 

VOLTAGE VECTORS 

 

A seven-level MPC converter topology typically consists 

of six capacitors on the DC bus and seven levels of the 

phase voltage.  Fig.3 shows a seven–level MPC inverter 

topology in which the dc bus consists of six capacitors C1, 

C2, C3, C4, C5 and C6.  For a dc bus voltage Vdc, the voltage 

across each capacitor is Vdc/6, and each device voltage 

stress will be limited to one capacitor voltage level Vdc/6, 

through clamping diodes. Each phase consists of eight 

switches, each one with its freewheeling diode in series 

and two other in parallel and two clamping diodes that 

allow the connection of the phases outputs to the middle 

point o. Table 1 illustrates the switching states of this 

inverter for one phase. 

 
Fig.3: Seven-level MPC VSI topology 
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As shown in Fig.4, the number of discrete voltage vectors 

has increased if compared with a three-phase three-level 

inverter. Keeping in mind the simplicity of DTC, the same 

principle, as explained in [10],[11],[12] can be applied 

when a three-phase multilevel inverter feeds the induction 

machine. Having voltage vectors with different 

magnitudes means that different speeds of the stator-flux-

linkage vector can be obtained. 

 
Therefore, by changing the speed of the stator flux vector, 

the rate of change of the produced electromagnetic torque 

can be changed. This extra flexibility in selecting an 

optimal space voltage means that a more precise control of 

both torque and flux can be obtained. As in the three-level 

DTC strategy [8], [9], the  -β plane will be divided into 

several sectors. In a multilevel inverter the number of 

available discrete voltage vectors is more important than 

those obtained with a two or three-level inverter. Thus, the 

 -β plane will be divided into 12 sectors rather than six. 

 
Table 2: Seven-level inverter output magnitudes of 

space voltages vectors 

Group Magnitude of Voltage Vectors 

1 [Vo] 

2 [V1, V2, V3, V4, V5, V6] 

3 [V44, V45, V46, V47,V48, V49] 

4 [V63,V64,V65,V66,V67,V68] 

5 [V75,V77,V79,V81,V83,V85] 

6 [V100,V101,V102,V103,V104,V105,V106,V108,V110,V

112,V113,V114,V115,V116,V117,V118,V125] 

7 [V205, V206,V207,V208,V209,V210] 

8 [V218,V219,V220,V221,V222,V223,V224,V225,V226,V

228,V230,V232,V234,V236,V237] 

9 [V296,V297,V298,V299,V300,V301,V302,V303,V304,V

305,V306,V308,V310,V312,V314,V316] 

 
A seven-level inverter has 343 switching states and there 

are 78 effective vectors. According to the magnitude of the 

voltage vectors, we divide them into nine groups as shown 

in table2. 

 

The flux control is made by classical two-level hysteresis 

controller, so a high level performance torque control is 

required, and the torque is controlled by a hysteresis 

controller built with six lower bounds and six upper 

known 

 

The closed-form mathematical model of the CSI-fed 

induction motor drive system has been considered the 

bounds. A combination of the controller's outputs and the 

sector is then applied to a new optimal switching table  

 

Table 3 which will give the appropriate voltage vector to 

reduce the number of commutation and the level of steady 

state ripple. 

 

IV. SIMULATION AND RESULTS 

 
Simulation studies have been carried out for the proposed 

inverter scheme in DTC control with qualitative space 

vector pulse width modulation algorithm using 
SIMULINK software in MATLAB environment. The 

induction motor parameters are as follows: Rs=4.85Ω, 

Rr=3.805Ω, Ls=274mH, Lr=274mH, Lm=258mH, p=2, 

J=31g.m2, V=220V, power=1.5kW and speed=1420rpm. 

All simulations have a sample time for the control loop of 

100μs; the voltage of the DC bus is 514V. To show the 

effectiveness of the DTC with seven-level inverter with 

SVPWM switching technique a simulation work has been 

carried out on induction motor. 

 
Fig.4: Space voltage vectors used in a seven-level inverter fed 

DTC scheme 
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Fig.5 (a-d): Line voltage of 2, 3, 5 and 7-level inverter 
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Fig.6 (a-d):  Stator Phase Currents of Two-level, Three-level, 

Five-level and seven-level inverter fed DTC IM drive 
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Fig.7 (a-d): Speed response of Two-level, Three-level, Five-level 

and Seven-level inverter fed DTC IM drive, current reversal at 

1sec 
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Fig.8 (a-d): Torque response of Two-level, Three-level, Five-

level and Seven-level inverter fed DTC IM drive, current reversal 

at 1sec 
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Fig.9: %THD profile as the number of levels increase 
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Table 1: Seven-level MPC leg relationships between configurations and output voltages 

Switches state 

Output Voltage (VAO) 

Sa1 Sa2 Sa3 Sa4 Sa5 Sa6 Sa7 Sa8 Sa9 

 

Sa10 

 

ON OFF OFF ON OFF ON OFF OFF OFF OFF -3U0 

OFF ON ON ON OFF OFF OFF OFF OFF OFF -2U0 

OFF OFF ON ON OFF OFF OFF ON OFF OFF -U0 

OFF OFF OFF OFF ON ON OFF OFF ON ON 0 

OFF OFF ON OFF OFF OFF OFF ON OFF OFF 0 

OFF OFF OFF OFF ON ON ON OFF OFF OFF U0 

OFF OFF ON ON ON ON OFF OFF OFF OFF 2U0 

OFF OFF OFF OFF ON ON ON OFF OFF OFF 3U0 

 

Table 3: Proposed switching table for 7-Level MPC Inverter fed DTC IM drive 

  Sectors 

C  
C  1 2 3 4 5 6 7 8 9 10 11 12 

 

 

 

 

 

 

-1 

-6 304 314 305 316 300 306 301 308 302 310 303 312 

-5 224 234 225 236 220 226 221 228 222 230 223 232 

-4 104 114 105 116 100 106 101 108 102 110 103 112 

-3 67 83 68 85 63 75 64 77 65 79 66 81 

-2 117 209 118 210 113 205 114 206 125 207 116 208 

-1 5 48 6 49 1 44 2 45 3 46 4 47 

0 Zero Vector 

+1 3 46 4 47 5 48 6 49 1 44 2 45 

+2 115 207 116 208 117 209 118 210 113 205 114 206 

+3 65 79 66 81 67 83 68 85 63 75 64 77 

+4 102 110 103 112 104 114 105 116 100 106 101 108 

+5 220 228 221 230 222 232 223 234 218 224 219 226 

+6 298 306 299 308 300 310 301 312 296 302 297 304 

 

 

 

 

 

 

+1 

 

-6 300 306 301 308 302 310 303 312 304 314 305 316 

-5 226 221 228 222 230 223 232 224 234 225 236 220 

-4 101 108 102 110 103 112 104 114 105 116 100 106 

-3 77 65 79 66 81 67 83 68 85 63 75 64 

-2 207 116 208 117 209 118 210 113 205 114 206 115 

-1 48 6 49 1 44 2 45 3 46 4 47 5 

0 Zero Vector 

+1 45 3 46 4 47 5 48 6 49 1 44 2 

+2 208 117 209 118 210 113 205 114 206 115 207 116 

+3 67 84 68 86 63 76 64 78 65 80 66 82 

+4 115 105 117 100 107 101 109 102 111 103 113 104 

+5 223 235 218 225 219 227 220 229 221 231 222 233 

+6 313 296 303 297 305 298 307 299 309 300 311 301 

 

 

 

 

 

 

0 

-6 305 316 300 306 301 308 302 310 303 312 304 314 

-5 225 236 220 226 221 228 222 230 223 232 224 234 

-4 105 116 100 106 101 108 102 110 103 112 104 114 

-3 68 85 63 75 64 77 65 79 66 81 67 83 

-2 210 113 205 114 206 115 207 116 208 117 209 118 

-1 49 1 44 2 45 3 46 4 47 5 48 6 

0 Zero Vector 

+1 44 2 45 3 46 4 47 5 48 6 49 1 

+2 205 114 206 115 207 116 208 117 209 118 210 113 

+3 76 64 78 65 80 66 82 67 84 68 86 63 

+4 107 101 109 102 111 103 113 104 115 105 117 100 

+5 225 219 227 220 229 221 231 222 233 223 235 218 

+6 303 297 305 298 307 299 309 300 311 301 313 296 
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The stator line voltages of 2, 3, 5 and 7-level inverter 

system are illustrated in fig.5.In fig.6 stator current 

response of the 2, 3, 5 and 7-level inverters are compared. 

It is seen that the performance of the 7-level inverter fed 

DTC IM drive has lower ripple, so the proposed system is 

superior to control the flux with reduced ripple content. 

Fig.7 illustrate the speed response of 2,35 and 7-level 

inverter fed DTC IM drive, from simulation results 

proposed system has fast dynamic speed response.Fig.8 

torque response of two-level, three-level, five-level and 

seven-level  inverter fed DTC IM drive, current reversal at 

1sec; demonstrates the developed DTC’s achieved high 

dynamic performance in response to the changes in 

demand torque.Fig.9 shows the decrease of percentage of 

total harmonic distortion (%THD) in the motor line 

voltage as the number of levels increased (Table 4). This 

result in the smooth running of motor and thus the 

performance of the motor can be improved.  

 

From the above discussion, the proposed DTC IM drive 

system behavior is optimum, even in extreme conditions 

like the reverse speed reference with nominal load torque 

applied. Reduction in ripple is observed in both 

electromagnetic torque and flux due to the use of 

hysteresis controllers. 
 

Table 4: %THD profile as the number of level increased 

Inverter %THD 

2-Level 63.78 

3-Level 33.21 

5-Level 10.86 

7-Level 7.77 

 
V. CONCLUSIONS 

A multilevel inverter based DTC fed induction motor drive 

using space vector modulation is presented. The proposed 

DTC IM drive scheme is capable for enough degrees of 

freedom to control both electromagnetic torque and stator 

flux with very low ripple. Even with at the output voltages 

with extremely low distortion and lower dv/dt. They can 

operate with a lower switching frequency. As the number 

of levels increased the %THD in the motor line voltage 

decreased. As the number of levels increased the torque 

ripple is reduced to minimum and the stator flux ripple is 

also minimized. From this analysis high dynamic 

performance, good stability and precision are achieved. 

 

A Seven-level inverter scheme for DTC induction motor 

drive is presented. The salient features of this scheme are,      

Results presented for a 2-level, 3-level and 5-level and 7-

level inverter shows that an increase in the number of 

levels improves the torque quality reducing ripple 

amplitude. This enhancement results in a narrow torque 

spectrum even for high frequency harmonics. The 

proposed DTC IM drive system behavior is optimum, even 

in extreme conditions like the reverse speed reference with 

nominal load torque applied. From the simulation results, 

it can be concluded that the seven-level inverter fed DTC 

drive gives reduced steady state ripples and a harmonic 

distortion as the number of levels increased. 
 

 

REFERENCES 

[1] G. S. Buja and M. P. Kazmierkowski, “Direct torque control 

of PWM inverter-fed AC motors—A survey”, IEEE Trans. 

Ind. Electron., vol.51, no. 4, pp. 744–757, Aug. 2004. 

[2]  D. Casadei, F. Profumo, G. Serra, and A. Tani, “FOC and 

DTC: Two viable schemes for induction motors torque 

control”, IEEE Trans. Power Electron., vol. 17, no. 5, pp. 

779–787, Sep. 2002. 

[3] I. Takahashi and T. Noguchi, “A new quick-response and 

high-efficiency control strategy of an induction motor,” 

IEEE Trans. Ind. Appl., vol. IA-22, no. 5, pp. 820–827, Sep. 

1986. 

[4]  M. Depenbrock, “Direct self-control (DSC) of inverter-fed 

induction machine,”IEEE Trans. Power Electron., vol. 3, no. 

4, pp. 420–429, Oct.1988. 

[5]  J. H. Ryu, K. W. Lee, and J. S. Lee, “A unified flux and 

torque control method for DTC-based induction-motor 

drives”, IEEE Trans. Power Electron., vol. 21, no. 1, pp. 

234–242, Jan. 2006. 

[6]  S. Kouro, R. Bernal, H. Miranda, C. A. Silva, and J. 

Rodriguez, “High performance torque and flux control for 

multilevel inverter fed induction motors”, IEEE Trans. 

Power Electron., vol. 22, no. 6, pp. 2116–2123, Nov. 2007. 

[7]  K.-K. Shyu, J.-K. Lin, V.-T. Pham, M.-J. Yang, and T.-W. 

Wang, “Global minimum torque ripple design for direct 

torque control of induction motor drives”, IEEE Trans. Ind. 

Electron., vol. 57, no. 9, pp. 3148–3156, Sep. 2010. 

[8]  Y. S. Lai and J. H. Chen, “A new approach to direct torque 

control of induction motor drives for constant inverter 

switching frequency and torque ripple reductio”, IEEE 

Trans. Energy Convers., vol. 16, no. 3, pp. 220– 227, Sep. 

2001. 

[9] C. Lascu and A. M. Trzynadlowski, “A sensorless hybrid 

DTC drive for high-volume low-cost applications”, IEEE 

Trans. Ind. Electron., vol. 51, no. 5, pp. 1048–1055, Oct. 

2004. 

[10] C. Lascu, I. Boldea, and F. Blaabjerg, “Variable-structure 

direct torque control—A class of fast and robust controllers 

for induction machine drives”, IEEE Trans. Ind. Electron., 

vol. 51, no. 4, pp. 785–792, Aug.2004. 

[11] Y. Zhang, J. Zhu, Z. Zhao, W. Xu, and D. G. Dorrell, “An 

improved direct torque control for three-level inverter-fed 

induction motor sensorless drive”, IEEE Trans. Power 

Electron., vol. 99, Feb. 2010. 

[12] T. Geyer, G. Papafotiou, and M. Morari, “Model predictive 

direct torque control. Part I: Concept, algorithm, and 

analysis”, IEEE Trans. Ind. Electron., vol. 56, no. 6, pp. 

1894–1905, Jun. 2009. 

[13] T. Geyer, “Computationally efficient model predictive direct 

torque control”, IEEE Trans. Power Electron., vol. 26, no. 

10, pp. 2804–2816, 2011. 

[14] R. Vargas, U. Ammann, B. Hudoffsky, J. Rodriguez, and P. 

Wheeler, “Predictive torque control of an induction machine 

fed by a matrix converter with reactive input power control”, 

IEEE Trans. Power Electron.,  vol. 25, no. 6, pp. 1426–1438, 

Jun. 2010. 

[15] T. Noguchi, M.Yamamoto, S.Kondo, and I. Takahashi, 

“Enlarging switching frequency in direct torque-controlled 

inverter by means of dithering”, IEEE Trans. Ind. Appl., vol. 

35, no. 6, pp. 1358–1366, Dec. 1999. 

[16] C. Lascu, I. Boldea, and F. Blaabjerg, “Direct torque control 

of sensorless induction motor drives: A sliding-mode 

approach”, IEEE Trans. Ind. Appl., vol. 40, no. 2, pp. 582–

590, Apr. 2004. 

[17] S. Mir and M. E. Elbuluk, “Precision torque control in 

inverter-fed induction machines using fuzzy logic”, Proc. 

26th Annu. IEEE Power Electron. Spec. Conf., Atlanta, GA, 

vol. 1, pp. 396–401, Jun. 18 1995. 

[18] T. G. Habetler, F. Profumo, M. Pastorelli, and L. M. Tolbert, 

“Direct torque control of induction machines using space 



Asian Power Electronics Journal, Vol. 7, No. 2, Dec 2013 

74 

vector modulation,”  IEEE Trans. Ind. Appl., vol. 28, no. 5, 

pp. 1045–1053, Oct. 1992. 

[19] M. P. Kazmierkowski and A. B. Kasprowicz, “Improved 

direct torque and flux vector control of PWM inverter-fed 

induction motor drives,” IEEE Trans. Ind. Electron., vol. 42, 

no. 4, pp. 344–350, Aug. 1995. 

[20] C. Lascu, I. Boldea, and F. Blaabjerg, “Direct torque control 

of sensorless induction motor drives: A sliding-mode 

approach,” IEEE Trans. Ind. Appl., vol. 40, no. 2, pp. 582–

590, Apr. 2004.  

 

BIOGRAPHIES 
 

O. Chandra Sekhar received his B.Tech degree 
in Electrical & Electronics Engineering from 

JNTUH,India in 2005 and M.Tech with power 

Electronics and Electrical Drives from Vignan’s 
Engineering College, Vadlamudi, India in 

2008.He has been with Vignan’s Lara Institute of 

Technology and Science ,Vadlamudi as Associate  
Professor. Presently he is a part-time research 

student at J.N.T.U College of Engineering, 

Hyderabad- 500072, India, working towards his doctoral degree. His 
Research interests are Power Electronics, Industrial Drives. 

 
 

  

K. Chandra Sekhar received his B.Tech degree in 
Electrical & Electronics Engineering from 

V.R.Siddartha Engineering College, Vijayawada, 

India in 1991 and M.Tech with Electrical 
Machines & Industrial Drives from Regional 

Engineering College, Warangal, India in 1994. He 

Received the PhD degree from the J.N.T.U College 
of Engineering, Hyderabad, India in 2008. He is 

having 17 years of teaching experience. He is 

currently Professor and Head of Department, EEE, R.V.R & J.C.College 
of engineering, Guntur, India. His Research interests are Power 

Electronics, Industrial Drives & FACTS Devices. 

 

 



R. VS. JangidP. TandonS. K. Rai

S K Rai et. al: Transformer-less Pulse Power Supply: A Prototype… 

75 

Transformer-less Pulse Power Supply: A Prototype 

Development  
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Abstract– High voltage pulse generators find extensive use in 

characterization and testing of high power microwave tubes 

and plasma devices along with many others industrial 

applications. The solid-state devices based method is now 

more popular than the pulse-forming network (PFN) based 

design, which is an old technique. However, both the methods 

entail the design of pulse transformer, which involves very 

critical design issues. This paper describes the prototype 

design and development of transformer-less pulse power 

supply, which is based on popular topology “Marx 

Generator”. 

 

Keywords– Marx Generator, pulsar, droop, isolation, PRF  

 

I.  INTRODUCTION 

 

Today, rectangular electrical pulses of high-voltage and 

high-frequency have many industrial applications. Some 

typical applications evolve in surface treatment techniques, 

food sterilization, waste treatment, characterization of 

microwave and plasma devices etc [1-3]. 

 

Several kinds of models have been widely used for the 

pulse power supply such as Marx generator, hard-tube 

type pulse generator, Thyratron type pulse power 

generator with pulse forming network (PFN) etc [4-6]. The 

pulse width and shape of these kinds of pulse power 

supply are load dependent. These generators are usually 

designed for fixed pulse width and load.  

 

Now days, solid-state devices based pulse generators are 

more popular. However, the maximum pulse width, 

overshoot, pulse droop and pulse shape are limited by 

pulse transformer design, which involves very critical 

design issues. The Marx Generator topology based 

transformer-less pulse power supply is new advancement 

in this. It is completely based on solid-state devices and 

capacitors charging and discharging [5-12].  

 

In the past, Marx Generators were usually implemented 

using spark gap technology and had low pulse repetition 

rates [13]. In recent years, Marx generators based on 

semiconductor switches are proposed for high pulse 

repetition rates [14-15]. 

 

This paper describes the simple design and prototype 

development of transformer-less pulse power supply based 

on “Marks Generator” topology.  
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The design calculation is done for Input Voltage = 800V, 

Output voltage up to 15kV, fs = up to10kHz, Pulse Width 

up to 5μs, Droop = 10% and Maximum Pulse Current = 

1A. 

 

A combination of 20 modules with suitable gate drivers is 

used in this application. 
 

II. SYSTEM DESCRIPTION AND DESIGN 

 

The schematic diagram of proposed pulsar is shown in Fig. 

1. Incoming single-phase ac supply is rectified and filtered 

after step-up using transformer and the output dc is 

controlled by using a variac. The available output dc 

voltage charges the capacitors (C1 to C20) using IGBTs (Q1 

to Q20) for specified time and after some delay IGBTs (Q21 

to Q40) connects all the capacitors in series and so 

produces the required high pulse to the connected load. 

Diodes (D1 to D40) are used to provide unidirectional 

current flow in both charging and discharging of 

capacitors.  
 

This system has twenty sub-modules as per design. A 

single sub-module is shown with the dotted rectangular 

box (Fig. 1). 
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 Fig. 1: Schematic diagram of proposed pulsar 

 

The schematic diagram of developed prototype is shown 

in Fig. 2. Only three sub-modules are tested and an 

isolation transformer is used for isolation purpose at input 

side. 
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 Fig. 2: Schematic diagram of developed prototype 
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The working of the prototype can be understood by 

capacitors charging schematic diagram (Fig. 3) and 

discharging schematic diagram (Fig. 4). Initially, when 

gate pulse-1 is applied to IGBTs (Q1 to Q3), all the 

capacitors (C1 to C3) are connected in parallel fashion to 

the DC voltage source and charged fully (Fig. 3). During 

this period load is connected to ground via IGBTs and so 

the output voltage is about zero. After charging, gate 

pulse-2 is applied with some delay to the IGBTs (Q4-Q5), 

all the capacitors are connected in series and the voltage 

(Vc+Vc1+Vc2) is appeared across the connected load (Fig. 

4). During series connection, capacitors discharge and in 

the next cycle again these are charged fully and so on. All 

the diodes are forward biased during charging time but 

during discharging only odd numbered diodes (D1, D3 & 

D5) work, rest of the diodes (Even numbered: D2, D4 & D6) 

are in reverse biased mode and prevent capacitor discharge 

by short circuit.   
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Fig. 3: Schematic diagram of capacitors charging 
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Fig. 4: Schematic diagram of capacitors discharging 

 

Each IGBT has its own isolated gate pulse and gate drive 

supply. The gate pulses are applied using fiber optic. The 

gate pulse width of charging IGBTs is fixed but for series 

connecting IGBTs, it is variable and so the output pulse 

varies accordingly. The prototype is tested with resistive 

load. Moreover, no pulse transformer is required in this 

approach. Details of design calculation and construction of 

sub-systems are discussed in the following sub sections. 

 

A. Design Calculations 

 

Design Specifications:  

 

Input Voltage: up to 800V 

Output Voltage: up to 15kV 

Pulse width: up to 5µs 

Pulse Frequency: up to 10kHz 

Droop: 10% 

Maximum pulse current: 1A 
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So twenty modules are decided as per above calculation 

with resistance R=50Ω, which is decided as per the 

required charging time of the capacitor. All the capacitors 

(C & C1 to C20), all diodes and all IGBTs are selected 

1µF/2kV, 6FMLR120 (6A/1200V) and IXGH15N120CD1 

(30A/1200V) respectively with the reference of above 

calculations. The fixed gate pulse width of 80µs is decided 

for charging IGBTs.  

 

B. Gate Pulse Generator  

 

The optical coupling based open loop gate pulse generator 

has been designed to trigger the IGBTs [16]. 

 

Gate Pulse Generator Specifications: 

 

Pulse Frequency: up to 10kHz 

Pulse-1 (for charging IGBTs): 80µs (Fixed) 

Pulse-2 (for series Connecting IGBTs): up to 5µs 

Delay (Pulse-1 to Pulse-2): 10µs (Fixed) 

 

The above specified gate pulses details are generated using 

the concept as shown in Fig. 5 and realized by using 

NE555 and 4047BP as shown in Fig. 6, which has both 

pulse width and frequency control facilities. The generated 

gate pulses are transmitted optically by using transmitter 

HFBR1521. Since, same pulse is required by several 

IGBTs, so ULN2003 (Seven Darlington Array) is used 

with transmitters. The pulse generator system is shown in 

Fig. 7.   
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10µ

 
Fig. 5: Followed concept to generate of gate pulses 
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Fig. 7: Pulse generator system 

 

C. Isolated Gate Driver 

 

The required floating gate drive supply for all IGBTs is 

realized with simple arrangement as shown in Fig. 8 [16]. 

A high voltage insulated wire acts as primary of the 

transformer, which passes through the ferrite ring core 

behaving as secondary. It is driven by low voltage high 

frequency inverter (15V, 20kHz). The induced voltage in 

the secondary is rectified, filtered and regulated to 

generate isolated gate drive supply for each IGBT. The 

optically transmitted gate pulse is received and transferred 

into the electrical pulse using optical receiver HFBR2521. 

The gate driver IXDD414CI is used for fast switching of 

IGBTs. The inverter system, gate driver system with 

optical receiver, gate driver power supply and received 

gate pulses waveform are shown in Fig. 9, 10, 11, 12 and 

13 respectively. 
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Fig. 8: Schematic diagram of floating gate drive supplies and 

controls 

 

 
Fig. 9: Inverter of gate drive supplies 

 

 
Fig. 10: Gate drivers with optical receiver  

 

 
Fig. 11: Gate drivers power supply 

 

 
Fig. 12: Received gate pulses (Both waveforms: 10V/div, 

20μs/div) 

 

 
Fig. 13: Received gate pulses [Multiple Pulses- Upper: Pulse-1, 

Lower: Pulse-2 (Both waveforms: 10V/div, 400μs/div)] 
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III. TEST RESULT 

 

Presently, the prototype is tested with only three modules 

as shown in Fig. 2 but design calculations are considered 

for twenty modules as shown in Fig. 1. 

 

The test results are shown for the input DC voltage of 

200V and output voltage is obtained 600V, which is as per 

the design. The developed prototype is tested successfully 

with resistive load for maximum rated pulse current at 

600V pulse voltage, over the entire range of the pulse 

width and pulse repetition frequency (PRF).  

 

The rise time of the output pulse is found about 30ns. 

However, the induced noise at the gate of the charging 

IGBTs at switching time of series connecting IGBTs is an 

issue to be rectified.  

 

The test setup, developed prototype, top view of prototype 

and different waveforms are shown in the figures given 

below. 

 

 
Fig. 14: Test setup 

 

 
Fig. 15: Developed prototype 

 

 
Fig. 16: Top view of developed prototype 

 
Fig. 17: Output pulse with input dc voltage (Both waveforms: 

200V/div, 20μs/div) 

 

 
Fig. 18: Output pulse (Upper) with input dc voltage (Lower) and 

gate pulse-1 (Middle) (Both waveforms: 200V/div, 20μs/div) 

 

 
Fig. 19: Rise time of output pulse (about 30ns) (Upper: Output 

Pulse, Lower: Input DC voltage, Both waveforms: 200V/div, 

20ns/div) 
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Fig. 20:  Induced noise at the gate of charging IGBT (Upper: 

Output Pulse, Middle: Induced Noise, Lower: Input DC voltage, 

Upper & Lower waveforms: 200V/div, 40ns/div, Middle 

waveform: 10V/div, 40ns/div) 

 

 

IV. CONCLUSION 

 

In this paper, the design and development of the prototype 

of transformer-less pulse power supply based on “Marx 

Generator” are described. The design calculations are done 

for the following specification: 

 

Input Voltage: up to 800V 

Output Voltage: up to 15kV 

Pulse width: up to 5µs 

Pulse Frequency: up to 10kHz 

Droop: 10% 

Maximum pulse current: 1A 

 

The optical coupling based open loop gate pulse generator 

has been designed to trigger the IGBTs, which has 

following specifications: 

 

Pulse Frequency: up to 10kHz 

Pulse-1 (for charging IGBTs): 80µs (Fixed) 

Pulse-2 (for series Connecting IGBTs): up to 5µs 

Delay (Pulse-1 to Pulse-2): 10µs (Fixed) 

 

As per the design, twenty modules have been selected to 

achieve required output. The test results for the prototype 

with three modules have been presented and are found as 

per design and requirement. 
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