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Experimental Investigation of Five-Phase Induction 
Motor Drive Using Extended Kalman-Filter 

 
M. Rizwan Khan1        Atif  Iqbal 2 

 
Abstract — In this paper extended Kalman filter (EKF) is 
reviewed for estimating the rotor position/speed of a vector 
controlled five-phase induction motor drive. The basic 
configuration of the Kalman filter is studied and the system 
vectors and matrices are explained. The EKF equations are 
made from a d-q-axis model of the five-phase induction 
motor by considering the rotor speed as a state variable. The 
simulation and experimental results show that the EKF is 
capable of tracking the actual rotor speed.  Care should be 
taken in the selection of elements of the covariance matrices. 
The performance of the EKF is acceptable even in the 
presence of noise. 
 
Keywords - Induction motor, Sensorless control, Kalman 
filter, Five-phase.  

 
I.  INTRODUCTION 

 
Three-phase induction machine in industry is mostly used 
for speed control. For speed control ac drives are used 
which require a power electronic converter for their supply 
(mostly an inverter with a dc link), therefore number of 
machine phases is effectively unlimited. Multi-phase ac 
drive applications have increases enormously, since 
multiphase machines tender many advantages over their 
three-phase counterparts. A number of multi-phase 
machine research results have been reported [1-8].  
 
Main advantages of multi-phase machine over three-phase 
machine are superior torque density, better efficiency, low 
torque pulsations, better fault tolerance, and reduced rating 
per inverter leg. Furthermore, noise performances of the 
drive improve as well. The limitation of multi-phase 
machine is that it needs a power electronic converter for 
phase conversion because three-phase supply is only easily 
available.  
 
In most drive systems (speed and torque controlled), 
closed loop control is used in which shaft encoder is used 
for measurement of speed/position of the motor. However, 
in a compact drive system it is very difficult and expensive 
to use speed sensors for speed measurement (e.g. 
submarine applications). The cost of system can be 
reduced by eliminating the speed sensor and connection 
cables, and so the consistency and ruggedness of the 
overall drive system increases. A series of speed sensorless 
control techniques for induction motor has been reported 
in the last decade. The motor speed is estimated using 
these techniques and used as a feedback signal for closed-
loop speed control.  
 
The paper first received 3 Jun 2008 and in revised from 27 Sept 2008.   
Digital Ref: A170501189 
1Department of Electrical Engineering, Aligarh Muslim University, 
Aligarh, India, E-mail: rizwan_eed@rediffmail.com 
2Department of Electrical Engineering, Aligarh Muslim University,   

Aligarh, India, E-mail: atif_iqbal1@rediffmail.com 

Kalman filter is a unique observer which offers best 
possible filtering of the noise in measurement and of the 
system if the noise covariances are known. If rotor speed 
considered as an extended state and is incorporated in the 
dynamic model of an induction machine then the extended 
Kalman filter can be used to relinearize the nonlinear state 
model for each new value of estimate. As a result, the 
extended Kalman filter is measured to be the best solution 
for the speed estimation of an induction machine [9]. The 
extended Kalman filter has been applied to the vector 
control system [10-12] and for a direct control system or a 
constant Volt per Hertz. Few publications has been 
reported for the choice of the covariance matrices of the 
Kalman speed estimator. In this paper, the Kalman speed 
estimator for a vector controlled five-phase induction 
motor drive system is studied. 
 

II. KALMAN FILTERS 
 

Kalman filter takes care of the effects of the disturbance 
noise of a control system and the errors in the parameters 
of the system are considered as noise. The Kalman filter 
can be expressed as a state model [13]: 

)()( twtUBuAxx ++=&  (System equation)        (1) 
)(tvCxy +=         (Measurement equation)      (2) 

where 
)(tU = weight matrix of noise 

)(tv = noise matrix of output model (measurement noise) 
)(tw = noise matrix of state model (system noise) 
)(tU , )(tv , and )(tw are assumed to be stationary, white, 

and Gaussian noise, and their expectation values are zero. 
The covariance matrices Q  and R  of this noise are 
defined as: 

}'{)(cov wwEwarianceQ ==  (3)
}'{)(cov vvEvarianceR ==  (4)

where {.}E  denotes the expected value. 
The basic configuration of the Kalman filter is shown in 
Fig. 1. 
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Fig. 1: The basic configuration of the Kalman filter observer. 
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The state equations of the Kalman filter can be made as 
follows: 

yBuxCAx Kˆ)K(ˆ ++−=&  (5)

The Kalman filter matrix is based on the covariance of the 
noise and denoted by K . The measure of quality of the 
observation is expressed as follows: 

{ }∑ =−−= min)](ˆ)([)](ˆ)([ kxkxkxkxEL T
x  (6)

The value of K  should be such that as to minimize xL . 
The result of K  is a recursive algorithm for the discrete 
time case. The discrete form of Kalman filter may be 
written by the following equations, in which all symbols 
denote matrices or vectors [13]: 
(i) System state estimation: 

))(ˆ)()((K)()1( kykykkxkx −+=+  (7)

(ii) Renew of the error covariance matrix: 
)()1()(K)()1( kPkhkkPkP T +−=+  (8)

(iii) Calculation of Kalman filter gain matrix: 

1])1()1(

)1()[1()1()1(K
−

∗∗

+++

+++=+

Rkhk

PkhkhkPk
T

T  (9)

(iv)  Prediction of state matrix:  

)1(ˆ)()1( +=+
∂
∂

=+ kxxdd vBxA
x

kf  (10)

(v) Estimation of error covariance matrix: 

 QkfkPkfkP T +++=+∗ )1()(ˆ)1()1(  (11)

Discretization of (1) and (2) yields: 
   
 )()()()()1( kukBkxkAkx dd +=+  

(12)

)()()( kxkCky d=  (13)

where )(kK is the feedback matrix of the Kalman filter. 
)(kK gain matrix calculates how the state vector of the 

Kalman filter is updated when the output of the model is 
compared with the actual output of the system. The 
Kalman filter algorithm can also be used for nonlinear 
systems (e.g. induction motor). However, the optimal 
performance may not be obtained and it is impractical to 
verify the convergence of the model. To realize the 
recursive algorithm of the extended Kalman filter, a state 
model of the induction motor is required. After knowing 
the matrices dA , dB , and dC , the matrices )(kx  (state 
prediction) and )(ky  (output prediction) can be calculated. 
 

III. DESIGN OF EXTENDED KALMAN FILTER  FOR FIVE-
PHASE INDUCTION MOTOR DRIVE 

 
When rotor speed is considered as a state variable in the 
induction motor model, then an extended induction motor 
model is obtained and the rotor speed is considered as an 
extended state. The discrete induction motor model 
defined in (12) and (13) can be implemented in the 
extended Kalman filter algorithm.  
 
If the system matrix, the input and output matrices of the discrete 
system are denoted by dA , dB , and dC , while the state and the 

output of the discrete system are denoted by )(kx and )(ky ,then 
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=  and T  is the sampling time. 

The essential matrices and vectors for the recursive 
algorithm of the extended Kalman filter can be calculated, 
with the discrete system model. With the help of 
Matlab/Simulink program, speed estimation algorithm of 
the extended Kalman filter can be simulated, as shown in 
Fig. 2. The execution of the S-function block is based on 
an M-file written as MATLAB code. 

 
Fig. 2: Simulink based extended Kalman filter speed 

estimator. 
 

IV. SENSORLESS OPERATION OF FIVE-PHASE INDUCTION 
MOTOR DRIVES 

 
The developed model of a five-phase induction motor [4] 
indicates that an observer (Kalman Filter) used for three-
phase machines can be easily extended to multi-phase 
machines. For multi-phase machines observer-based speed 
estimator requires only d and q components of stator 
voltages and currents. From the model of a five-phase 
induction machine [4], it is shown that the stator and rotor 
d and q axis flux linkages are function of magnetizing 
inductance Lm and stator and rotor d and q axis currents, 
where as the x and y axis flux linkages are function of only 
their respective currents. Therefore in speed estimation for 
multi-phase machine the x and y components of voltages 
and currents are not required. The speed can be estimated 
using only d and q components of stator voltages and 
currents.  
The proposed extended Kalman filter-based vector 
controlled five-phase induction motor drive structure with 
current control in the stationary reference frame is shown 
in Fig. 3 (Appendix). 
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V.  SIMULATION RESULTS 

 
 

 
Fig. 4: Five-phase induction motor torque and speed 

characteristics for fixed voltage and fixed frequency fed 
supply ( 1g = 1q =le-6, 2g = 2q =le-2). 

 
Fig. 5: Five-phase induction motor torque and speed 

characteristics for vector control 
( 1g = 1q =le-6, 2g = 2q =le-2). 

 
Fig. 6: Locus of rotor d- and q-axis fluxes. 

 
The proposed drive is operated in speed mode with speed 
feedback is taken from kalman filter speed estimator. Fig.  
4 displays the results for torque and speed characteristics 
of the induction motor when motor is fed with fixed 
voltage and fixed frequency supply. The simulation time is 
t=1 sec. and a rated torque is applied at t=0.7 sec. For 
vector control, the total simulation time is t=2 sec. Speed 
command of 1200 rpm is functional at t=0.3 sec in a ramp 
wise mode from t = 0.3 to t = 0.35 sec and is further kept 
unaffected. Operation takes place under no-load and load 
conditions. Interruption dismissal properties of the drive 
are investigated next. A load torque equal to the motor 
rated torque is functional in a step-wise mode at t = 1 sec. 
In the last, reversing transient is examined. The command 
for speed reversal is given at t = 1.2 sec. The results, 
obtained for these periods, are shown in Fig. 5. It is 
concluded from the results that, the actual speed and 
torque closely follow the reference. Fig. 6 displays the 
locus of rotor fluxes. 
 
The error covariance matrix P  of the Kalman filter is 
taken as a unit matrix and the measurement noise 
covariance matrix R  of the extended Kalman filter is 
assumed as follows: 

)1,1,1,1,1(diagP =  and )31,31( __ eediagR =  
Selection of covariance matrix: 
The configurations of the state noise covariance matrices 
G  and Q  are of highest importance for the superior 
performance of the Kalman filter algorithm. They are 
expressed as follows: 

),,,,( 21111 gggggdiagG = and 
),,,,( 21111 qqqqqdiagQ =  

Fig.7 illustrates that the speed estimation of the extended 
Kalman filter is sensitive to the covariance matrices G  
and Q . 

 
(a) 
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(b) 

Fig. 7: Estimated speed with various covariance matrices 
for (a) fixed voltage and fixed frequency fed supply (b) 

vector control five-phase induction motor drive. 
 
The precision of speed estimation with various G  and Q  
may be find by the mean squared error between the actual 
rotor speed and the estimated speed. From Fig. 7, it is 
observed that when 1g = 1q =le-6, and 2g = 2q =le-2, the 
extended Kalman filter gives a more accurate result. When 

1g = 2g = 1q = 2q , the extended Kalman filter gives poor 
speed estimation results. For obtaining superior estimation 
results, the design principle is that the values of 2g  and 

2q  in the covariance matrices G  and Q  should be greater 
than the values of 1g  and 1q . 
 

VI. EXPERIMENTAL RESULTS 
 

With the advent of high-performance digital signal 
processors (DSPs) dedicated for motion control 
applications, it is now possible to control motors without 
speed sensors. This is obtained by algorithms/programs 
that estimate the desired quantities in real time, based on 
the electrical signals in the motor windings. The 
advantages are cost savings and improved consistency due 
to reduced component used. 
 
The motor used in both the experiment and simulation is 
same. The simulation results shown in Fig. 4 to Fig. 7 have 
been obtained under an 8.41 N-m load. The real-time 
control and observer program are implemented by using 
the software of digital signal processor (DSP) 
TMS320F2812. An eddy-current machine is coupled to the 
shaft of the IM as a load. A feedback control system is 
applied to the vector controlled IM drive system. In the 
inner loop of the control system, a standard proportional 
plus integral (PI) controller is used for current control and 
another PI controller is used in the outer loop for speed 
control. The parameters of the PI controller are tuned to 
obtain ample performance of the control system. A PC is 
used for data logging, data communication, and 
downloading. The stator currents are detected through 
Hall-effect sensors. The performance of the Kalman 
observer is tested in the implementation for trapezoidal 
references. The trapezoidal references are selected to show 
the performance of the proposed method in both directions 
at variable and constant speeds. The various experimental 
results are shown in Fig. 8 to Fig. 11. 

 

  

 
 

Fig. 8: Acceleration transients (speed, current, Id and Iq) 
of a five-phase induction motor drive from 50 to 1435 rpm. 
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Fig. 9: Deceleration transients (speed, current, Id and Iq) 

of a five-phase induction motor drive from 1435rpm to 50 
rpm. 

 

 

 

 
Fig. 10: Reversing transients (speed, current, Id & Iq, rotor 

position) of a five-phase induction motor drive from 
+1435rpm to -1435 rpm. 
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Fig. 11: Acceleration and reversing transients (speed, 
current, Id and Iq) of a five-phase induction motor drive 
under no-load and load from 50rpm to 1435rpm to -1435 

rpm. 
 

VII. DISCUSSION 
 
The results of the experimental study are illustrated for all 
transients by displaying the speed response, actual phase 
current and stator d- and q-axis current references. A step 
speed command is initiated in all the cases. There is no 
inertia wheel fitted to the motor. It can operates under no 
load and load conditions. All the transients are taken from 
the DAC outputs of DSP TMS320F2812. Acceleration 
transients, starting from 50 rpm, are shown in Fig. 8. The 
step speed command is 1435 rpm. Typical behavior of 
sensorless control of vector controlled five-phase induction 
motor is observed, with rapid stator q-axis current 
reference build up corresponding to almost instantaneous 
torque build up. Three different types of characteristics 
speed, current and Id and Iq are shown in Fig. 8.  
 
 
 

The second test is a deceleration transients illustrated in 
Fig. 9. The motor is decelerated from 1435 rpm to 50 rpm 
speed.   
 
The same quality of performance as for the acceleration 
transient is obtained. The speed, current and Id and Iq 
characteristics are shown in Fig. 9. Next, reversing 
performance of the drive is investigated. Transition from 
1435 rpm to –1435 rpm, is depicted in Fig. 10. Prolonged 
operation in the stator current limit results in all the cases, 
leading to rapid change of direction of rotation.  The 
speed, current, Id and Iq and rotor position characteristics 
are shown in Fig. 10 when motor is reversing.  
 
One more transition is performed in three steps. First, 
motor will accelerate from 50 rpm to 1435 rpm at no-load. 
Second a step loading is applied to motor in steady-state 
period. Lastly, motor is reversing from +1435 rpm to -1435 
rpm. All the corresponding transients are shown in Fig. 11. 
 

VIII. CONCLUSION 
 

In this paper, an extended Kalman filter is designed to 
estimate the rotor speed of a vector controlled five-phase 
induction motor drive. Effects of the covariance matrices 
of the Kalman filter are studied and a suggestion for 
selecting the covariance matrices is also given. Simulation 
results shows that the extended Kalman filter has excellent 
noise rejection properties. The attainable performance are 
examined by simulation and compared. It is shown that the 
dynamic behavior, obtainable with the indirect vector 
control, is the same as obtained with three-phase machine.  
Results are also obtained by experiments and compared 
with the simulation results. Experiment results show that 
proposed technique is well suited for speed sensorless 
estimation of five-phase induction machine. Same 
technique can be extended to multi-phase multi-motor 
drive system. 

 

APPENDIX 
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Fig. 3: A vector controlled five-phase induction motor with extended Kalman filter speed estimation algorithm
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Adaptive Neuro-Fuzzy Speed Controller for Vector 
Controlled Induction Motor Drive 

 
Rajesh Kumar 1     R. A. Gupta 2    Rajesh S. Surjuse 3 

 
Abstract– This paper presents a novel adaptive neuro-fuzzy 
based speed controller for vector controlled induction motor 
drive. The proposed neuro-fuzzy controller incorporates 
fuzzy logic algorithm with a five-layer artificial neural 
network (ANN) structure. The conventional PI controller is 
replaced by Adaptive Neuro-Fuzzy Inference System 
(ANFIS), which tunes the fuzzy inference system with hybrid 
learning algorithm. This makes fuzzy system to learn. The 
performance of the proposed neuro-fuzzy based vector 
controlled induction motor drive is investigated at different 
operating conditions. The results of the proposed controller 
are also compared to those obtained by a conventional PI 
controller and Fuzzy Logic controller. The simulation study 
indicates robustness and suitability of drive for high 
performance drive applications. 
 
Keywords – Adaptive Neuro-Fuzzy Inference 
System(ANFIS), Artificial Neural Network (ANN), back 
propagation algorithm, hybrid learning algorithm  
 

I. INTRODUCTION 
 
Vector controlled induction motor (IM) drive is a very 
accepted method for high performance system response 
[1]-[2]. This method employs the conventional 
Proportional – Integral (PI), Proportional – Integral – 
Derivative (PID) controller or their adaptive versions, for 
variable speed drive applications. However, the design of 
these controllers depends on exact mathematical model 
with accurate parameters. The difficulties of obtaining the 
exact parameters of the induction motor leads to 
cumbersome design approach. Also the conventional 
fixed gain PI and PID controllers are very sensitive to 
disturbances, parameter variations and system non-
linearity. On the other hands, the design of intelligent 
controllers based on Artificial Intelligence (AI) does not 
need the exact mathematical model of the system. 
Therefore Artificial Neural Network (ANN) and Fuzzy 
Logic Control (FLC) demands special attention for speed 
control of high performance IM drives. 
 
Fuzzy Logic Controller yields superior and faster control 
[3]-[4], without the need of accurate mathematical model 
of the system and works well for complex, non-linear, 
multi-dimensional system with parameter variations or 
with less precise signals. The main design problem lies in 
the determination of consistent and complete rule set and 
shape of the membership functions. A lot of trial and 
error has to be carried out to obtain the desired response 
which is time consuming. On the other hand, ANN alone 
is insufficient if the training data are not enough to take 
care of all the operating modes.     
 
The paper first received 17 Sept. 2008 and in revised form 10 July 2009.   
Digital Ref:A17050211 
1, 2, 3 Department of Electrical Engineering, MNIT, Jaipur (INDIA)-
302017,E-mail:rkumar_mnit@rediffmail.com, 
rag_mnit@rediffmail.com, surjusemnit@rediffmail.com respectively. 

Adaptive Neuro-Fuzzy Inference System (ANFIS) is used 
as an intelligent tool to design FLC [5]-[11]. It helps to 
generate and optimize membership functions as well as 
the rule base from the simple data provided. ANFIS 
combine the learning power of neural network with 
knowledge representation of fuzzy logic. This paper 
presents a novel speed control scheme of vector 
controlled IM drive based on Neuro-fuzzy controller 
(NFC) [12]-[14]. The proposed NFC is adapted by a 
hybrid learning algorithm in order to minimize the square 
of the error between desired and actual output. A 5-layer 
ANN structure is utilized to train the parameters of the 
FLC, which eliminates unwanted trial and error as was in 
the case for a conventional fuzzy logic control. A 
complete simulation model for vector controlled IM drive 
incorporating the proposed NFC was developed. The 
performance of the proposed NFC based IM drive has 
been investigated at different operating conditions. A 
comparison is made with the conventional PI speed 
controller and Fuzzy Logic speed controller response. 
Section II presents the mathematical modeling of IM and 
vector control scheme. Section III presents the design 
aspects of proposed NFC. Section IV and V presents the 
performance evaluation and conclusion respectively. 
 

II. VECTOR CONTROLLED INDUCTION MOTOR DRIVE 

Induction Motor Modeling  
The mathematical model of a three- phase squirrel cage 
induction motor in synchronous rotating reference frames 
is given by equations (1)-(11) as follows [2]. 

. .e e e eV = R i p wdsds s ds e qsλ λ+ +  (1)

. .e e e eV = R i p wqsqs s qs e dsλ λ+ −  (2)

. ( ).e e e0 = R i p w wdrr dr e r qrλ λ+ − −  (3)

. ( ).e e e0 = R i p w wqrr qr e r drλ λ+ + −  (4)

Where 
.e e eL i L ids s ds m drλ = +  (5)

.e e eL i L iqs s qs m qrλ = +  (6)

.e e eL i L idr r dr m dsλ = +  (7)

.e e eL i L iqr r qr m qsλ = +  (8)

and electromagnetic torque 
3 P e e e eT = L (i i - i i )e m qs qrdr ds2 2

 (9)

dθr = ωrdt
 (10)

dωrT = J + B ω +Te m m r Ldt
 (11)
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where e ev ,vqsds  are d-q axis stator voltages respectively; 
e e e ei ,i ,i ,iqs qrds dr are d-q axis stator currents and d-q axis 

rotor currents respectively; R ,Rs r  are the stator and rotor 
resistance per phase respectively; L , L , Ls r m  are the self 
inductances of the stator and rotor and the mutual 
inductance respectively; P is the number of poles; p is the 
differentiation operator (d/dt); ω ,ωe r  are the speed of the 
rotating magnetic field and the rotor speed respectively; 
T ,Te L  are the electromagnetic developed torque and the 

load torque respectively; Jm  is the rotor inertia; Bm  is 
the rotor damping coefficient and θr  is the rotor position. 
The transformation from abc to dq0 variables is given by 
equation (12). 

e ef = T fdq0 abc abc
⎡ ⎤⎣ ⎦  (12)

2Π 2Πcos(ωt) cos(ωt- ) cos(ωt+ )
3 3

2 2Π 2ΠeT = sin(ωt) sin(ωt- ) sin(ωt+ )abc 3 3 3
1 1 1
2 2 2

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

⎡ ⎤⎣ ⎦  

(13)

where eTabc
⎡ ⎤⎣ ⎦  is transformation matrix given by equation 

(13) and f  may represents current or voltage. 

Vector Control  
For high performance drive system response, the vector 
controlled induction motor is a very accepted method [2]. 
It is based on the decoupling of flux and torque producing 
components of the stator current. Under this condition, 
the q-axis component of rotor flux is set to zero while the 
d-axis reaches the nominal value of the magnetizing flux. 
The torque equation can also be written as 

3 P L e e e emT = (i - i )e qs dr ds qrL2 2 r
λ λ  

(14)

Since e
qrλ  is zero 

3 P L e e e emT = (i ) = K ie qs dr te qs drL2 2 r
λ λ  

(15)

where 3 P LmKte L2 2 r
= = torque constant 

If the rotor flux linkage in equation (15) is maintained 
constant, then the torque is simply proportional to the 
torque producing component of the stator current, as in 
the case of the separately excited dc machine with 
armature current control. From equations (3), (4) and (7), 
(8) putting e

qrλ  equal to zero, other field oriented 

controller equations are obtained as 
edλ e edrT + λ = L ir mdr dsdt

 
(16)

eiL qsmω = +ωe reT λr dr
 

(17)

Tr denotes the rotor time constant. The equation (16) 
resembles the field equation in a separately excited dc 

machine, whose time constant is usually in the order of 
seconds. Likewise, the induction motor rotor time 
constant is in the order of seconds.  
The equations which transform the synchronous reference 
frame to stationary reference frame are: 

cos sins e ei i iqs e qs e dsθ θ= +  (18)

sin coss e ei i ie qs eds dsθ θ= − +  (19)

 
Fig. 1.  Adaptive Neuro-Fuzzy speed controller based vector 

controlled induction motor drive. 
where ,s si iqs ds   are stationary frame q and d axis stator 

current respectively. The proposed vector control scheme 
is depicted in Fig. 1. 
 

III. ADAPTIVE NEURO-FUZZY CONTROLLER 
 
The proposed neuro-fuzzy controller incorporates fuzzy 
logic algorithm with a five layer artificial neural network 
(ANN) structure [13] as shown in fig. 2.  

 
Fig. 2.  ANFIS architecture of 2-input Sugeno fuzzy model with 

2 rules. 
 
A tuning block is utilized to adjust fourth layer’s 
parameters in order to correct any deviation of control 
effort. The speed error and the rate of change of actual 
speed error are the inputs of the neuro-fuzzy controller, 
which are given by 

*Input1 = ε = ω - ωω  (20)

ε (n) - ε (n - 1)ω ωInput2 = Δε = x100%ω T
 

(21)

where *ω  is the command speed and  T  is the sampling 
time. 
 
Sugeno fuzzy model with five- layer ANN structure is 
used in proposed controller. In this five-layer ANN 
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structure the first layer represents for inputs, the second 
layer represents for fuzzification, the third and fourth 
layers represents for fuzzy rule evaluation and the fifth 
layer represents for defuzzification. 
A two input first order Sugeno fuzzy model with two 
rules is depicted in fig. 2. 
In layer 1, every node i is an adaptive node with a node 
function 

O = μ (x)1,i Ai  for i=1,2 or 

O = μ (y)1,i Bi-2  for i=3,4 (22)

 (here we denote the output of the ith node in layer l  as 
O ,il ) 

where x (or y) is the input to node i and Ai (or Bi-2) is a 
linguistic label such as ‘small’ or ‘large’ associated with 
this node. The membership function for A can be any 
appropriate parameterized membership function. In 
proposed scheme generalized bell function is used as a 
membership function given by equation (23). 

2bi
x-ciμ (x) = 1 1+A ai

⎛ ⎞
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

 
(23)

where { }a ,b ,ci i i  is the parameter set. As the values of 

these parameters changes, various forms of bell shaped 
membership functions can be get for fuzzy set A. 
Parameters in this layer are referred to as premise 
parameters.  
In layer 2 , every node is a fixed node labeled Π , whose 
output is the product of all the incoming signals. 

O = w = μ (x)μ (y)i Bi2,i Ai  , i=1,2         (24)

Each node output represents the firing strength of a rule. 
In layer 3, every node is a fixed node labeled N. The 
outputs of this layer are normalized firing strengths given 
by equation (25). 

wiO = w =i3,i w + w1 2
, i=1,2              

(25)

In layer 4, every node i , is an adaptive node with a node 
function given by equation (26). 

O = w f = w (p x + q y + r )i i i i i i4,i       (26)

where wi  is a normalized firing strength from layer 3 and 

{ }p ,q , ri i i  is the parameter set of this node. Parameters in 

this layer are referred to as consequent parameters. 
Layer 5 is the single node layer with a fixed node 

labeled Σ , which computes the overall output as the 
summation of all incoming signals. 

w fi i iO = w f =i i5,1 i wi i

∑
∑

∑
      

(27)

Hybrid learning algorithm [14] is used in proposed 
controller. It has two passes, forward pass and backward 
pass. In the forward pass of the hybrid learning algorithm, 
node output goes forward until layer four and the 
consequent parameters are identified by the sequential 
least squares method. In the backward pass, the error 
signals propagate backward and premise parameters are 
updated by gradient descent that is back propagation 

learning method. The consequent parameters thus 
identified are optimal under the condition that the 
premise parameters are fixed. Thus, the hybrid approach 
converges much faster since it reduces the search space 
dimension of the original pure back propagation. 
In hybrid learning, for back propagation, objective 
function to be minimized is defined by (28). 

2E (T - O )p m,p m,pm=1
∑=
l

 (28)

where Tm,p is the mth component of pth target output vector 

and Om,p is the mth component of actual output vector 

produced by the presentation of the pth input vector. 
Hence the over all error measure is given by (29). 

p
E = EPp=1∑  (29)

Learning rules can be derived as follows 
( 1) ( ) ( )a n a ni i ai E aiη+ = − ∂ ∂  (30)

( 1) ( ) ( )b n b ni i bi E biη+ = − ∂ ∂  (31)

( 1) ( ) ( )c n c ni i ci E ciη+ = − ∂ ∂  (32)

where aiη , biη and ciη are the learning rates of the  

 
Fig. 3. Proposed equivalent ANFIS architecture 

 
Fig. 4.  Output surface of proposed ANFIS 
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Fig. 5.  Input membership function of proposed ANFIS 

 
corresponding parameters. The derivatives in the above 
equations can be found by chain rule. 

 
The propose ANFIS had following features: Type- 
Sugeno; AndMethod- product; OrMethod- probor 
(probabilistic or); DefuzzMethod- wtaver (weighted 
average); ImpMethod (implication method)- product; 
AggMethod (aggregation method)- sum; No. of input- 2; 
No. of input membership function- 3; input membership 
function type- gbellmf (generalized bell curve 
membership function); No. of output- 1; No. of output 
membership function- 9; output membership function 
type - linear; No. of rules- 9. Fig. 3. presents proposed 
equivalent ANFIS architecture. Fig. 4. and Fig. 5. shows 
output surface and input membership functions of 
proposed ANFIS respectively.  

IV. PERFORMANCE ASSESSMENT OF NEURO-FUZZY 
CONTROLLER BASED VECTOR CONTROLLED IM 

DRIVE 
A complete simulation model for vector controlled IM 
drive incorporating the proposed NFC is developed.  

 
The performance of the proposed NFC based IM drive is 
investigated at different operating conditions. In order to 
prove the superiority of the proposed NFC, a comparison 
is made with the response of conventional PI and FLC 
speed controller based IM drive. The parameters of the 
induction motor considered in this study are summarized 
in Appendix A. The design parameter of PI speed 
controller is given in Appendix B and for FLC speed 
controller is given in Appendix C.  The performance of 
vector control induction motor drive with all the three 
speed controller are presented during starting, load 
perturbation and speed reversal. Transient, steady state 

and dynamic behavior of the drive with PI speed 
controller is shown in Fig. 6, with FLC speed controller is 
shown in  Fig. 7 and with neuro-fuzzy speed controller is 
shown in Fig. 8. The reference speed is set at 185 rad/sec. 
The electromagnetic torque Te rises to maximum during 
starting of the motor from standstill and then settles down 
over remaining period (steady state condition). Same is 
for currents. At steady state load torque TL has been 
increased to 12 Nm from 3 Nm at time t=0.3 sec. and 
suddenly decreased to 3 Nm at t=0.5 sec. Finally the 
motor which is operating at 185 rad/sec, suddenly its 
reference speed is changed to negative 185 rad/sec. Table 
I, II and III presents performance comparison during 
steady state operation, during transient operation and in 
time domain analysis respectively. 

 
Table 1: Performance comparison during steady state 

operation 
Controller Speed Ripple 

(rad/sec) 
Torque Ripple 
(Nm) 

PI 0.1 0.0017 
FLC 0.008 0.0005 
NFC 0.004 0.0003 

 
Table 2: Performance comparison during transients 

Controller Starting 
Time 
(sec) 

Reversal 
Time 
(sec) 

Dip in 
Speed 
(rad/sec)

Rise in 
Speed 
(rad/sec)

PI 0.04 0.145 4.9 4.8 
FLC 0.032 0.11 4.78 4.63 
NFC 0.03 0.08 4.7 4.6 

 
Table 3: Performance comparison in time domain 

analysis 
Controller Peak 

Over 
shoot 

Peak 
Time 
(sec) 

Rise 
Time 
(sec) 

Settle 
Time 
(sec) 

PI 0.1351 0.06 0.03 0.13 
FLC 0.08 0.058 0.028 0.128 
NFC 0.0054 0.057 0.026 0.11 

The results shows better performance of NFC based IM 
drive as compare to conventional PI and FLC controller 
based IM drive under starting, load perturbation and 
speed reversal. Since fuzzy logic has tolerance for 
imprecision of data and neural network has tolerance for 
noisy data, their combination neuro-fuzzy is having good 
tolerance for the parameter variation particularly stator 
and rotor resistances. 

 
Also, neuro-fuzzy controller is universal function 
approximator, it can very well approximate linear and 
non-linear functions, thus it is more versatile than a linear 
controller in dealing with nonlinear plant characteristics 
and hence it has better stability than the conventional 
linear controller.  Above discussion shows NFC based 
vector control induction motor drive is robust for high 
performance IM drive. 
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Fig.6. Performance Characteristics of Drive Scheme with PI- Speed controller (a) speed (rad/sec.) (b) current (amp.) (c)  torque (Nm) (d) 

speed during loading cycle (e) speed ripples (f) torque ripples. 
 

 
Fig.7. Performance Characteristics of Drive Scheme with FLC- Speed controller (a) speed (rad/sec.) (b) current (amp.) (c)  torque (Nm) (d) 

speed during loading cycle (e) speed ripples (f) torque ripples 
 

 
Fig. 8.  Performance Characteristics of Drive Scheme with ANFIS- Speed controller (a) speed (rad/sec.) (b) current (amp.) (c)  torque (Nm) 

(d) speed during loading cycle (e) speed ripples (f) torque ripples
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V. CONCLUSION 
 
A novel Neuro-fuzzy controller based vector controlled 
induction motor drive has been presented in this paper. 
Some of the advantages of ANFIS are reduced number of 
rules, faster speed of operation and no need for 
modifications in membership function by conventional 
trial and error method for optimal response. This makes 
NFC a easy-build and robust controller. The 
performances of the proposed NFC based drive have been 
investigated at various operating conditions. A 
performance comparison between PI based drive, FLC 
based drive and the proposed NFC based drive has been 
presented. The proposed NFC based IM drive has been 
found to be robust for high performance drive application. 

Appendix  A 

The parameters of induction motor are as follows: 
 
Nominal power (P):2.2KW; Voltage: 460V (L-L, rms); 
Phases: 3; Frequency: 60Hz; Stator resistance ( Rs ):1.77 

ohms; Rotor resistance ( Rr ):1.34 ohms; Stator leakage 

reactance ( Xls ):5.25 ohms; Rotor leakage reactance 

( Xlr ):4.57 ohms; Mutual reactance ( Xm ):139 ohms; 

Rotor inertia (J): 0.025 Kg.m2; Number of pole (p): 4. 

Appendix  B 

The design parameters of PI speed controller are as 
follows: 
Proportional constant ( K p

): 0.62445; Integral constant 

( Ki ):0.01. 

Appendix  C 

The design parameters of FLC speed controller are as 
follows: 
 
Inputs to the FLC speed controller are speed error and 
rate of change of speed error and output is command 
current. Membership functions for input and output 
variables have been chosen with triangular shapes as 
shown in Fig. 9. Universe of discourse of input and 
output variables are divided in to seven fuzzy sets: NL 
(Negative Large), NM (Negative Medium), NS (Negative 
Small), ZE (Zero), PL (Positive Large), PM (Positive 
Medium), PS (Positive Small). Rule base for FLC speed 
controller is given in Table 4. Max-Product inference 
method and centroid defuzzification method are used. 

 

 

 
Fig. 9. Input and output membership function of FLC speed 

controller 
 

Table 4: Rule base for FLC speed controller 
    we

 
cwe 

 
NL 

 

 
NM 

 
NS 

 
ZE 

 
PS 

 
PM 

 
PL 

NL NL NL NL NL NM NS ZE 
NM NL NL NL NM NS ZE PS 
NS NL NL NM NS ZE PS PM 
ZE NL NM NS ZE PS PM PL 
PS NM NS ZE PS PM PL PL 
PM NS ZE PS PM PL PL PL 
PL ZE PS PM PL PL PL PL 
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High Voltage Multilevel DC-DC Converter in Auto 
Balancing Mode 

 
Vasudeo B Virulkar. 1  Sharad W Mohod. 2 Mohan V. Aware 3 

 
Abstract — In this paper balancing theory of a three level 
DC-DC converter is presented. It is proposed to make dc link 
voltages balanced across the capacitor stack. This voltage 
distribution gets equally distributed by selecting the 
appropriate switching frequency. This work is to investigate 
the new control scheme to incorporate the current adaptive 
switching in DC-DC converters. The major advantage of this 
novel scheme is to develop the bi-directional high voltage 
multilevel converters required in many high power 
industrial applications. A systematic approach and 
mathematical study is presented. Simulation results validates 
this proposed scheme.  
 
Keywords - Adaptive current control, DC-DC bi-directional 
Converter, High power converters. 

 
I. INTRODUCTION 

 
Multilevel DC-DC converters are mostly used in high 
power applications in many industrial applications. They 
offer advantage of operating at relatively high DC bus 
voltages with reduced harmonic content, low EMI and 
low voltage stress on the devices. Multilevel converters 
can achieve smoother and less distorted AC-DC, DC-AC, 
and DC-DC power conversion. These technologies are 
used in the utility and large motor drives applications. 
These are presented in many of the literature [1].  
 
In multilevel converters, DC bus capacitor banks are 
stacked in series. These converters will meet more voltage 
balance problem than that in AC-DC or DC-AC converter. 
Because of the asymmetric DC output voltage, fewer 
redundant switching states will be available in DC-DC 
multilevel converter. Also the difference of characteristics 
for each individual component, either on semiconductors 
or on passive components, will cause the voltage 
unbalance [2]-[7],[10]-[11].  
 
In most cases, a dynamic balance control strategy is 
necessary to balance the capacitor voltages, which 
requires enough redundant switching states.  
 
The transfer of energy from one end to another in DC –
DC converter is of application dependent and also decided 
by the type of load. 
 
The paper first received 2-Jun-2009 and in revised form 1-Sept- 2009.   
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Fig 1: Generalized converter 

 
The most convenient structure is to control the load 
current while maintaining the source side voltage constant 
across the supply side. This simple configuration is 
presented in figure 1. The industrial application of bi-
directional DC/DC converters is for the interfacing the 
energy storage device like  Superconducting Magnetic 
Energy Storage (SMES) coil to the power system through 
the voltage source inverters to mitigate the power quality 
problems. The SMES coil is charged from the power 
system under the normal operating condition and 
discharge in case of real power demand by the power 
system. The interface of the coil to inverter is across the 
dc link has to be at the high voltage level. This causes the 
dc capacitor and inverter semiconductor components to 
operate on high stress levels. Therefore the multilevel 
DC/DC converters are preferred. However, this leads to 
have multiple dc stages with capacitors. The voltages 
across these dc stages are governed by converter operating 
conditions. It is necessary to maintain the dc voltage 
constant during the converter operation [8]. There are 
various dc voltage balancing control strategy involving 
the additional sensor and control circuits [9].In this paper, 
dc voltage balancing is achieved with proposed control 
strategy.  
 
The energy balance theory with basic circuit laws can be 
used for analysis this circuit. However, the controlled 
power conversion process involves the switching structure 
of the DC-DC converters. One such converter structure is 
analyzed in this paper. In this paper, analysis of DC-DC 
converter is presented with the voltage balancing across 
the capacitor. The typical design considerations are also 
presented. In figure 2, three level topology of a proposed 
DC-DC converter is shown. 
 
The operating principal of the three level DC-DC 
converter and current adaptive switching control is 
presented. The benefits of the proposed circuit with high 
power capability are as under. 
 

 Voltage balancing at DC bus 
 Soft-switching is realized 
 High power applications 
 Lower cost due to high frequency transformer 
 Use of multilevel structure can reduce the Total 

Harmonic Distortion (THD). 
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Fig 2: Multi level converter 

 
II. CONVERTER OPERATION 

 
The circuit topology is shown in figure 2 is analyzed for 
its operation. The one complete cycle is presented in the 
following figures. The circuit is built with the switches 
Q1-Q8 and C1-C8 capacitors connected across them. The 
secondary of the transformer (Tr) is having full bridge 
converter connected to the inductor coil (L). The 
switching signals to H bridge on primary side and for the 
full bridge thyristors on secondary are shown in figure 3 
(a) and (b) respectively. The voltages and currents across 
the each primary winding of the transformer is shown in 
figure 4. The secondary side currents (IT1, IT2) and 
voltages are shown in figure 5.  

 
Fig 3: (a) Switching pulses for H-bridge on primary and (b) 

bridge on secondary side of the transformer 

 
Fig 4: Voltages VA1B1, VA2B2 and currents Ip1 and Ip2 

 
Fig 5: Output voltage- Vsec and coil voltage- VL and with 

thyristor currents IT14 and IT2,3 with respect to switching pulses 
 
The switch Q2 and Q3, Q6 and Q7 at the to instant are off 
and circuit is shown in figure 6.The time to-t1 indicates the 
blanking time and its operating condition is indicated in 
figure 7.The operation of the switching,  Q1 and Q4,  Q5 
and Q8 indicates the discharging operation during the time 
t1-t2. This is shown in figure 8. The change over of the 
switching on secondary side by triggering the thyristors is 
shown in the figure 9.This is causing current (IT23) to 
transfer to another pair of thyristor. This current transfer is 
due to the voltage (VL) applied across the coil. The 
average current through the coil (Io) is constant and 
maintains its direction. After this half cycle, the charging 
cycle starts as the voltage across coil is positive. The 
subsequent operation is shown in figure 10, 11 and 12. 

 
Fig 6: Operation at to 

 
Fig 7: Operation during to-t1
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Fig 8: Operation during t1-t2 

 
Fig 9: Operation during t2-t3 

 
      Fig 10: Operation during t3-t4 

 
Fig 11: Operation during t4-t5 

 
III. BALANCING THEROY OF MULTI-LEVEL CONVERTERS  

 

The equivalent circuit for H- bridge under energy 
transferred across the transformer, that is from capacitor to 
inductive coil and from coil to capacitor is shown in figure  
13 (a) and (b) respectively.  

   
Fig 12: Operation during t5-t6 

 
Fig 13: Circuit equivalent stages under first and third stage 

 
The energy transfer across the transformer is simply 
represented from current source (i1) and voltage source 
(Vp11) with one stage converter having equivalent 
resistances r1, representing the drop across converter and 
transformer winding. Similarly another winding is also 
represented.  
 
The mathematical analysis is carried out with these 
circuits. The ampere turns across the transformer winding 
is written as 

( ) 01211 ** INiiN sppp =+  (1)

The Np and Ns represents the primary and secondary 
number of turns respectively. The current through coil is Io. 

K
I

ii pp
0

1211 =+  (2)

Where, K is the turns ratio. 
Assuming that the sum of the voltage across Cd1 and Cd2 

are 2V, the voltage across Cd1 is VV Δ+  and the voltage 
across Cd2 is VV Δ− , then from figure 3, current 
equations can be written as 
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The average current on the primary can be written as  
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The period T1 = t2-to and T2=t4-t3. can be represented in 
terms of duty cycle  ,1

T
T

d =  and  d
T
T

−=12 . 

The difference of current is Δip on the primary side is 
21 ppp iii −=Δ  
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The unbalance due to equivalent resistance of these two 
stages can be represented with the reference value of 
resistance R. Which is represented as Rr =1  and 

RRr Δ+=2 . 
From above equations and after simplification it is 
represented as 

( )[ ]
( )RRR

VRVVdVVRVR
i ppp

p Δ+

ΔΔ−+−Δ−Δ−
=Δ 2122 (8) 

Neglecting the term ΔRΔV and considering the balance of 
the charging and discharging mode, the currents are 
represented as ( ) ( )22211211 pppp iiii +−=+ . By 
substituting the values of currents and simplifications 

( )[ ] ( )[ ] 0224 2121 =Δ+Δ+−++− RRVVVRVVV pppp
(9) 

It can be written as  
( ) 02 21 =+− pp VVV  (10) 

This gives the value of voltage V as 
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From equation 2, it can be written as  
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Substituting these values of voltages in the equation 8, 
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The current flow in capacitors are  
( ) ( )222111 , pcdpcd iiiiii +=+=  (14) 

( ) pppcd iiiiiii Δ+Δ=+−+=Δ 2211  (15) 

combining (13) and (15), the effective current difference 
is written as 
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From the above equation, if the current Δ icd is positive 
then current flowing in to the Cd1 is larger than current 
flowing into the Cd2, and the voltage across Cd1 raises 
relatively more than the Cd2. It will be reverse if the Δ icd is 
negative. If i1=i2 then   Δ icd become 

R
Vicd

Δ
=Δ

2  (17)

 
If ΔV is positive and Δ icd becomes negative, a very small 
voltage difference will result in a very large Δ icd, which 
will cause the voltage across the Cd1 diminish relatively 
very quickly to the voltage across Cd2. The voltage ΔV 
will decrease quickly to zero. The voltage balance will be 
achieved across the Cd1 and Cd2. 
 
The difference of voltage ΔV is more sensitive to the 
change in converter current and the equivalent resistance 
of the switches and circuit components. The design 
parameters of the converters are selected to maintain the 
voltage drop near to zero to operate this bidirectional 
converter in stable condition. One of the control factors to 
achieve the voltage balance is to operate the converter 
with selected switching frequency zone. This is one of the 
most important parameters to make these converters 
operations more robust and economical. The concept of 
variable switching frequency control through adaptive 
current control is introduced and presented in next section. 
 

IV. ADAPTIVE CONTROL OF DC-DC CONVERTER 
 
The control scheme is incorporated to maintain the voltage 
balance across the dc link capacitors by sensing the dc 
voltages and controlling the switching frequency. The dc 
link capacitor and front end high frequency transformer 
are the two components, which selects the switching 
frequency. By keeping the duty ratio constant, frequency 
is varied through the current balance sensing circuit. The 
limit is decided upon the maximum allowable safe 
operating voltages required for the DC converters. 
Analysis indicates the balances are maintained from no 
load to full load operating conditions with 15-20 % 
variation in switching frequency. 
 
The inductive coil current regulation is carried out by 
regulating the switching pulses of thyristors. This 
regulates the energy storage in the inductor. There are 
three stages of operation. In the first case, the current is 
maintained constant, in the second, coil current is 
increased and in third case, current is reduced. The pulse 
position is shown in the figure 14. The thyristor pulse 
width is 20o and positioning of the pulses for both the 
thyristors are placed 180o apart. The location of the pulse 
in the half cycle decides the charging or discharging. To 
maintain the current through the coil constant, these pulses 
are to be located at 90o in each half cycle. The average coil 
current is constant. If the charging is required then the 
pulses are to be moved above 90o and for discharging the 
pulses are to be placed below the 90o. The reference for 
this is considered with the storage capacity of the inductor 
coil. 
 
The control of current in coil is one variable while the dc 
voltage across the capacitors is another.  
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Fig 14: Charging and discharging pulse positions 

 
The control scheme is implemented as shown in figure 15. 
The reference current set for the coil is generally a 
maximum current to which the coil can be charged. This 
reference can be made adaptive with system load current 
to get the advantage of the off-period availability of the 
power. This can be made to follow the load demand if the 
system is interfaced with the power system with the 
balance voltage source inverters. The switching of DC-DC 
multilevel converter is set to the frequency from 50 Hz to 
5 kHz. This is depending on the power handling capacity 
of the converter. The switching frequency will be low as 
the power rating of the converter is more. The frequency 
is regulated by using voltage controlled oscillator (VCO). 
The required control on position (α) of the pulses for the 
half bridge converter is generator through the 
synchronizing circuit. The charging or discharging mode 
is regulated by comparing the actual coil current with the 
set reference value of the current. This control algorithm 
can be implemented on digital signal processor.    

    
V. PERFORMANCE OF THE CONVERTER 

 
This control with the circuit considering the IGBT 
switches is simulated in the PSIM. The design parameters 
are chosen to make it more realistic so that the prototype 
could be built. The simulation parameters are given in the 
Table-I. The switching frequency of the DC-DC converter 
is set to visualize the operating of the converter switches 
on both the sides of the transformer. The voltages across 
the switch (Q1) are shown with the capacitor voltage (C1) 
in the figure 16. The switching of these devices takes 
place exactly at the zero voltages.  
 
This confirms the ZVS operation. Similarly the secondary 
side converter is operating at the zero current (ZCS). This 
is observed from the current and operating pulses as 
shown in the figure 17. The results of simulation 
indicating the charging operation of the coil is presented 
in figure 18.The charging current is .indicated with the 
time period of charging and discharging. In the charging 
mode, the discharging period is always less than the 
charging time period to push the storage of the energy. 
This indicates the pulse positioning of the thyristors on 
secondary side of the transformer governs the control of 
coil current.  The capacitor voltages across each of the 
stages (Vd1 and Vd2) and current Io is shown in figure 19.  
 

 
Fig 15: Control scheme for DC-DC converter 

 
The effective charging of the current with the balancing of 
the voltage are taking the place. The voltages on these 
capacitors are set to a value of 500 volts and 300 volts and 
charging starts from the zero current in the coil. The final 
steady state is achieved where both the capacitors are 
having same voltages. This voltage is 40 volt. The current 
increases in the coil up to the value of 550 amps.  

  
Table 1: Simulation parameters 

Cd1 ,Cd2 20e-2 
F 

Vd1- Volts 300 

L 0.1 H Vd2 -Volts 500 
C1-C8 10 e-4 IO -Amps 0-1000

Sw. Freq. 50 HZ Thy. pulse width 20O 
Tr-leakage 
inductance 
(Primary) 

0.0001 Tr-leakage 
inductance 

(Secondary) 

0.0000
1 

 
Fig 16: Voltages across the switch Q1 and capacitor C1-A ZVS 

operation 

 
Fig 17: Currents through the thyristor- T1 and T4 snd T2-T3 

(ZCS operation) 
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Fig 18: Coil charging-charging period is more than 

discharging  

 
Fig 19: Capacitors voltages are balancing with the 

charging coil current 
 

VI. CONCLUSION 
 
In multi level DC-DC converters, voltage across the DC 
bus is more sensitive and often interferes in its operation. 
This paper presents the analysis of the voltage balancing 
at the dc bus of multi- level converters. The high power 
converter design with selection of circuit parameters is 
also presented. The operation of the circuit indicates the 
multi-level dc-dc converters gets balance with the 
appropriate switching of the H-bridge. The control 
scheme proposed also regulates the coil current. The new 
adaptive current controlled auto balancing is implemented 
to get stable operation of multilevel DC-DC converter. 
This converter works in soft switching mode hence over 
all efficiency and operating stability is ensured with more 
economical design. This has applications in interfacing of 
superconducting magnetic energy storages to be 
interfaced with the power system.   
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Performance Investigation of Modified 
Self- Commutated CSI-fed Induction Motor Drive 

 
Pramod Agarwal 1     A.K. Pandey 2    V.K. Verma 1 

 
Abstract - The performance of modified self-commutating 
CSI-fed induction motor drive is investigated in this paper. 
The mathematical model of the complete drive system is  
developed in the synchronously rotating d-q reference frame            
to evaluate the performance of the drive. Closed form 
mathematical expressions are developed for the torque, 
phase voltage, efficiency, power factor, total loss etc. 
Performance of the drive is obtained experimentally and 
compared with the analytical results for validation 
 
Keywords - Current Source Inverter, PWM Rectifier, 
Optimal Capacitor. 

 
I. NOMENCLATURE 

 
ias, ibs, ics Line currents of the PWM inverter 
vs Instantaneous stator phase voltage  
ic Instantaneous phase current of capacitor 
vds

e, ids
e Voltage and current in d-axis stator winding in 

synchronous rotating reference frame 
vqs

e, iqs
e  Voltage and current in q-axis stator winding in 

synchronous rotating reference frame 
idr

e, iqr
e  Current in d and q axes of the rotor winding in 

synchronous rotating reference frame 
icd

e  Capacitor current in d axis winding in 
synchronously rotating reference frame 

icq
e Capacitor current in q axis winding in 

synchronously rotating reference frame 
Iact  Active component of stator current 
Ireact Reactive component of stator current 
ωe  Synchronous speed of the induction motor 
ωr  Rotor speed of induction motor 
ωsl  Slip speed of the induction motor 
θe  Angular position of synchronous reference frame 
Idc d.c. link current 
te Electromagnetic torque 
tl Load torque 
tL  Rated load torque 
Vinv  Input voltage of the inverter 
Iinv  Input current of the inverter 
Vr  Rectifier output voltage 
rf  Resistance of d.c. link inductor 
lf Inductance of d.c. link inductor  
lss, rs  Self inductance and resistance of stator winding 

per phase 
lrr ,rr Self inductance and resistance of rotor winding 

per phase 
lm Mutual inductance per phase 
l1 ls lr- lm

2 
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C Capacitance per phase 
J Moment of inertia in kg-m2 

B Viscous friction coefficient 
β Pulse width of PWM rectifier  
VLL Line to line input voltage of the rectifier 
P No. of poles 

 
II. INTRODUCTION 

 
The speed control of the induction motor is possible over 
a wide range by feeding the motor through a variable 
frequency Current Source Inverter (CSI). Due to 
controlled current operation of the inverter and thus 
inherent short circuit protection, slip regulated CSI is 
preferred over Voltage Source Inverter (VSI). The current 
source at the front end makes the system naturally 
capable of power regeneration without the need of extra 
converter as required in VSI. However, the line currents 
of conventional CSI-fed induction motor drive are non-
sinusoidal in nature and have dominant low order 
harmonics. These lower order harmonics give rise to 
torque pulsation and hence, different PWM techniques in 
CSI are reported in 

 
literature [1-5] which includes optimal PWM [2], speed 
pulsations. For the smooth speed control Programmed 
PWM [3] and Space Vector Modulation [5]. Another 
control technique to reduce the losses in the drives is 
presented in [6]. All these techniques are aimed to reduce 
the harmonics in the inverter output current but still the 
motor current is non-sinusoidal. To make the input power 
factor unity as well as motor current sinusoidal, 
techniques based on active filters are proposed in [11, 12]. 
The use of active power filter increases the cost and 
complexity.  

 
In the present paper a modified self commutating CSI-fed 
induction motor drive is designed and developed so that 
the motor line voltages and currents are nearly sinusoidal 
over the wide range of the speed control.  At the terminals 
of induction motor, a 3-phase capacitor bank is connected. 
The capacitor is designed such that it removes the 
harmonics from the machine currents over the wide 
operating frequency. The use of variable speed induction 
motor fed from variable frequency source for a particular 
application depends upon its steady state performance. 
The steady state analysis of the conventional current 
source induction motor drive has been reported in [7-10]. 
The aim of this paper is to investigate the steady state 
performance of the modified CSI drive. Simulation and 
experimental results are presented and compared to 
validate the mathematical model of the drive. 

 
III. SYSTEM DESCRIPTION 

 
The modified CSI fed induction motor drive consists of a 
three-phase ac source, PWM rectifier, dc link 
smoothening reactor, a current controlled inverter, a 
three-phase squirrel cage induction motor and three-phase 
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capacitor bank as shown in Fig 1. The input current 
source is realized using rectifier with current feed back. 
The output voltage of the rectifier is controlled using 
equal pulse width modulation technique. Thus the source 
current is having symmetrically placed equal width pulses 
which makes the input displacement factor unity and also 
reduces the harmonics injected into supply. The CSI 
output is controlled using space vector technique to 
reduce the harmonics in the output current. To operate the 
machine at a normal value of air gap flux, the motor is 
operated in statically unstable region of torque-slip 
characteristics using slip regulator in the feedback loop. 
The present work makes use of speed and current 
controllers of PI type. The actual speed of induction 
motor is measured by pulse encoder and compared with 
the reference speed set. The speed error is processed in 
the speed control loop to obtain the reference slip speed. 
Using slip regulator characteristics, the value of reference 

active stator current of the induction motor and reference 
reactive current are determined corresponding to 
reference slip speed.  

 
The reference stator current is obtained using stator active 
reference current, the stator reactive reference current and the 
capacitor current as shown in the Fig.1. The stator current vs. 
slip speed and reactive stator current vs. slip speed 
characteristics together determine the slip regulator 
characteristics. These characteristics are shown in Fig.2 and 
Fig.3 and are obtained experimentally. The figures show that 
active current increases linearly with slip and hence with load 
while the reactive current is nearly constant all through out. 
Using reference active current, capacitor rms current and stator 
reference reactive current, stator reference current is 
determined, which is transformed to the dc link side to obtain 
the reference dc link current. The reference slip speed is added 
to the actual rotor speed to obtain the switching frequency of the 
inverter

 

 
Fig 1: Variable speed modified current source inverter fed induction motor drive 

  
 

       
Fig 2: Active current vs slip speed characteristic                  Fig.3: Reactive current vs slip speed characteristic
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IV. MATHEMATICAL MODEL OF THE DRIVE 
 
The modeling of the modified CSI fed induction motor 
drive is carried out in synchronously rotating reference 
frame.  
 

Three-phase PWM Rectifier 
The PWM rectifier output voltage depends upon the 
number of pulses per cycle and their widths. The 
converter is modeled for twelve numbers of equal pulses 
per cycle. It leads two pulses per 60°, each of β width. 
Fig.4 shows the output voltage waveform of PWM 
rectifier over a 600 interval. 

 
Fig 4: Output voltage of PWM Rectifier over  600 
 
The average output voltage of the rectifier can beobtained in 
terms of pulse width β and can be expressed with the following 
expressions:                     

3 2 5(4sin ) sin
12 2r LLV V π β

π
=  (1)

Since β is varied from 10% to 90% of (π/6) radians, therefore,  
                    sin (β/2) ≅ (β/2)               and  

)2/(218.5 βLLr VV =  (2)

 
Three Phase Pulse Width Modulated Inverter 
The output of CSI is controlled using space vector 
modulation. The fundamental component of line currents 
of the 3-phase pulse width modulated inverter ias, ibs, ics 
forms a balanced set of 3-phase currents with a maximum 
value as Ias(max) and can be expressed as 

Ias(max)= k Idc (3)
where, k is obtained with the help of Fourier analysis 
different PWM techniques in CSI are reported in of 
inverter line current waveforms. The value of k depends 
upon the operating frequency of the inverter and it varies 
from 0.8485 to 0.9970 for variation in operating 
frequencies from 10 Hz to 50 Hz. The qe axis of the 
rotating reference frame is assumed to coincide with the 
stator a-axis at t = 0 as shown in Fig.5. 
 

 
Fig.5: d-q reference frame 

Since inverter output fundamental current peak is taken 
along the qe axis of the reference frame, the transformed 
phase currents in the qe-de reference frame are:  

00 =e
si ;   k e

qs dci I= ;  0=e
dsi  

(4) 

Assuming power loss in the inverter to be negligible, 
Inverter input power = Inverter output power   

invinv IV = cscsbsbsasas iviviv ++   

= ( )e
ds

e
ds

e
qs

e
qs iviv +

2
3  

(5)   

Substituting the values of iqs
e, ids

e and Iinv as Idc, the inverter 
input voltage is obtained as: 

invV  =1.5 k e
qsv  (6) 

 
D C   Link  
The rectifier output voltage Vr is expressed as 

( )1.5 k e
r qs f f dcV V r pL I= + +  (7) 

 
Three-phase Induction Motor 
The induction motor can be modeled in qe-de reference 
frame using the following assumptions. 

 The three phase stator windings of the motor are balanced 
and sinusoidally distributed in space. 

 The air gap flux is maintained at rated value. 
 The motor line currents are sinusoidal due to capacitor at 

the motor terminals.  
 The dc link current is ripple free. 
 The switching transients in the inverter are ignored. 
 There is no core loss in the induction machine.    

 
The motor can be described by the following fourth-order 
matrix equation in qe-de reference frame: 
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(8) 

he electromagnetic torque equation of the motor is 
expressed as  

( )e
m qs

3 P  . .  
2 2

e e e
e dr qr dst L i i i i= −  (9) 

The equation of motion of the drive is expressed as 

r
r

le B
dt

dJtt ω
ω

++=  
(10) 

The load torque equation is given by:  
( )baserLl tt ωω /.=  (11) 

                                
Three Phase Capacitor Bank    
Assuming capacitor connected across the terminals of the 
stator to be loss less, the capacitor current is given as:  

dt
dv

Ci s
c =  

(12) 

Transforming the equation (12) in the synchronously 
rotating  reference frame qe-de ,   
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( ) ( )e e
cd e cq ei  cos t-i  sin t cos sine e

ds e qs e
dC v t v t
dt

ω ω ω ω= −

e e
cd ds

e e
cq qs

i   C (pv )
 
i  C (pv )

e
e qs

e
e ds

v

v

ω

ω

⎫= − ⎪
⎬

= + ⎪⎭
             (13) 

The equations (1) to (13) describe the mathematical 
model of the modified self-commutated CSI fed 
induction motor drive. 
 

V. STEADY STATE ANALYSIS 
 
The steady state performance of the drive is obtained 
using the mathematical model of the drive. The various 
steady state equations used in the performance analysis 
are given below: 

)0()0()0( dcfinvr IrVV +=  (14)

(0) (0)
3 k
2

e
inv qsV v=  

(15)

(0) (0) (0)1.5k e
r qs f dcV v r I= +  (16)

The steady state inverter current, machine current and 
capacitor current are related according to the following 
equations in qe-de reference frame. 

e
ds

e
dc

e
invd iii )0()0()0( +=  (17)

e
qs

e
qc

e
invq iii )0()0()0( +=  (18)

Since inverter output fundamental current peak is taken 
along the qe-axis of the reference frame, therefore, 

0)0( =e
invdi  (19)

(0) (0)ke
invq dci I=  (20)

Capacitor current is expressed in qe-de reference frame as 
given below: 

e
qse

e
dc vCi )0()0( ω−=  (21)

e
dse

e
qc vCi )0()0( ω=  (22)

The steady state stator current equations in qe-de reference 
frame are given by the following expressions. 

e
qse

e
ds vCi )0()0( ω=  (23)

(0) (0)ke e
qs dc e dsi I C vω= −  (24)

The steady state equation of the machine in qe-de 
reference frame is as given below: 
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  (25) 
Under steady state condition, torque developed by the 
motor is equal to the load torque. Hence, 

( ) l
e
dr

e
qsme tiilPt == )0()0(.

2
.

2
3

 
(26)

Solving these equations, we can obtain the expressions 
for performance parameters of the drive. 
 

VI. SELECTION OF OPTIMAL CAPACITOR 
 
To obtain the optimal value of capacitor required at the 
motor terminals for near sinusoidal current over a wide 
range of operating frequency, the steady state 
performance curves are plotted. These performance 
curves are obtained by computing the value of torque 
developed by the motor, power output, stator voltage per 
phase, stator current, power factor, power loss efficiency, 
dc link voltage for fixed value of dc link current, rated 
frequency and variable capacitance per phase and varying 
the slip from 0 to 1. 
 
At the operating frequency and C=90μF/phase, slip-
torque characteristic of Fig.6 shows that the torque 
developed by the machine is affected by the resonance. 
Therefore, higher value of capacitor is required. The 
performance curves are obtained for three different values 
of capacitor and are plotted against load torque as shown 
in Fig.6 to Fig.11. To explain these performance curves, 
the magnetization and rotor current variations with torque 
are also shown in Fig.12. 
 

  
Fig.6: Variation of slip with load torque 

 
Fig.7: Variation of power output with load torque 
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Fig.8: Variation of motor current with load torque 

 
Fig.9: Variation of power loss with load torque 

 
 Fig.10: Variation of Efficiency with load torque 

 
Fig.11: Variation of power factor with load torque 

 
Fig.12: Variation of magnetizing and rotor current with 

load torque 
 

Each curve is characterized by two regions, a stable 
region and an unstable region. In stable region as the 
capacitance increases, the slip increases for any value of 
torque. The peak value of torque decreases with the 
increase in capacitance while the slip corresponding to 
peak value of torque increases with the increase in 
capacitance. The starting torque is high at higher value of 
capacitance. Power output decreases with decrease in 
torque, in unstable region at each value of capacitance, 
because of low torque and high value of slip. The 
maximum value of power output reduces with the 
increase in capacitance. The stator current is the phasor 
sum of the magnetization and the rotor currents. As 
evident from the Fig.12, the magnetization current is 
nearly constant with respect to torque while the rotor 
current varies widely with torque. In the stable region at 
low value of slip, magnetization current is large in 
comparison to the rotor current, therefore stator current 
varies according to the variation in magnetization current. 
However, at high value of slip, rotor current is large in 
comparison to the magnetization current; therefore stator 
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current varies according to the variation of the rotor 
current. In the unstable region stator current increases 
with the decrease in torque corresponding to each value 
of capacitance because of high value of rotor current. The 
performance characteristics show that at a capacitor value 
of 150μF, the performance of the drive is better. 
 
The experimental investigations are also carried out in 
open loop with the different values of capacitance across 
motor terminals, and it is found that the performance of 
the drive is found to be the best at this value of capacitor.  
Hence, 150μF value of capacitor is selected.  The motor 
currents are recorded for different operating frequencies 
and are found to be close to sinusoidal. These currents are 
shown in fig.13 to fig.15. 

 
Fig.13: Motor line currents at 10 Hz operating frequency 

 
Fig.14: Motor line currents at 25 Hz operating frequen

Fig.15: Motor line currents at 50 Hz operating frequency 
 
 

VII. RESULTS AND DISCUSSIONS 
 
To investigate the performance of the drive, the machine 
is run at the rated frequency of 314rad/sec and current of 
3.0 Amp and load test is performed. The drive 
performance parameters such as slip, power output, stator 
voltage, stator current, efficiency, output power factor, dc 
link voltage, input power factor are determined and 
plotted against developed torque.  

 
To confirm the validity of the mathematical model of the 
drive, the performance of the drive is computed at the 
same operating conditions and plotted on the same graph. 
The experimental and analytical performance curves are 
shown in Fig.16 to Fig.23. The curves are in close 
conformity to each other. 
 

 
Fig.16:  Slip vs  torque characteristic 

 

 
Fig.17: Power output vs  torque characteristic 
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Fig. 18: Stator current vs  torque characteristic 

 
Fig.19:  Stator voltage vs  torque character

 
Fig.20:  Efficiency vs  torque characteristic 

  
Fig. 21: Inverter output power factor vs  torque characteristic 

  
Fig.22: DC link voltage vs  torque characteristic 

 

  
Fig.23: Input power factor vs  torque characteristic 
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Slight deviation in the two curves is because of 
assumptions taken in the determination of analytical 
curves. For the same value of torque, slip obtained 
experimentally is more in comparison to the slip obtained 
analytically, since due to various power losses motor is 
not able to generate the same amount of torque at any 
speed as determined analytically. Therefore, the 
experimental power output at any value of torque is less 
in comparison to the power output obtained analytically. 
The power output increases with the increase in torque in 
both the cases.  The stator current in both the cases are 
almost identical and very near to each other.  The stator 
current variation with respect to torque is very small 
because with capacitance at the machine terminals. The 
magnetization and rotor currents are adjusted in such a 
manner that their phasor sum i.e. stator current varies 
very slowly with the torque. The efficiency increases with 
the increase in torque till maximum efficiency is achieved. 
At any value of torque experimentally obtained efficiency 
is less than the analytically obtained efficiency because of 
negligence of core, friction and windage losses. The 
power factor of the machine increases with the torque. 
Hence power factor of the inverter also increases with the 
increase in torque. For fixed value of dc link current the 
dc link voltage depends upon the input power demand of 
the machine. As the torque increases the power demand 
of the drive increases; hence dc link voltage increases 
with the torque. Both the power factors are quite close to 
each other at each value of operating frequency and 
torque. The analytically obtained power factor of pulse 
width modulated rectifier is always unity, while the 
experimentally obtained power factor is found to be very 
close to unity.  
 
Thus, a good co-relation is found between analytical and 
experimental performance curves. The agreement 
between the analytical and experimental performance 
curves confirms the validity of the developed model 
considering various assumptions. 
 

VIII. CONCLUSION 
 

A modified self-commutating CSI-fed induction motor 
drive is presented. The steady state performance 
expressions are developed. The steady state performance 
of the drive is drawn at the different value of capacitances 
to select the capacitor required at the machine terminals. 
The optimal value of capacitor is selected from the curves 
for high power output, acceptable current, minimum 
power loss and maximum efficiency. The steady state 
performance curves at the optimum value of capacitance 
are drawn through simulation and are compared with the 
experimental curves drawn at the rated operating 
frequency and fixed dc link current in the open loop. 

 
APPENDIX 

 
Induction Motor Parameters 
3-phase, 400V, 50 Hz, star connected, 1.0 H.P.  
rs = 3.52 Ω ,  rr = 2.78 Ω ,  lss = 0.165 H 
lrr = 0.165 H,  lm = 0.15 H,  J = 0.01289 kg-m2 

D.C. Link Parameters 
 rf = 0.250 Ω,    Lf = 0.04 H 
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 Reliability Estimation for Power Factor Correction 
Circuits 

 
Kumar A. Praveen 1    Amer Gulam 2  Rao.S Srinivasa 3 

 
Abstract-Reliability plays an important role in power 
electronic systems such as spacecrafts, aircrafts and 
telecommunications. Therefore it is necessary to calculate the 
failure rate, repair cost etc before designing a power supply 
for such applications. In this paper single switch boost Power 
Factor Correction (PFC) converter and interleaved boost 
PFC converter is simulated in Discontinuous Conduction 
Mode (DCM), Critical Conduction Mode (CRM) and 
Continuous Conduction Mode (CCM) under different output 
power ratings and results are tabulated. The reliability of 
semiconductor devices and all other components of the 
converter are calculated based on MIL-HDBK-217 standard.  
From the simulation results it is found that both single switch 
boost PFC converter and interleaved boost PFC converter 
performance when operating in CCM is better with reference 
to reliability.  
 
Keywords - Reliability, Power factor correction, Boost 
Converter, Simulation of converters. 

 
I.  INTRODUCTION 

 
Reliability is the probability of operating a product for a 
given period of time without failure under specified 
conditions and within specified performance limits. It 
plays an important role in power electronic systems by 
which the number of system failures, repair costs, 
guarantee etc are estimated. Every day the dependency 
upon the continuous availability of electronic equipment 
grows [1]. Examples include telephone systems, 
computers supporting stock markets, and industrial control 
equipment, petrochemicals etc. This means the power 
supplies supporting the equipments/loads must perform 
without interruption and without any fault. The design 
emphasis in power-electronic systems is primarily on 
(apart from production  cost) efficiency, power density and 
quality; the assumption being, if these criteria are met then, 
once a power-electronic product or system is in service, it 
will last for a long time (i.e. it have a high mean time to 
failure or MTTF). This is not a rational expectation and as 
such, many of the power-supply and power-system 
industries are faced with the daunting reality of random 
product and system failures in the field at a steady rate, 
which is costing the industries a lot. Many power-
supply/power-system industries have expressed the need 
for investigating failure modes of their products/systems to 
significantly increase the MTTF and the mean time 
between failures (MTBFs). However, this is not an easy 
task which requires an extensive multidisciplinary effort.  
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A. Reliability Function 
The reliability of a component can be described as an 
exponential function [1]. The probability of finding a 
component operating after a time period is defined as: 

tetR λ−=)(   (1)

Where λ is the constant failure rate during the useful life 
period. The mathematic mean value of R (t) occurs at t 
equal to   1/ λ. It is the mean time elapsed until a failure 
which occurs, or the ‘‘Mean Time To Failure”, MTTF. 
Reliability curve is shown in Fig. 1. 

 

Fig.1 Reliability curve [1]  

MTBF (Mean Time between Failures): As repair time 
(MTTR) normally can be neglected compared to MTTF 
for electronics, MTBF can be found as : 
 

MTBF = MTTF + MTTR 
≈ MTTF =1/ λ 

MTBF or the failure rate can be calculated using different 
kinds of input data. 
 
B. Time Dependence of Failure Rate 
The time dependence of the failure rate for a given 
population of items of the same type often exhibits at least 
one of the following three periods which produce a 
bathtub curve as in Fig. 2. 

 
               Fig. 2 Time dependence of the failure rate 
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When interpreting reliability figures it is important to 
determine the physical reality of failure modes and 
distributions. These three periods can be explained as in 
the following. However, the time dependence curve for 
any single item type could be significantly different. 
 
1. Early failure period: At the start of the operating period, 
sometimes a higher failure rate is observed which 
decreases with time. Early failures occur due to 
manufacturing processes and material weaknesses that do 
not result in failures in tests. 
2. Constant failure rate period: After the early failure 
period, the failures occur with varying failure causes that 
result in an effective constant failure rate during the useful 
life.  
3. Wear-out failure period: The final period that shows an 
increasing rate of failures due to the dominating effects of 
wear-out, ageing or fatigue.  
 
C. Calculation of MTBF for Equipment 
When calculating the MTBF for equipment [1], its total 
failure rate λe must be found. Normally the assumption is 
that all components are needed for operation. Consider an 
equipment or apparatus containing n components.  
The probability to find n components in operation after 
the time t is: 

( ) tt
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(2) 

and          
nλλλλλ +⋅⋅⋅⋅⋅⋅⋅⋅⋅+++= 321  (3) 

The total failure rate for the equipment at   specified 
conditions is accordingly achieved as: 

nbnbbe ccc ⋅+⋅⋅⋅⋅⋅⋅⋅⋅⋅+⋅+⋅= λλλλ 2211  (4) 
By simply inverting this value, the MTBF figure for the 
equipment is found: 

e
MTBF

λ
1

=  (5) 

D. Reliability Prediction [2] 
Reliability predictions are conducted during the concept 
and definition phase, the design and development phase 
and the operation and maintenance phase, at various 
system levels and degrees of detail, in order to evaluate, 
determine and improve the dependability measures of an 
item. Successful reliability prediction generally requires 
developing a reliability model of the system considering 
its structure. The level of detail of the model will depend 
on the level of design detail available at the time. Several 
prediction methods are available depending on the 
problem. During the conceptual and early design phase 
afailure rate prediction is a method that is applicable 
mostly, to estimate equipment and system failure rate. 
Following models for predicting the failure rate of items 
are given:  
• failure rate prediction at reference conditions (parts 

count method)  
• failure rate prediction at operating conditions (parts 

stress method)  
 

Failure rate predictions are useful for several important 
activities in the design phase of electronic equipment in 

addition to many other important procedures to ensure 
reliability. Examples of these activities are:  
• to assess whether reliability goals can be reached,  
• to identify potential design weaknesses,  
• to compare alternative designs,  
• to evaluate designs and to analyze life-cycle costs,  
• to provide data for system reliability and availability 

analysis,  
• to plan logistic support strategies,  
• to establish objectives for reliability tests.  

 
E. Parts Count Method 
In this paper, parts count method is used. The failure rate 
for equipment under reference conditions is calculated as 
follows:                    n 
                    λ  s, t = Σ   (λ ref) t                                                             (6) 
                                  i=1 
where  
λ ref is the failure rate under reference conditions 
n is the number of components  
 
The reference conditions adopted are typical for the 
majority of applications of components in equipment. 
Reference conditions include statements about operating 
phase, failure criterion, operation mode (e.g. continuous, 
intermittent), climatic, mechanical stresses and electrical 
stresses. It is assumed that the failure rate used under 
reference conditions is specific to the component, i.e. it 
includes the effects of complexity, technology of the 
casing, different manufacturers and the manufacturing 
process. 
 
F. Parts Stress Method 
Components in equipment may not always operate under 
the reference conditions. In such cases, the real operational 
conditions will result in failure rates different from those 
given for reference conditions. Therefore, models for 
stress factors, by which failure rates under reference 
conditions can be converted to values applying for 
operating conditions (actual ambient temperature and 
actual electrical stress on the components), and vice versa, 
may be required. The failure rate for equipment under 
operating conditions is calculated as follows:  
                                n 
                         λ = Σ (λ ref x π

U  
x

   
π

I  
x

 
π

T   
) i                          (7) 

                               i=1 
where        
λ

ref 
is the failure rate under reference conditions;  

π
U 

is the voltage dependence factor;  
π

I 
is the current dependence factor;  

π
T 

is the temperature dependence factor;  
n is the number of components 

 
II.   SINGLE SWITCH BOOST PFC RECTIFIER 

 
The operation of boost PFC converter can be studied under 
three modes of operations viz. continuous conduction 
mode, discontinuous conduction mode and critical 
conduction mode. The continuous conduction mode is 
studied and simulated for three current control modes- 
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peak current mode control, average current mode control 
and hysterisis current mode control. Fig. 3 shows the 
schematic diagram of boost PFC converter. 

 
Fig. 3   Boost PFC rectifier 

A. Continuous Conduction Mode of Operation 
The operation of boost PFC converter for Continuous 
conduction mode is studied and simulated under voltage 
control mode and current control mode. The current 
control mode is simulated under three modes namely peak 
current mode control, average current control mode and 
hysteresis current control mode. By calculating the 
reliability under these three current control modes we can 
understand which method is best from the reliability point 
of view and also we can verify whether any of the three 
current control modes is inferior in reliability to DCM and 
CRM modes. 
 
(a) Peak Current Mode Control: 
The current control signal i* which is a scaled input 
voltage determines the peak of the inductor current iL, the 
sinusoidal current reference. This reference is usually 
obtained by multiplying a scaled replica of the rectified 
line voltage vg times the output of the voltage error 
amplifier, which sets the current reference amplitude. The 
active switch in the boost converter is turned on at the 
beginning of each switching cycle. The switch is turned on 
at constant frequency by a clock signal. As soon as the 
inductor current iL reaches i*, the switch is turned off and 
this process repeats [3]. In this way, the reference signal is 
naturally synchronized and always proportional to the line 
voltage, which is the condition to obtain unity power 
factor. 
 
(b) Average Current Mode Control: 
The inductor current is sensed and filtered by a current 
error amplifier whose output drives a PWM modulator. In 
this way the inner current loop tends to minimize the error 
between the average input current ig and its reference. The 
latter is obtained in the same way as in the peak current 
control. Its advantage over the peak current mode control 
is that the stability ramp, which is mandatory for the peak 
current mode control, is eliminated. The inductor current 
waveform shown in fig 4. 
 
(c) Hysteresis Current Mode Control: 
The upper inductor current reference is a half sinusoidal 
denoted Ipsinωt, with peak amplitude of Ip. The lower 
current reference is a half sinusoid, denoted Icsinωt, with 
peak amplitude of IC. The average inductor current, which 
has only the 120 Hz component of inductor current, is a 
half sinusoid, denoted Imsinωt. The inductor current ripple 
is δsinωt, where δ is the peak current ripple. Since the 

inductor current switches at a much higher rate than the 
line voltage, the line voltage is assumed constant in each 
inductor current switching cycle [4] for the above current 
control mode techniques. 

 
                    Fig. 4 Inductor current waveform for CCM- Average 

CMC 
 

B.  Discontinuous Mode of Operation 
For low power application, to reduce the added component 
count and cost of the PFC stage in the two-stage approach, 
low cost alternatives have been rigorously pursued by 
attempting to integrate the active PFC input stage with the 
isolated DC/DC converter. The input PFC function is 
automatically achieved based on the principle of circuit 
operation. Generally, the input power factor of 
discontinuous PFC converter is not unity, but its input 
current harmonics are small enough to meet the 
specifications, such as the IEC 61000-3-2 class D [5]. The 
discontinuous conduction mode of boost PFC is simulated 
and the inductor current waveforms are shown in Fig.5  
and Fig. 6.  

 
Fig. 5 Inductor current waveform for DCM 

 

Fig.6 Inductor current for DCM (enlarged) 
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C. Critical Boost PFC Rectifier 
The operation at the boundary of CCM and DCM was 
considered "constant on-time'' for the boost switch. 
However, due to finite switching frequency and capacitor 
filter effect, the switch turn-on time varies throughout the 
entire cycle. This variation of the switch "on-time" affects 
the average switching frequency and the circuit 
component selection criterion. The control switch turns on 
when the inductor drops to zero and turns off when the 
inductor current reaches the peak inductor current 
envelope. The actual inductor current presents a saw 
tooth-type wave shape [6]. The simulated waveforms 
under critical conduction mode are shown in Fig. 7 and 
Fig. 8. 

 
 

Fig.7 Inductor current waveform for CRM                                 
 

 
Fig.8 Inductor current waveform for CRM (enlarged) 

III. INTERLEAVED BOOST PFC 
 
Interleaved converters offer several advantages over 
single-power stage converters; a lower current ripple on 
the input and output capacitors, faster transient response to 
load changes and improved power handling capabilities at 
greater than 90% power efficiency. Another important 
advantage of interleaving is that it effectively increases the 
switching frequency without increasing the switching 
losses. The obvious benefit is an increase in the power 
density without the penalty of reduced power-conversion 
efficiency. There is still a penalty, however. interleaving 
requires increased circuit complexity (greater number of 
power-handling components and more auxiliary circuitry), 
leading to higher parts and assembly cost and reduced 
reliability. Fig.9 shows the schematic diagram of 
interleaved Boost PFC [7-8]. 

 

 
Fig. 9 Interleaved Boost Converter Topology 

A. Continuous Conduction Mode 
Even though the inductor currents in IL1 and IL2 are 
discontinuous the input current which is the sum of two 
inductor currents is continuous [9]. So that interleaving 
virtually eliminates discontinuity in the input current 
which is a major advantage. The inductor current 
waveform for continuous conduction mode of interleaved 
converter is shown in Fig. 10 

 
Fig. 10   Inductor current waveforms for  Interleaved CCM    

(enlarged) 
 

B.  Discontinuous Mode of operation 
To operate interleaving configuration in discontinuous 
mode of operation the phase shift of 180o is properly 
incorporated between the two inductor currents by using 
the delay. Fig. 11 shows the boost inductor current 
waveforms in discontinuous mode of operation. 

 
Fig. 11 Inductor currents waveforms (enlarged) for interleaved 

DCM boost 
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C.  Critical Conduction Mode 
The interleaved switching converter composed of parallel 
connection of switching converters of the same switching 
frequency, but each switching phase is sequentially shifted 
over equal fractions of the switching period [10]. The 
simulated CRM inductor current waveforms have been 
shown in Fig.12. 

 

Fig. 12 Inductor currents for Interleaved CRM (enlarged) 

IV. RELIABILITY CALCULATIONS [11] 
 
In this section, reliability of the boost converter in 1200 W 
output power and Peak Current Mode control is calculated 
and presented in details. For different output powers and 
operating modes, results of reliability calculations are 
shown in Table-IV to Table-VI. The parts count method is 
used to calculate reliability. In this approach, first the 
failure rate of each component in the converter 
configuration is obtained individually and then the value 
of the converter’s MTBF is calculated from equations (4) 
and (5) that “N” is the number of consisting parts. The 
reliability of semiconductor devices and all other 
components of the converter are calculated based on MIL-
HDBK-217 standard [12].  MIL-HDBK-217 provides 
failure rate data and stress models for parts count and parts 
stress predictions. It provides models for many component 
and assembly types and fourteen environments ranging 
from ground benign to canon launch. It is well known for 
international military and commercial design procedures 
has been widely accepted. It provides predictions for 
ambient of 0ºC to 125ºC. For these calculations the 
following assumptions are made: 
 
1. The ambient temperature is 27 ºC 
2. The control structures of these converters are not the 
same whose reliability can be neglected for comparing the 
reliability of main components. 
3. To calculate the reliability, first the dynamic and static 
losses of MOSFET and diode should be calculated for 
different output powers working in three operating modes 
namely CCM, DCM and CRM.                                         

solavgavgdynamic ftIVP ×××=  (8)

sonavgonstatic ftIVP ×××=  (9)

switchingstaticloss PPP +=  (10)
It should be noted that if the converter is operating in 
DCM mode, ensure that before further turn-on of the 
switch, the inductor current reaches to zero. So that there 
will not be turn-on loss. But in CCM operating mode, 
since in turn-on instant for the switch, the current should 

be transferred form diode to the switch, the dynamic loss 
includes both turn-on/turn-off losses. Sample simulated 
diagrams for MOSFET and diode switching wave forms 
have been shown in Fig. 12 – 16.  

     Fig. 13   MOSFET switching waveform for 1200W- CRM.         

 
Fig. 14  Diode switching waveform for 1200W- CRM. 

 Fig. 15 Turn-off overlap of MOSFET waveform for 1200W- 
CRM           

              Fig. 16 Turn-on overlap of MOSFET waveform for 
1200W- CRM 
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V.  RESULTS AND CONCLUSIONS 

A.   Discussion of Result 
The power loss is calculated for each component in the 
converters under specified operating modes and 
tabulated in Tables I, II and III. Then, the reliability is 
calculated and compared for CCM (namely Peak-CMC, 
Average-CMC and Hysteresis-CMC), DCM and CRM 
for the converters and tabulated in tables IV,V and VI.   
  

 B.   Conclusions 
From Table IV, V, VI the following points are observed. 

•  The Boost Converter has highest reliability in CCM 
operating mode than in DCM and CRM. 

•  Switches have highest failure rate in DCM and 
CRM modes than CCM mode. Since in DCM and 
CRM modes the peak and rms values of current are 
higher that results in higher current stress on 
switches in this mode. Therefore failure rate is 
higher in CRM and then DCM compared to CCM. 

• The results concluded for single switch boost PFC 
are true for interleaving configuration also. But the 
reliability of interleaved topology is much lesser 
compared to the single switch boost PFC because of 
the presence of two inductors, two diodes and two 
MOSFETs. 

 

 

 

Table-1: Calculated power loss for each component of the boost PFC rectifier 

Output Power  

800W 

 

1000W 

 

1200W 

Operating Mode Peak Average Hysterisis Peak Average Hysterisis Peak Average Hysterisis

Pdynamic(MOSFET) 27.032292 49.614022 93.5101 28.7910 42.62004 73.416 33.787 40.68318 50.4336 

Pstatic(MOSFET) 27.34746 43.9747 100.0123 27.81144 39.2316 78.46335 35.376875 43.3254 52.53623

Pdynamic(DIODE) 0.94956 1.2294 1.819272 1.270665 2.4239 3.889664 1.9836 1.9986 5.472 

Pstatic(DIODE) 0.017835 0.0266568 0.051156 0.029445 0.030247 0.2752386 0.006961 0.00232 0.01152 

Input Bridge 3.70128 3.7224 3.79104 3.84384 3.85176 3.86496 3.8808 3.91776 3.96 

 
 
 

Table-II   Calculated power loss for boost PFC under DCM and CRM 

Output Power 800W 1000W 1200W 

Operating Mode DCM CRM DCM CRM DCM CRM 

Pdynamic(MOSFET) 258.44364 251.4707 229.7106 235.36 135.6885 152.9867 

Pstatic(MOSFET) 0.1027628 22.2179 0.094374 26.668 0.02777 23.8866 

Pdynamic(DIODE) 41.90355 128.1775 30.9852 141.3348 19.1568 166.6692 

Pstatic(DIODE) 0.005655 0.16228 0.038627 0.108703 0.0054375 0.30942 

Input Bridge 4.32432 5.16912 4.752 5.3724 5.7024 6.115824 

 

 

 

 

 



Praveen Kumar A et.al: Reliability Estimation for….. 
 
 

36 

Table-III  Calculated power losses for MOSFET, output diode and the input bridge for interleaved boost converter 
Output Power 800W 1000W 1200W 

Operating Mode CCM DCM CRM CCM DCM CRM CCM DCM CRM 

Pdynamic(MOSFET) 
Watts 

71.4604 235.4625 238.05197 106.657 23.5172 318.1074 119.238 425.044125 451.6391

Pstatic (MOSFET) 
Watts 

40.85928 0.1029 0.03659 19.36 5.4931 0.169814 17.768 0.25276 0.326604

Pdynamic(Output 
Diode) Watts 

2.2758 60.732 76.650435 11.4468 12.2972 52.02252 2.5245 52.24275 56.25371

Pstatic (Output 
Diode) Watts 

0.036125 0.005156 0.0019575 0.162 0.0971 0.018125 0.03912 0.0098 0.04902 

Ploss(Input Bridge) 
Watts 

2.5476 4.32432 4.7256 2.75616 4.9896 5.2008 2.86704 5.89248 6.0984 

 
Table-IV Reliability calculations for CCM operating mode for single switch boost PFC 

Output Power 800W 1000W 1200W 
Operating Mode Peak Average Hysterisis Peak Average Hysterisis Peak Average Hysterisis 
λp(MOSFET)  15.38 29.64 88.85 16.04 24.81 60.52 20.12 25.66 33.85 
λp(Output Diode)  0.363 0.412 0.453 0.065 0.073 0.087 0.041 0.05 0.06 
λp (Input Bridge) 0.241 0.250 0.2656 0.143 0.155 0.164 0.104 0.110 0.113 
λp(Input Inductor)  0.251 0.251 0.233 0.251 0.251 0.233 0.251 0.251 0.233 
λp(Output Capacitor) 0.060 0.06 0.06 0.07 0.07 0.07 0.084 0.084 0.084 
λp(Output Resistor)  0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Total λp 16.32 30.64 89.89 16.60 25.39 61.10 20.63 26.18 34.37 
MTBF (hours) 61267 32631 11124 60234 39389 16365 4846 38194 29093 

 
Table-V      Reliability calculations for DCM and CRM operating modes of single switch boost PFC 

Output Power 800W 1000W 1200W 
Operating Mode DCM CRM DCM CRM DCM CRM 
λp(MOSFET) 141.25 154.56 117.04 144.28 50.86 76.96 
λp(Output Diode)  3.90 20.12 0.66 9.72 0.075 4.10 
λp(Input Bridge)  0.18 0.21 0.19 0.20 0.16 0.17 
λp(Input Inductor)  0.18 0.18 0.18 0.18 0.18 0.18 
λp(Output Capacitor)  0.06 0.06 0.07 0.07 0.084 0.084 
λp(Output Resistor)  0.03 0.03 0.03 0.03 0.03 0.03 

Total λp 145.60 175.17 118.16 154.48 51.391 81.54 
MTBF (hours) 6868 5708 8463 6473 19458 12264 

 
Table-VI   Reliability calculations for CCM, DCM and CRM operating modes of interleaving boost PFC 

Output Power 800W 1000W 1200W 
Operating Mode CCM DCM CRM CCM DCM CRM CCM DCM CRM 
λp(MOSFET) 76.686 256.9 261.11 90.92 390.41 391.16 103.20 601.56 655.3

3 
λp(Output 
Diode)  

0.200 2.030 3.145 0.58106 2.776 3.1293 0.60 5.014 5.86 

λp(Input Bridge) 0.103 0.124 0.139 0.14213 0.169 0.181 0.173 0.209 0.222
λp(Input 
Inductor)  

0.509 0.363 0.362 0.5099 0.362 0.362 0.5099 0.362 0.362

λp(Output 
Capacitor) 

0.060 0.060 0.060 0.0713  0.071 0.071 0.084 0.084 0.084

λp(Output 
Resistor) 

0.0297 0.0297 0.0297 0.0297 0.0297 0.0297 0.0297 0.0297 0.029
7 

Total λp 77.59 259.46 264.85 92.25 93.82 394. 94 104.60 607.26 661.1
9 

MTBF (hours) 12888 3854 3775 10839 10658 2532 9560 1646 1512 
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APPENDIX 

 
In this section, the sample calculation for failure rate for 
each component is presented: 
 
a) Calculation of Failure rate λp for MOSFET  

(IXFH12N100Q/IXS) : 
 
Vn=1000V, θjc=0.42º C/W, θca=1º C/W 

losscaac PTT ×+= θ  = 27+1X69.163875=96.163875 
 

lossjccj PTT ×+= θ  = 96.163875+0.42 X 69.163875 = 
125.2127 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

+
×−=

298
1

273
11925exp

TjTπ  = 5.08162 

λb=0.012, πE=6, πA=10 ,  πQ=5.5 

TAEQbp ππππλλ ××××=  = 0.012 X 5.5 X 6X 
10 X5.08162 = 20.1232 

 
b)   Calculation of failure rate (λp ) for Ouput diode: 
 
Vn=1000V, θjc=2º C/W, θca=1, Ploss=1.99056W 
 

losscaac PTT ×+= θ  = 27+1 X 1.99056 = 28.99056 
 

lossjccj PTT ×+= θ  = 27+ 1X 1.99056 = 32.97168 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

+
×−=

298
1

273
11925exp

TjTπ  = 1.183291 

λb=0.069, πE=6, πQ=5.5, πC =1 
VS=

500
90  =0.18    ⇒   , πS =VS

2.43 = 0.01549 

CTESQbp πππππλλ ×××××=   
= 0.069 X 5.5 X 0.015 X 6 X1.183291 X 1= 0.041735 
 
c) Calculation of failure rate(λp ) for Input Bridge: 
 
Vn=1000V, θjc=1.6º C/W, Ploss=3.8808 W 
 

losscaac PTT ×+= θ  = 27+ 1 X 3.8808 = 30.8808 
 

lossjccj PTT ×+= θ  = 30.8808 + 1.6 X 3.8808 = 37.09008 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

+
×−=

298
1

273
11925exp

TjTπ  = 1.286413 

λb=0.069, πE=6, πQ=5.5, πC =1 
 

VS=
1200
304  =0.2533    ⇒     πS =VS

2.43  = 0.03554 

 

TSCEQbp πππππλλ ×××××=   
= 0.069 X 5.5 X 6 X 1 X 0.03554 X 1.286413 = 0.104102 
 
d) Calculation of failure rate(λP) for Inductor: 
 

TTT AHS Δ×+= 1.1  = 27 + 1.1 X 11= 39.1 
6.15

329
273

0016.0 ⎟
⎠
⎞

⎜
⎝
⎛ +

×= HS
b

T
λ  = 0.70282m 

πE=6,   πQ=20; 
 

EQbp ππλλ ××=  = 0.070282 X 10-3 X 6 X 20 = 0.08433 
 
e) Calculation of failure rate for Capacitor: 
 

18.034.0 CCV ×=∏  = 0.34 X (917μ)0.18 = 0.09653 
πE=2,    πQ=10; 

CVEQbp πππλλ ×××=  = 0.13 X 10 X 2 X 0.09653 
= 0.250978 
 
f) Calculation of failure rate for Resistor: 
πR=1, πE=2,   πQ=10, λb  = 0.000066; 
 

REQbp πππλλ ×××=  = 0.00066 X 10 X 2 X 1 = 0.0297 
 
Therefore the total system failure rate will be: 
 

∑
=

=
N

n
partsystem

1
λλ  = 20.634 (failures/ 106 hours) 

λ
1

=⇒ MTBF  = 48463.70 
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Control Technologies in Distributed Generation System 
Based on Renewable Energy 

 
Jie Wu 1   Sizhe Chen 1   Jun Zeng 1    Lamei Gao 1 

 
Abstract – Greats efforts have been done to distributed 
renewable energy (RE) power system in latest years. This 
paper summarizes the research achievements of New 
Energy Research Center (a research center in Electric 
Power College, South China University of Technology) in 
distributed RE power system. The paper is mainly divided 
into three parts, including wind energy generation, 
photovoltaic generation and energy management system. 
Firstly, the wind energy generation control technologies is 
presented in variable speed constant frequency, maximum 
wind power capture, power decoupled control, pitch control, 
low voltage ride through, and grid synchronization. 
Secondly, the photovoltaic generation control technologies is 
introduced including photovoltaic maximum power point 
tracing, configuration and optimization of photovoltaic 
array and grid-connected converter. Lastly, the energy 
management system is proposed as the super manage layer 
to hybrid REs, which including wind speed forecast, 
integrative evaluate to power quality, power quality 
analytical instrument and the construction of energy 
management system based on multi-agent technology. 
 
Keywords – Distributed generation, Wind energy 
generation, Photovoltaic generation, Energy management 
system 
 

I.  INTRODUCTION 
 
With the gradual depletion of fossil energy resources and 
the increasingly serious issue of environmental pollution, 
great concern is paid to the development of renewable 
energy (RE), such as wind and solar energy. The 
development of distributed RE power system play more 
and more important role in traditional power system as a 
useful complement to the grid. It is a good way to reduce 
energy consumption, improve flexibility and reliability of 
power system. 
 
The distributed power system generally refers to 
relatively small-scale power generation system (typically 
50 MW or less). It is mainly made up of RE, including 
bio-energy power generation, solar power, wind energy 
and small-scale gas turbine power generation and energy 
storage devices. It is always located at the user-site 
nearly, which can be connected to power grid or isolated 
operated as shown in Fig.1. 
 
In the latest years, great efforts have been done in 
distributed RE power system at the New Energy Research 
Center of South China University of Technology. 
Nowadays, Guangdong Key Laboratory of Clean Energy 
Technology is built based on these research 
achievements. 
 
This paper has been published in PESA09 Conference and has been 
selected to be published in this APEJ issue. 
1College of Electric Power, South China University of 

Technology,Guangzhou,China,510640E-mail:epjiewu@scut.edu.cn 

This paper introduces the research results of NERC, 
which focuses on the complex dynamic control 
technologies in distributed RE power system. Some 
simple or mature control technologies are out of the scope 
of this article, such as battery charging, braking and 
yawing. 
 

 
Fig. 1 Structure of distributed generation system 

 
II. CONTROL TECHNOLOGIES IN WIND ENERGY 

GENERATION 
 
A. Variable speed constant frequency 
In order to improve the efficiency and power quality of 
wind energy conversion system (WECS), achieve 
variable speed constant frequency (VSCF) generation, 
and get rid of the slip ring maintenance in conventional 
doubly-fed induction generation (DFIG), a brushless 
doubly-fed machine (BDFM) is designed and 
manufactured [2]. The structure of BDFM is shown in 
Fig.2. There are two windings in the stator: power 
winding and control winding. The pole pair number of 
power winding pp is four, and the pole pair number of 
control winding pc is one. The relations among power 
winding frequency fp, control winding frequency fc and 
rotary frequency fr is given as 
 

p c
r

p c

f f
f

p p
±

=
+

                                (1) 

 
Under different rotary speed, the power winding 
frequency can be controlled to fellow the grid frequency 
by adjusting the frequency of control winding exciting 
converter, and hence VSCF will be achieved. Fig.3 shows 
the voltage of the BDFM power winding under different 
rotary speed and load conditions. When the rotary speed 
changed, the power winding frequency can be keep at 50 
Hz by adjusting the exciting converter frequency. 
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Fig.2 Structure of BDFM 

 

 
(a). nr=540 rpm, fc=5.0 Hz, no load  

 

 
(b). nr =540 rpm, fc =5.0 Hz, with resistance load 

 

 
(c). nr =504 rpm, fc =8.0 Hz, no load  

 
(d). nr =504 rpm, fc =8.0 Hz, with resistance load 

Fig. 3 Voltage of BDFM power windings under different rotary 
speed and load condition 

 
B. Maximum wind power capture 
Fig.4 shows the relations among wind power, wind speed 
and rotary speed. Under different wind speed, the blade 
tip speed ratio λ of maximum power point is a constant. 
The principle of maximum power point tracking (MPPT) 
control is to adjust the rotary speed of wind turbine 
according to wind speed, and keep the wind turbine 
working at optimal blade tip speed ratio λopt. The dashed 
line in Fig.4 is the maximum power curve under different 
wind speed, and it’s given as 

  2
max

1 ( )
2

r
mopt p

opt

RP C R ωρπ
λ

=               (2) 

where, Cpmax is the maximum wind power coefficient, ρ is 
the air density, R is the radius of wind turbine, ωr is the 
rotary speed of wind turbine. 

 
Fig.4 Relations between wind power captured and rotary speed 

under different wind speed 
 

C. Power decoupled control 
The BDFM is a time varying, nonlinear and strong 
coupled system, whose model is very complex (Fig.5) 
[3]. The power decoupled control is a difficulty in wind 
turbine control systems. The voltage-forced mode of the 
BDFM in the rotor speed d-q axis coordinate frame is 
given as [4]: 
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where, rp, Lsp, rc, Lsc, rr, Lr are the resistances and self-
inductions of power winding, control winding, and rotor 
windings, respectively, and Mp, Mc are the inductions 
among power windings, control windings and rotor 
windings. 
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 Fig. 5 Model of BDFM 
 
Basing on (3), reference [5] and [6] developed the state 
space model as 
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The active power and reactive power of power winding in 
the power winding synchronous rotary coordinate frame 
is given as 
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The active power reference is set according to the MPPT 
curve given by (2), and the reactive power reference is set 
according to the requirement of power grid. Reference [6] 
applies auto disturbance rejection control (ACRC) [7] 
into the power decoupled control of BDFM. Fig.6 shows 
the diagram of control system, in which the convertor 

uses AC-AC matrix convertor [8]. Simulation results are 
shown in Fig.7 and Fig.8. In Fig.7, the reference of 
reactive power is constant and the wind speed step 
changes. The rotary speed of wind turbine changes 
according to the wind speed, and the power coefficient 
keeps at the maximum value, which means MPPT is 
achieved. In Fig.8, the wind speed is constant and the 
reference of reactive power is step changed. The reactive 
power tracks the reference quickly when the rotary speed 
and active power are almost unchanged, and the power 
coefficient is still kept at the maximum value. The ADRC 
effectively achieved the MPPT and power decoupled 
control of BDFM. Fig.7 (d) and Fig.8 (d) shows the 
output voltage of matrix convertor which is applied at 
control winding. 
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Fig.6 Power decoupled control diagram of the WECS with the 
BDFM 

 
(a) Wind speed and BDFM rotary speed  

 
(b) Wind turbine rotary speed and power coefficient 
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(c) Power output of the power windings    

 
(d) Voltage output of the matrix converter 

Fig.7 Response to step changed of wind speed 

 
(a) Reactive power reference and BDFM rotary speed  

 
(b) Wind turbine rotary speed and power coefficient 

 
(c) Power output of the power windings 

 
(d) Voltage output of the matrix converter 

Fig.8 Response to step changed of reactive reference value 
 
D. Pitch control 
Torque control and pitch control can both limit the power 
capture of wind turbine when wind speed is above rated 
value. However, if only torque control is used, the 
generator has to offer large electromagnetic torque to 
reduce the rotary speed of wind turbine [9]. Large energy 
stored as rotor kinetic energy will transfer into power grid 
and lead to power fluctuation. Reference [10] present a 
pitch control method based on H-infinity control. The 
pitch angle of wind turbine is adjusted to keep the rotary 
speed and torque at rated value. The mechanical system 
nonlinear model of variable speed pitch control wind 
turbine is given as 
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When wind speed is 13m/s, the linearized model of 
system near equilibrium point is given as 
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The transfer function matrix of system is given as 
uPg 2=ω + wP1               (9) 

where, 
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The control problem can be described as a standard H-
infinity control problem shown in Fig.9. The transfer 
function between input and output is given as  
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Fig.9 Standard H-infinity design diagram for power regulation 
 
The weighting function We is chosen to keep the rotary 
speed of generator at rated value during steady state, and 
the weighting function Wu is used to limit the response 
speed of pitch angle to avoid saturation. 

 
(a) Bode diagram of controller K1 

The weighting functions are chosen as (11), whose bode 
diagrams are shown in Fig.10. 
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(b) Bode diagram of Wu  

 
(c) Bode diagram of We 

Fig.10 Bode diagrams of the functions 
 
Simulation results in Fig.11 show that the pitch angle 
increases with wind speed, which keeps the rotary speed 
and capture power at rated value and hence achieves 
power limited control. Fig.12 shows the response of wind 
turbine with 5% error of rotary inertia, which verifies the 
robustness of controller. 

 
(a) Wind speed 
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(b) Rotary speed of generator 

 
(c)  Pitch angle 

 
(d) Capture power 

Fig.11 Dynamic response of wind turbine above rated wind 
speed 

 
Fig.12 Rotary speed of generator with 5% error of rotary inertia 

E. Low voltage ride through 
The relations among rotor winding current and voltage of 
DFIG are given as 
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Traditional control method based on ideal grid voltage 
always neglect the stator flux transient term in (12). 
When the grid voltage dips, the transient component in 
stator flux will induce large current in rotor winding, 
which may damage the exciting convertor [11]. 
Reference [12] introduces ADRC to combine with vector 
control (Fig.13). The influences of disturbances, 
including stator transient flux and generator parameter 
errors, are estimated and compensated by the extended 
state observer (ESO).  
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Fig. 13 ADRC of d-axis rotor current 
 
The simulation results of traditional control and ADRC 
during grid voltage dip are compared in Fig.14. Because 
the ADRC scheme includes disturbances compensation, 
the voltage applied into rotor winding increases, which 
decreases the peak current of rotor winding. The ADRC 
scheme effectively avoids over current in rotor winding, 
and hence, protects the exciting convertor during grid 
voltage dip. Additional simulation results in [12] show 
excellent robustness of ADRC against generator 
parameter errors. 

 
(a) d-axis rotor current 

 
(b) q-axis rotor current 
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(c) d-axis rotor voltage 

 
(d) q-axis rotor voltage 

Fig. 14 Comparison of PI and ADRC control under grid voltage 
dip fault 

 
F. Grid synchronization control 
The control objective of grid synchronization is to control 
the stator direct and quadrature voltage to track the grid 
direct and quadrature voltage in the grid voltage reference 
frame, respectively, such that the stator voltage and grid 
voltage will have equal magnitude, frequency, and phase 
[13]. 
 
Cascaded control approaches are shown in Fig.15. The 
inner loop controls rotor current, and the outer loop 
minimizes the voltage differences between generator 
stator and power grid. The grid and stator line voltages of 
the DFIG are shown in Fig.16 (a) at rotor speed of 1400 
rpm, and the corresponding direct and quadrature 
voltages are shown in Fig.16 (b). The stator voltage 
tracks the grid voltage rapidly and has its amplitude, 
frequency, and phase equalized to those of the grid 
voltage in several periods. The results are very similar at 
super-synchronous speed. 

 
Fig.15 Control scheme of grid synchronization 

 
(a)  Grid and stator line voltages 

 
 (b) Grid, stator direct and quadrature voltages 

Fig. 16 Experiment results of grid synchronization 
 

III. CONTROL TECHNOLOGIES IN PHOTOVOLTAIC 
GENERATION 

 
A. Photovoltaic maximum power point tracking 
Fig.17 shows a buck-boost DC/DC convertor for MPPT 
control of photovoltaic (PV) array [14]. 

 
Fig.17 Photovoltaic generation system 

 
Define u as the switching function of the switching 
component, u=1 means the switching is closed and u=0 
means the switching is open circuit. The model of system 
is given as 
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where, Upv and ipv is the terminal voltage and output 
current of PV array, respectively. 
 
A MPPT control scheme of PV array based on sliding 
mode control is designed in [15]. The sliding surface is 
chosen as 
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The switching control signal is chosen as 
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Reference [15] proves that the system with controller 
satisfies the Lyapunov stability condition. Hence, the 
system can reach and finally settle in the sliding surface. 
The simulation result during light intensity step change is 
shown in Fig.18. ppv1 and Upv1 are the output power and 
terminal voltage of PV array with sliding mode control. 
ppv2 and Upv2 are the output power and terminal voltage of 
PV array with traditional comparative control scheme. 
The sliding mode control improves the response speed of 
MPPT. 
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Fig.18 The terminal voltage and output power response of PV 

array with light intensity step changed 
 
B.  Photovoltaic array configuration optimization 

control 
Reference [16] presents a configuration optimization 
control scheme for PV array. The principle is to change 
the PV batteries arrangement when the temperature and 
light intensity of the PV batteries have large different, 
and make sure that all the PV batteries works near the 
maximum power point (MPP), which will optimize the 
total output power of the whole PV array. 
 
The basic principle is as follows 
 
(1) The optimization terminal voltages of every PV pile at 
the maximum power point are calculated according to the 
measured temperature and light intensity. If the terminal 
voltage difference between two PV piles, such as U1 and 
U3, is larger than 1.5 Um, reconfiguration is necessary. 
 

(2) If 3 1 3 3( ) (( 0.5) , ( 0.5) ]m mU U n U n U− ∈ − + , the 
reconfiguration method is as follow 
 
If n is even, the configuration of array is changed as 
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If n is odd, the configuration of array is changed as 
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where, n∈[2,N] , and U is the parallel connection of two 
U3m  PV batteries. 
 

(3) If 1 3 1 1( ) (( 0.5) , ( 0.5) ]m mU U n U n U− ∈ − + , the 
reconfiguration method is as follow 
 
If n is even, the configuration of array is changed as 
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If n is odd, the configuration of array is changed as 
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where, n∈[2,N] and U is the parallel connection of two 
U1m  PV batteries. 
 
Simulation of a given illustration is carried out. Three PV 
piles mounted at different aspect of a building, such as 
east, south and west, have different temperature and light 
intensity at a moment. The temperature and light intensity 
is listed as 298K, 0.8kW/m2; 301K, 0.95kW/m2; 306K, 
1.1kW/m2. If the arrangement of the PV array is 33×3, 
then the power-voltage curves of three PV pile shown in 
Fig.19 are T1, T2, and T3. T is the total power-voltage 
curve of the whole PV array. If traditional fixed array 
scheme is used, only the third PV pile works at MPP, and 
the other two PV pile both deviate from the MPP. The 
total output power of the PV array is 7501W. 

 
Fig.19 Power-voltage curves of PV pile with different 

conditions 
 
As shown in Fig.19, the terminal voltage of three PV pile 
at the maximum power point are 613.8V, 573.2V and 
557.6V. The terminal voltage difference between east pile 

and west pile satisfies 1 3 1 1( ) (2.5 ,3.5 ]m mU U U U− ∈ , 
and hence the PV array should be rearranged according to 
(19). The result of configuration optimization is shown in 
Fig.20. In the new PV array after configuration 
optimization, only two batteries in the first pile don’t 
work at the MPP and deviate from the MPP little. The 
total output power of the PV array is 7928W, which 
increase 5.69% before configuration optimization. 

 
Fig.20 Configuration optimization of PV array 
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C. Grid-connected control for photovoltaic array 
A PV gird-connected converter is shown in Fig.21 [17]. 
The system model neglecting high frequency switching 
dynamic is given as 
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According to the nonlinear character of the grid-
connected converter, an ADRC scheme is designed in 
[17], whose structure is shown in Fig.22. 
 
Cascaded control approaches are used. The inner loop is 
current proportion control loop, which control the output 
current of the convertor to follow reference value. The 
grid voltage is considered as external disturbance, whose 
influence to the system is suppressed by the auxiliary 
feedback branch. The outer loop is voltage control loop, 
in which the DC side voltage is control by the ADRC. 
The output current of the PV array is considered as 
external disturbance, which is observed and compensated 
by the extension state observer (ESO). 
 
The simulation results with traditional PI control scheme 
and proposed ADRC scheme are shown in Fig.23 and 
Fig.24, respectively. The overshoot of capacitor voltage 
and the inrush of current are suppressed by the ADRC 
scheme. Fig.25 shows that if the output power of PV is 
more than load, the phases of voltage and current of the 
convertor are the same and energy transfers from the 
system to grid. Contrarily, the phases are inversed and 
energy transfers from grid to the system. The convertor 
has excellent performance under both modes. 
 

 
Fig.21 PV grid-connected convertor 

 

 
Fig.22 Control scheme of PV grid-connected convertor 

 

 
 

Fig.23 System response with PI control scheme 
 

  

 
 

Fig.24 System response with ADRC scheme 
 
 

 
 

(a) PV output power is more than load 
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(b) PV output power is less than load 

Fig.25 Output voltage and current of PV grid-connected 
convertor 

 
The hardware experimental results are shown in Fig.26 
and Fig.27. In Fig.26, the first waveform is with ADRC 
scheme and the second waveform is with PI control 
scheme. The experimental results are very similar with 
simulation results, which also verify the better 
performance of ADRC. Fig. 27 shows the voltage of grid 
and output current of convertor, whose phase are almost 
the same. 
 

 
Fig.26 Experimental response of ADRC and PI  

 

 
Fig.27 Grid voltage and convertor output current 

 
IV. ENERGY MANAGEMENT SYSTEM 

 
1. Wind Speed and power prediction 
With a view to the randomicity of wind, the forecast of 

wind resource plays more and more important role in the 
scheduling system in wind power farm. Combination the 
forecast of wind speed and output power is a good way to 
improve the performance in scheduling of wind power 
farm. A new approach to forecast wind speed and output 
power were accomplished based on Box-Jenkins random 
time series theory [18].  
 
Different experiments results are discussed based on 
different wind speed as follows.  
 
Firstly, when the wind speed is changed gently, the 
prediction result and absolutely error are shown in the 
Fig.28 (a) and (b) respectively. Where, the blue line is the 
initial data from Shanwei Wind Power Farm， and the 
red one is the result of forecast. Absolute error (AE), 
relative error (RE) and mean absolute error (MAE) are 
calculated according to equation 21. 
 

1

ˆ
ˆ

100%

ˆ1 N
i i

i i

AE y y
y yRE

y
y y

MAE
N y=

= −
−

= ×

−
= ∑

            (21) 

 
Where, y is truth value, ^ means the value of forecast. 
From the Fig.28, the prediction results are good, and the 
MAE just hits 6.046%. 
 
Secondly, when the wind speed is changed in a large 
scale, the prediction results are shown in Fig.29, and the 
MAE is 9.21%. The results show good performance of 
this algorithm, which can be used in wind power farm in 
future. 
 
The output power of wind turbine is also accomplished 
by the same algorithm. The experiment results are shown 
in Fig.30. The MAE hits 16.62%. 
 

 
(a) Wind speed prediction 

 
(b) Absolute error 

Fig.28 Wind speed prediction in real time 
 

 
(a) Wind speed prediction 
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(b) Absolute error 

Fig.29 Wind speed prediction 

 
(a) Power prediction series 

 
(b) Relative error in power prediction 

Fig.30 Power prediction 
 
2. Power Quality 
Due to the intermittence and uncontrollable of RE, doubts 
to the power quality and stability of RE power system are 
the main hindrance to develop RE power system. As a 
result, evaluation and monitoring of power quality plays 
most important role in RE power system.  
 

2.1. Power quality evaluation 
According to IEEE-Std100-1992, we introduced six 
indexes of power quality in RE power, including Voltage 
Sags, Frequency Deviation, Voltage Fluctuation, Flicker, 
Waveform Distortion, and Three-phase Unbalanced [19]. 
Especially, power fluctuation is proposed with a view to 
the characteristics of RE，which be defined as follows. 

( 1) 100%n t n t
n

P P
P

t
−−

Δ = ×
                 (22)

m ax m in 1 00 %P
N

P PD
P
−

= ×                   (23) 

Where, P is the output power, n is sampling number, t is 
sampling time. ΔPn and DP are the variable rate and 
amplitude rate of output power respectively. PN is the 
root mean squares of all sampling data during sampling 
period, Pmax and Pmin are the maximum and minimum 
value. 
 
Analytic hierarchy process (AHP) is adopted to obtain 
weight for each index as defined above. Then, to evaluate 
power quality of RE, a synthetic evaluation approach is 
proposed as follows, which combines probability and 
statistics with fuzzy mathematics. 
 

Step 1, define evaluation period, T=t; 
Step 2, each index is divided into m qualification ranks 
with step length as Δq=x/m. Where, m≥10，x is the limit 
value of each index according to national standard.  
Step 3, summing the time when data locates in the same 
rank. 

1
( )

n

i
i

k tτ
=

= ∑                       (24) 

Where, ti is the i time period when the absolute value of 
index locate in the rank k，n is the total number of times 
when the absolute value of index locate in the rank k. 
 
Step 4, calculate the probability distribution of index at 
rank K, and then forming a 1×m matrix. 

                     ( ) /kP k Tτ=                                  (25) 

              1 2 3[ , , , ]mR p p p p′ = L                 (26) 

Step 5, integrate all the indexes’ matrix into a 8×m matrix 
[ ]VS TPU VF WD FD F P DPR R R R R R R R RΔ ′= (27) 

where, RZ, RT, RV, RX, RP, RS, RB, RG are matrix of voltage 
sags, three-phase unbalanced, voltage fluctuation, 
harmonic distortion, frequency deviation, flicker, power 
fluctuation ΔP and DP respectively. 
 
Step 6, Adopt analytic hierarchy process (AHP) to obtain 
weight for each indexes, and let assessment value as 
V=W×R, where,  

[ ]VS TPU VF WD FD F P DPW W W W W W W W WΔ=  

the suffixes are defined as step 5. 
  
Step 7, Apply Additive Weight Method in V, get the 
assessment value. 

1 1
/

m m

k k
k k

V kV V
= =

′ = ∑ ∑                (28) 

Where, V′ is the final assessment result. 
 
2.2. A portable power quality analyzer 
We developed a new portable power quality analyzer 
based on dual CPU (DSP+ARM). Data process and 
communication are divided into two parts with different 
CPU. DSP is designed to charge data process and sent 
information to ARM via SCI communication port. ARM 
is designed to compute, display and storage the data from 
DSP. Further more, ARM also supplies another 
communication port which can joint into monitor net 
based on optical Ethernet network as shown in Fig.31 
[20]. 

ARM

Touch 
Screen

DSP
A/D

(ADS8364
)

PLL

Analog Signals Control

Data

Basic Monitoring cell 1

Enternet Network

ARM

Touch 
Screen

DSP
A/D

(ADS8364
)

PLL

Control

Data

Basic Monitoring cell N

Analog Signals

Fig.31 The power quality monitoring network based on optical 
fiber ethernet. 

The simultaneous Data Acquisition System (DAS) is 
based on synchronized Phase Lock Loop (PLL), which 
can track the frequency of the input signal. And Fast 
Fourier Transform Spectrum Analysis (FFTSA) is 
introduced into the system to improve the accuracy and 
reliability greatly. The chip ADS8364, a multi-channel 
simultaneous chip, measures three-phase voltage and 
current simultaneously. So, it analyzes the power quality 
with high accuracy. This is a great development of the 
general equipment which just evaluates the single phase 
power quality.  
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A series of experiments have been done with this power 
quality analyzer in Shanwei Red Bay, Guangdong 
province. From the results of practically application, the 
power quality analyzer not only obtained parameters from 
power quality from several wind turbines, also 
synchronously completed the initial analysis, assessment 
and certification of data. A typical experiment results as 
shown in Fig.32, including voltage and current 
waveforms, voltage harmonic data, current harmonic 
data, and voltage etc. Now, further testing is under way, 
we believe the performance of the Power Quality 
Analyzer will be improved step by step. 

 
(a) The wind turbine voltage and current of phase A 

   
(b) The wind turbine voltage harmonics of phase A 

 
(c) The wind turbine current harmonics of phase A 

 
(d) Voltage fluctuation of UBC 

Fig.32 Experiment results of the portable power quality 

analyzer 
 
3. Energy Management System based on Multi-Agent 
Technology 
A novel energy management system is developed based 
on hybrid multi-agent (MAS) technology. The multi-
agent technology is the evolution of the classical 
distributed technology with specific characteristics, 
which provided new abilities in controlling complex 
system. According to the characteristics of renewable 
energy power system, an intelligent hybrid control system 
is proposed to embed in the intelligent agent. “Hybrid” 
stands for that the system plays continuous control 
algorithm in a certain mode, and plays discrete control 
strategy in mode transitions when external environment 
changed. Agents with layered architectures are designed 
to present RE source utility as shown in Fig.33 [21]. 
There are five layers, including monitoring layer, union 
mission planning layer, negotiating and cooperating 
layer, motion control layer, continue controlling layer, as 
well as executing and performance evaluating module.  
 

Fig.33 The framework of Agent 

The agent can be defined as follows [22] 
 

Agent={ID,G,S, IP,CC, I, E,ST, A, R, K }   (29) 
 
Where, these elements are defined as follows: Agent-ID, 

，Goal, Sensor, Information Processing Communicating 
，and Cooperating Integrated Processing, Effect, State, 

Ability, Rule database, Domain Knowledge. Especially, 
states define a discrete operation mode {S1, S2, S3, S4} 
to present the characterization of the node at 
macrostructure. S4 stands for operation. S3 stands for the 
hot stand-by. S2 stands for the cold stand-by. S1 stands 
for the maintenance outage. Fig.34 shows the relationship 
of the different mode.  
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Fig.34 The transition of different mode 

 
According to the demands and requirements of RE power 
system, the station of optimization and decision-making 
is shown as follows [23] 
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Where, CWi, CPVj, PWi, PPVj are the per-cost and output 
power of wind turbines and PV arrays respectively, Qf is 
the synthetic power quality index. 
 
Based on the objectives mentioned above, the continuous 
control is implemented by reinforcement learning 
algorithm. And two cooperation methods are proposed. 
One is master-slave model based on improved contract-
net protocol, the other is totally distributed model based 
on Petri net and cooperative task planning algorithm. 
 
Energy management in RE power system is distributed 
and complex. The MAS not only provide perfect 
framework closing to the real system, but also integrate 
other AI techniques. The energy management system 
based on MAS meet the requirement about distribution, 
heterogeneity, openness, hybrid, cooperation and 
autonomous.  
 
Nowadays, Micro-grid is a new concept in RE research 
filed. It is a generation system composed of low-voltage 
distribution networks, small modular generation devices 
and loads connected to them. It can also be regarded as a 
small scale grid based on distributed generation devices, 
to manage the supply and demand of local energy. 
Currently, it has become one of the hottest research issues 
in renewable energy field. The energy management 
system based on Multi-Agent will become one of main 
development directions of micro-grid. 
 

V. CONCLUSION 
 
The Environment protection is the most important 
problems in the countries’ sustainable development. 

Energy should be more “environment friendly” and 
achieve “zero emission” by applying RE as power 
sources. Researches on energy management play a 
significant role in the process. This article mainly 
introduces the research efforts on control technologies in 
distributed generation system based on renewable energy 
by the New Energy Research Center of South China 
University of Technology, which includes wind energy 
generation, photovoltaic generation, and energy 
management system. For the intact purpose, some 
achievements by other researchers are referred. 
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