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Abstract: The DC link voltage control of a PWM rectifier 

using a fuzzy logic based interpolation strategy for linear PI 
controllers is presented. The square of the DC link voltage is 
defined as the controlled variable to cancel the DC link 
voltage non-linear dynamics. The output of the fuzzy based 
controller depends on the DC link voltage error. For big DC 
link voltage error a controller with high closed loop natural 
frequency is used. As the DC link error reduces the 
bandwidth of the controller is reduced. Simulations and 
experimental results obtained with a 5kW experimental 
system are presented. 

 
I. INTRODUCTION 

 
The advantages of the PWM rectifier for interfacing DC 

system into a grid or for AC/DC power conversion are well 
known: Low distortion supply current and close–to-unity 
power factor operation. These advantages make the PWM 
rectifier an attractive alternative for cage and doubly fed 
induction machines operating at variable speed in grid 
connected wind energy systems [1-3]. Several control 
strategies have been presented regarding the control of the 
currents and DC link voltage [4-8], including fuzzy logic 
and feedback linearization. The currents are controlled 
using vector control techniques in a synchronous rotating 
frame oriented along the supply voltage vector. For the 
control for the DC link voltage, the simplest control 
method uses a PI controller to process the error in the DC 
link voltage and set the active power component reference 
current. Because of time varying characteristic of the load a 
single PI controller will not assure a good dynamic 
performance over the entire operating conditions. In this 
paper, because of the time varying load characteristic of the 
rectifier, a fuzzy logic controller is used yielding to a 
robust control of the DC link voltage. The output of the 
fuzzy based controller will depend on the DC link voltage 
error. If the DC link voltage error is big then an equivalent 
PI controller with high closed loop natural frequency will 
be used. As the DC link error decreases an equivalent PI 
controller with a lower closed loop natural frequency will 
be selected. A linear fuzzy based interpolation between PI 
controllers is used. Given the non-linear nature of the DC 
link voltage dynamic, the square of the DC link voltage is 
defined as the controlled variable. High dynamic 
performance and low DC link voltage noise and ac currents 
are achieved. The control strategy has been simulated and 
experimentally verified.  

II. CONVERTER MODEL. 
 
Fig. 1 shows the converter schematic. L and R are the 

line filter inductance and resistance respectively and RL 
represents an equivalent the load, which may be time 
varying and also be negative when power is injected into 
the supply. 

 

 
Fig. 1. Three-phase boost type PWM rectifier. 

 
By balancing the power in the converter the following 

equations can be written to describe the dynamics of the 
DC link voltage, neglecting the losses in the converter. 
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Where vd,vq,,vd1,vq1, id and iq, are the supply and 

converter fundamental voltages and ac currents 
respectively in a synchronous frame, and k is a constant. C 
is the DC link filter capacitance. Neglecting the input filter 
resistance and inductance the dynamic of the DC link 
voltage will be given by: 
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III. CONVERTER CONTROL STRATEGY. 

 
Because of the time-varying and non-linear nature of the 

DC link voltage dynamics, the control scheme regulates the 
square value of the DC link voltage to cancel non-linearity 
in the DC link voltage. A classical PI controller may be 
used to regulate E2 with Pd(=kvd id) the demanded power as 
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the output of the controller. Hence the following transfer 
function is obtained: 
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In order to have a good dynamic performance and 

regulation (fast disturbance rejection) a PI controller 
should be designed with the highest natural frequency. 
However, the DC link voltage noise will limit the speed of 
the DC link voltage control loop. In order to achieve high 
dynamics performance and good regulation a fuzzy logic 
based interpolation of DC link voltage PI controllers is 
used. Different PI controllers are selected according to the 
error on the DC link voltage. 

 
A. Linear PI Controller Implementation Using Sugeno 
Type Fuzzy Logic Structure  

 
A digital linear PI controller is described by the 

following expression: 
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This linear PI controller can be implemented using a 

Sugeno type structure [9], with the membership functions 
for e(k)=E2 ref (k) - E2(k) and e(k-1)= E2 ref (k-1) - E2(k-1), 
shown in Fig. 2 

 

e(k)-A A

1 POS1NEG1
µe(k)

-B B e(k-1)

1 POS2NEG2
µe(k-1)

Fig. 2. Membership functions for an equivalent linear PI controller 

 
And the following control rules. 
 
IF e(k) is POS1 THEN output=C1 
IF e(k) is NEG1 THEN output=C2 
IF e(k-1) is POS2 THEN output=D1 
IF e(k-1) is NEG2 THEN output=D2 
 
Where C1, C2, D1 and D2 are function of the linear PI 

proportional and integral gains. A and B are user defined 
constants. If  C1,C2,D1 and D2 are chosen such as: 
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Then this Sugeno type structure is equivalent to the 

linear PI controller defined by (4) 
 

B. Fuzzy Based Interpolation of PI Controllers. 
 

The control signal eref kkEkEke /)1()()( −−= , with 

ke a scaling factor, is used for the linear interpolation 
between the PI controllers. In this work three PI controllers 
are considered with three membership functions for the 

control signal )(ke , S(Small), M(Medium) and B(Big), 

corresponding to small, medium and big DC link voltage 
error. 

 The input membership functions are shown in Fig. 3 and 
the rule base is shown in Table 1  (kpi and ai are the 
proportional gain and zero of the i-th PI controller 
(i=1,2,3)). The high method is used in the defuzzification 
process. A and B has been set to unity and e(k) and e(k-1) 
has been scaled such as the input domain remains between 
±1 
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Fig. 3. Membership functions for the control signal 

 
TABLE 1. RULE BASE FOR THE INTERPOLATION OF THREE PI CONTROLLERS.  

 
 

Each PI controller has been designed using standard 
control tools using the plant defined by (3). The output of 
the fuzzy controller is the change in demanded power 
∆Pd,ref. The demanded power Pd,ref and the demanded active 
power current component id,ref  are given by: 
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For variable speed wind energy applications, because of 
random characteristic of the wind resource the generating 
conditions are generally unknown, hence the generated 
power (in this case PG=EIor) can be considered as a 
disturbance for the DC link control loop. Hence the DC 
link voltage plant in (3) is reduced to a pure integrator and 
again classical control theory can be used to design the PI 
controllers. 

The transition between different PI controller using the 
proposed fuzzy based interpolation is smoothly. The output 
of the fuzzy controller when interpolating between two PI 
controllers corresponding to closed natural frequencies of 
ω01 and  ω02  is given by: 

 

0201 )1( ωω α−+α= PIPIPI fuzzy                               (7) 

 
Where α is a gain (0 < α < 1), which depends on the 

value of the control signal.  Using (7) and the system plant 
the equivalent closed loop natural frequency and damping 
factor of the control system can be obtained. 

Fig. 4 shows the resulting closed loop natural frequency 
of the DC link voltage control system during the transition 
between two PI controllers as a function of the control 
signal. The PI controllers have been designed to have a 
control system with closed loop natural frequencies equal 
to 13rads-1 and 25rads.1 respectively with the same 
damping factor. A similar result is obtained for the system 
closed loop natural frequency when the PI controllers have 
different damping factor 
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Fig. 4. Controller closed loop natural frequency during the transition of 
two PI controllers 

 
Fig. 5 shows the equivalent damping factor ξ of the 

fuzzy logic controller during the interpolation of the two PI 
controllers mentioned above as function of the control 
signal. As can be seen during the interpolation the damping 
factor reduces slightly and a small increase in the overshoot 
may be expected. 
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Fig. 5. Controller damping factor during the transition of two PI 

controllers 

 
Fig. 6 shows the equivalent fuzzy controller damping 

factor ξ during the transition between two PI controller 
with different damping factor. It shows a smooth transition 
between the two damping factors. 
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Fig. 6. Controller damping factor during the transition of two PI 

controllers with different damping factor. 

 
IV. SIMULATION AND EXPERIMENTAL RESULTS. 

 
A Simulation Results.  

 
The system has been simulated using Matlab. The 

simulation includes the vector control of the AC input 
currents, the converter model and a 1kHz PWM strategy. 
The rated power of the converter is 5kW, with L=12mH, 
R=0.1Ω and C=1200µF. Three fuzzy equivalent PI 
controllers have been implemented corresponding to three 
closed loop natural frequencies: ω01=10rad/s, ω02=70rad/s 
and ω03=140rad/s, respectively. Fig. 7 shows the response 
to a step change in DC link voltage reference from 600V to 
720V at t=0.1s. The top graphic in Fig. 7 shows the step 
response performance for each PI controller. The bottom 
graphic in Fig. 7 shows the performance of the fuzzy based 
interpolation strategy for this condition. The time response 
for the equivalent fuzzy controller is equivalent to the 
single PI controller with the highest natural frequency. 
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 Fig. 7. DC link voltage Step response.     a) ω01=10rad/s, b) ω02=70rad/s, 

c) ω03=140rad/s and d) Proposed controller. 
 
Fig. 8 shows the control performance to a 5kW-load step 

disturbance. The top graphic shows the performance of 
each PI controller. As expected good, regulation of the DC 
link voltage is obtained with the PI controller 
corresponding to the highest closed loop natural frequency 
but with a noisier signal. 
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Fig. 8. Controller performance for disturbance rejection.. a) ω01=10rad/s, 
b) ω02=70rad/s, c) ω03=140rad/s and d) Proposed fuzzy controller 

 
B. Experimental Results for the DC Link Voltage 
Regulation. 

 
The disturbance rejection performance of the DC link 

voltage controller has been tested on a 5kW experimental 
rig, shown in Fig. 9. The DC link voltage is regulated at 
550V and the supply voltage has been adjusted to 250V via 
a three-phase variac, providing enough modulation index 
excursion during transients to avoid overmodulation 
problems. Step load changes have been applied using a 
chopper controlled resistive load connected to the DC link. 
Three DC link voltage PI controllers have been 

implemented with closed loop natural frequencies of 
ω1=20rads-1,ω2=60rads-1 and ω3=120rad-1 respectively. 

  

Fig. 9. Experimental set-up. 
 
A microprocessor network controls the entire system, 

including the vector control of the supply converter 
currents, the DC link voltage control loop and the 
calculation of the timings of a 1kHz asymmetric regular 
sampling PWM.  The sampling of the currents and voltages 
as well as the control loops is set to 0.5ms. 

The performance of the controller to a step change in 
reference voltage is shown in Fig. 10. The reference 
voltage is changed from 550(V) to 550(V) at t=0.25s. The 
response of the fastest and lowest PI controller as well as 
the fuzzy based controller is shown. As seen in Fig. 10 the 
response of the proposed fuzzy controller is similar to the 
fastest PI controller. 

 

0 0.05 0.1 0.15 0.2 0.25
480

490

500

510

520

530

540

550

560

570

580

Time(s)

E(V)

ac

b

Fig. 10. Controller performance to step change in reference voltage. a) 
ω01=20rad/s, b) ω02=120rad/s and c) Proposed fuzzy controller 

  
The performance of the controller to load disturbance 

rejection has been studied applying a 2.0kW load impact to 
the DC link. The load is connected at t=0.1s and 
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disconnected at t=0.9s. Fig. 11 shows the disturbance 
rejection performance of the slowest PI controller. The top 
graphic in Fig. 11 shows the DC link voltage and the 
bottom graphic shows the d-axis reference current. The 
noise in the d-axis reference current is quite small however 
the voltage excursion is above 50V. 

Fig. 12 shows the DC link voltage performance for the 
same load impact with the faster PI controller. Again the 
top graphic is the DC link voltage and the bottom graphic 
is the reference active power current. The disturbance 
rejection is very good with a maximum excursion of the 
DC link voltage of about 20V, however the noise in the d-
axis current is noticeable 
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Fig. 11. DC link voltage performance with a slow PI controller 
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Fig. 12 DC link voltage disturbance rejection with a fast controller. 

Fig. 13 shows the performance of the proposed fuzzy 
based DC link voltage controller with a linear interpolation 
of PI controllers, for the same load impacts. As seen from 
Fig. 13 the voltage regulation is also good, with a 
maximum excursion of 22V, but the steady state noise in 
the d-axis reference current is kept very low. 

In the proposed strategy the controller has low closed 
loop bandwidth for small DC link voltage errors, in order 
to keep reduced noise, and high closed loop bandwidth for 
high DC link voltage errors hence excellent load impact 
rejection is maintained. 
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Fig. 13. DC link voltage performance with the proposed fuzzy 

controller 

 
V. FINAL REMARKS 

 
A fuzzy logic based controller for DC link voltage 

regulation of a three-phase PWM boost type rectifier has 
been presented. The strategy is based on linear 
interpolation of different linear PI controllers. Different 
closed loop natural frequency controllers are used 
depending on the DC link voltage error. Therefore high 
dynamic performance is achieved for disturbance rejection 
while keeping steady state DC link voltage and ac current 
noise to a minimum. The strategy has been simulated and 
experimentally verified.   
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