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Abstract- An Input filter is often employed for EMI noise reduction between a dc-dc converter and its power source. LC 
filters at the input of dc-dc converter can lead to instabilities due to filter interactions with the converter control. However, its 
presence in turn often results in degradation of dynamic performance and instability of the system even if the filter 
attenuation is brilliantly designed. Conventional methods to remedy this issue usually employ external resistors to damp 
filter oscillations. However such dissipative damping of input filter degrades the converter efficiency. This paper addresses 
the instability problem in dc-dc converters under strong influence of input filter interaction and proposes an alternate 
solution to this problem using a full state-feedback controller combined with a fuzzy PI control. This control algorithm 
assures stability of the system without using any passive components in the filter circuit and thus avoiding any undesirable 
losses. Simulation studies are carried out to confirm the effectiveness of the suggested control strategy under large 
perturbation. 
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I. INTRODUCTION 
 

 Low-pass input filter is usually employed between 
a dc-dc converter and its unregulated power source in 
order to meet strict EMI/EMC norms. In recent 
applications, very robust performance in stability, 
dynamic response and accuracy is required for 
switched mode power supplies especially in the field 
of aeronautics, telecommunications and space. But, 
when an input filter is combined with closed loop 
converter, it can cause instability in the system if the 
filter is not sufficiently damped [1]. The common 
method to damp the filter in many dc-dc converter 
applications is to use external resistors in the input 
filter circuit to assure stability [2]. Although passive 
dampers can stabilize the system, it severely degrades 
the system efficiency [3]. Due to the presence of non-
linearity and the high-order nature (n>2) of the 
system, it is difficult to find a control law which over 
comes this problem. 
 
Most researchers realize a dc-dc converter design in 
two steps, first the converter itself is designed 
according to its given performance specifications and 
second a low pass filter having sufficient attenuation 
to alleviate various noise problems is added to the 
converter input. A problem then arises. The filter 
changes the dynamics of the Converter. The question 
is not whether to use an input filter but to mitigate its 
effect on overall system performance, which is 
subject of this paper. 
 
For the past two decades, researches have been 
looking for some active solution to damp input filter 
oscillations. By avoiding the use of passive damping, 
various control techniques have been applied to 

stabilize the closed loop system. A control method 
was proposed in [4] to damp the transient oscillations 
in the input LC filter of AC-DC PWM converter. In 
this method, a virtual resistor in the control algorithm 
is used, having no negative influence on efficiency. 
But this method needs an additional current or 
voltage sensor also its design is usually difficult. 
Likewise, a sliding mode control scheme for dc-dc 
converters with input was reported in [5] in which it 
still needed damping resistors to improve transient 
response of the converter. Similarly, a complete state-
feedback digital control algorithm was developed for 
current-mode and voltage mode synchronous buck 
converter in [6], in which authors designed feedback 
gains of the controller by pole placement in the state-
space. The state-space techniques and the theory of 
linear quadratic (LQR) have also been presented in 
([7] - [9]). 
 
This paper proposes a fuzzy controller combined with 
a PI-control loop for stability of dc-dc converters 
with input filter. Resonance occurred due to input 
filter makes it highly difficult to control such type of 
systems. However the proposed control algorithm, 
assure stability of the system, without using any 
passive components in the filter circuit and thus 
avoiding any undesirable losses. 
 
II. PROBLEM DEFINITION 
 
When a second order LC filter is placed at the input 
of dc-dc converter, two complex conjugate Right Half 
Plane Zeros are introduced into the open-loop control 
to output transfer function. These poles cause 
instability in closed loop, if the regular band width is 
greater than the filter resonant frequency. 

A
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A simple LC filter, combined with the negative 
dynamic resistance model of the switching regulator 
is shown in Fig.1. Here Rin is considered constant and 
the system as linear. 
 
   Applying KVL for Fig.1, 
 

푉 (푡) = 퐿 푖 (푡) + (
1
퐶 )푖 (푡)

− (
1
퐶 )푖 (푡)																			(1) 

 
Taking Laplace transform on both the sides, 

푉 (푠) = 푆퐿 푖 (푆) +
1
푆퐶푖 푖 (푆)− 푖 (푆)  

 
Fig.1. LC input filter with dc-dc converter as load. 

 

푉 (푠) = 푖 (푠) 푆퐿 + 	
1
푆퐶

−
1
푆퐶 푖 (푠) 				(2) 

Laplace transform of Output voltage  
 
푉 (푠)
= −푖 (푠)푅 																																																									(3) 
 
Considering the KVL of second loop, and performing 
Laplace transform, 
 

푖 (푠)− 푖 (푠)
1
푆퐶 − 푅 = 0 

 

푖 (푠)
1
푆퐶 − 푅 −

1
푆퐶 푖 (푠) = 0 

 
푖 (푠) = (1− 푆푅 퐶 )푖 (푠)																																											(4) 

 
Placing (4) in(2), 
 

푉 (푠) = [푆퐿 − 푆 퐿 푅 퐶
− 푅 ]푖 (푠)																				(5) 

 
푉 (푠)
푉 (푠) =

−푅

퐿 퐶 푆
퐶 푅 − 푆 − 1

퐿 퐶
 

 
Characteristic polynomial of the above equation is: 
 

푆 −
푆

퐶 푅 +
1
퐿 퐶  

 

 
Fig.2. Output of LC input filter with dc-dc converter as load. 

 
There occurs negative term in the characteristic 
polynomial, which infers that the system is 
unbounded and unstable. Thus when an undamped 
LC filter interacts with the input of dc-dc converter, 
Lead to instability of the system. This can also be 
noticed from the simulation result of MATLAB. The 
output of the LC filter with dc-dc converter as load is 
shown in is shown in Fig.2.  
 
As far as control is concerned, switching converters 
can be regarded as highly nonlinear plants. 
Nonlinearities can be classified into three groups: 

1) Topology changes due to, perhaps, high 
temperature or component failure, 2) nonlinear 
characteristics of the electronic switches (fast 
dynamics), and 3) nonlinear plant parameter 
variations due to external disturbances (slow 
dynamics). To cater to these nonlinearities, two 
approaches can be adopted. 

Approach 1: Use an approximate linearized model 
to average out the effects of fast dynamics. This 
linearized model is usually accurate enough within 
the bandwidth of interest. However, owing to 
nonlinearities l) and 3) mentioned above, the 
following assumptions have to be made: 

1) The switching regulator has only one operating 
point. 

2) The variations in line voltage and load current 
are infrequent and small enough to be tackled. 

3) Other disturbances or the effects of topology 
changes    

     Are small and lie within the sensitivity tolerance 
of the controller (i.e., the controller is adequately 
robust). 

Approach 2:  Design a high-quality adaptive 
controller that is capable of adapting significant 
nonlinearities as well as catering to multi operating 
point situations. 
 
Comparing the above two approaches, Approach 1 is 
obviously less general. The area of application using 
Approach 1 is narrower due to the constraints that 
validities of assumptions 1) to 3) have to be assured. 
Approach 2, on the other hand, is more general, but 
the design and implementation of such a controller 
requires a more advanced control theory, which is not 
as mature as Approach 1. A tradeoff has to be done 
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between these two approaches. In practice, Approach 
I is found to be sufficient in many cases, and we limit 
the scope of this paper by considering Approach 1 
only. 
 
III. MODEL OF CONVERTER FOR CONTROL 
DESIGN 
 
To achieve certain performance objective, an accurate 
model is essential. There are number of circuit 
modeling techniques available in literature ([10]-
[15]), but the most commonly used method is state 
space averaging technique which is used in this 
paper. Circuitry model of buck converter to estimate 
the performance of buck converter is shown in fig.3. 

A switching dc-dc converter is generally 
represented in its state space model as: 

 
푥̇
= 퐴푥 + 퐵푑 + 퐺푣 																																																					(6) 
 
푣o=
퐶푥																																																																														(7) 
 
Where 푥 is the state vector of the linearized system, 
containing all inductor currents and capacitor 
voltages for converter in Fig. 3. 

 
Fig.3. Open loop buck converter with input filter. 

 
This state vector is defined as	푥 = [횤̃ 푣 횤̃ 푣 ] . The 
sign “~”above푥denotes small variations in the 
corresponding signals. 푑, 푣 and 푣inrepresent small-
signal variations in the duty cycle, output voltage and 
input voltage respectively. 

 
A) With input filter: 

From KVL, 
 

푉 = 	 퐿
푑푖
푑푡 + 푉  

 
푑푖
푑푡 =

푉
퐿 −

푉
퐿  

 
푋̇

=
1
퐿 푉 −

푥
퐿 																																																		(8) 

From KCL, 

푖 − 푖 = 퐶
푑푉
푑푡  

 
푑푉
푑푡 =

1
퐶 푖 − 푖  

 
푋̇

=
1
퐶 푥 −

1
퐶 푥 																																															(9) 

Applying KVL to the second loop, 
 

−푉 + 퐿
푑푖
푑푡 + 푉 = 0 

 
푑푖
푑푡 =

푉
퐿 −

푉
퐿

[∵ 푉 = 푉 ] 
 

푋̇ =
1
퐿 푥 −

1
퐿 푥 																																																	(10) 

 
Applying KCL at C, 

 
푑푉
푑푡 =

푖
퐶 −

푖
퐶  

 

푖 =
푉
푅 =

푥
푅 																																																																

(11) 
 

푋̇

=
1
푐 푥 −

1
푅퐶 푥 																																														(12) 

 
Comparing (8),(9),(10)and(12) with (6)and(7), 
 

 
 
B) Without input filter: 

 
The state vector is defined as 푥 = [횤̃ 푣 ]  
 From KVL, 

푉 = 	퐿
푑푖
푑푡 + 푉  
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푑푖
푑푡 =

푉
퐿 −

푉
퐿  

 
푋̇

=
1
퐿 푉 −

푥
퐿 																																																			(13) 

 

푉 =
1
퐶 푖 푑푡 

 
푑푉
푑푡 =

푖
퐶 −

푖
퐶  

 
푋̇

=
1
푐 푥 −

1
푅퐶 푥 																																														(14) 

 
From (13)and(14) 

 
10
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The simulated magnitude and phase response of its 
open-loop control-to-output transfer function is 
shown in Fig.4. 

 

 
Fig.4. Bode diagram for the open-loop control-to-output 

transfer function of buck converter with and without 
input filter. 

 
It can be noticed that the input filter resonance 
produces two complex zeros in the Right Half Plane 
and an additional phase lag of  360° . This can cause 
instability of the converter. Hence proper control of 
converter is required, to overcome this problem. Buck 
converter with input filter example used to introduce 

PI and Fuzzy controller is shown in Fig.5. To observe 
the output voltage and load current of open loop Buck 
converter with input filter MATLAB simulation is 
performed on Fig.5. The waveforms are shown in 
Fig.6. 

 
Fig.5. Simulink model of Open loop Buck converter with input    

filter. 
 

Simulation is carried out in MATLAB for the 
parameters shown in Table - 1. 

 
Table - 1 

Parameter Value 
Input Voltage 48v 

Output Voltage 24v 
Inductor  퐿  value  1mH 
Capacitor 퐶   value 4.7  F 
Inductor L  value 1mH 
Capacitor C value 2F 
Resistor R value 10Ω 

Switching frequency	(퐹 ) 100kHz 
Duty Cycle 0.5 

 

 
Fig.6. Simulink waveforms of output voltage and load current 

of open loop Buck Converter with input filter 
 

The step change in input voltage from 30V to 48V at 
0.05 sec is applied as input to the Buck converter 
with input filter. The output voltage obtained is 
14.48V for 30V input and 23.48V for 48V input with 
transients at the initial stage. But the required output 
voltage is 15V for 30V input and 24V for 48V input. 
The transients can clearly be seen in Fig.6. It can be 
observed from the fig.6 that the output voltage has the 
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raise time (t ) of 0.0003 sec, peak time t  of 
0.00045 sec, settling time (t ) of 0.0057 sec and peak 
overshoot of 30%. This degrades the performance of 
the converter and decreases the overall efficiency of 
the system. So a controller is necessary to eradicate 
these transients. Passive resistive damping can be 
performed in the circuit but these create conductive 
losses.  
 
IV. CONTROL METHODOLOGY 
 

A) PI Controller : 
 

 
Fig.7. Block diagram of PI Control action 

 
PI Controller (Proportional Integral Controller) is a 

special case of PID controller in which the derivative 
(D) of the error is not used. 

퐾 +퐾 푒푑푡 

 
Where KP, KI are proportional and integral gain, e 

is the error or derivative of actual measured value 
(MV) from the set point (SP) 

푒 = 푆푃 −푀푉 
 
The transfer function of PI controller is given below 
 

퐺 = 퐾 +
퐾
푆  

 
General approach of PI tuning: 
1. Initially set integral gain to zero 
2. Increase KP until satisfactory response has been 

obtained 
3. Add integral gain and adjust KI until the steady 

state error is removed. 
 

B) FUZZY Controller: 
 

Fuzzy logic is proposed by Lofty Zadeh in 1965, 
emerged as a tool to deal with uncertain, imprecise or 
qualitative decision-making control problems. 
Controllers that combine intelligent and conventional 
techniques are commonly used in the intelligent 
control of complex dynamic systems. Therefore, 
embedded fuzzy controllers automate what has 
traditionally been a human control activity. 
 
So Fuzzy logic control is a control algorithm based 
on a linguistic control strategy, which is derived from 
expert knowledge into an automatic control strategy. 
Fuzzy logic control doesn’t need any difficult 
mathematical calculation like the other control 

system. So it is one of the available answers today for 
a broad class of challenging controls. 

The general structure of FLC controller comprises 
of 

1. Fuzzifier: A fuzzyfication interface which 
converts input data into suitable linguistic 
values. 

2. Rule Base and Data Base: Both are known as 
knowledge base which consists of data base 
with necessary linguistic definition and control 
rule set. 

3. Decision Making: A decision making logic 
which is simulating a human Decision process, 
infers the fuzzy control action from the 
knowledge of the control rules and the 
linguistic variable definition. The inputs of the 
fuzzy logic controller are the error e and the 
change of error Ce. 푒 = 푉 − 푉 . 

4.   Defuzzifier: Defuzzification is such inverse 
transformation which maps the output from the 
fuzzy domain back into the crisp domain.  

 

 
Fig.8. Basic configuration of Fuzzy logic control 

 
The output of fuzzy controller is duty cycle, given to 
PWM Generator that which generates signals to 
MOSFET of dc-dc Buck converter. MOSFET then 
gets ON and OFF according to the signal of PWM 
generator, producing required output voltage. 
 
V. APPLICATION EXAMPLE 
 
A buck converter operating in continuous conduction 
mode and having input filter (see Fig.5) is chosen as a 
plant to illustrate the control design and performance 
evaluation.        
 
A) Control of buck converter using PI: 

 In this model, the error between the obtained voltage 
and the reference voltage is measured and one gain 
proportional to the error signal and other gain with 
integral of the error signal is added in feedback via 
summing block to a relational operator where the 
signal is compared with the signal (sawtooth) of 
signal generator. The output signal (Boolean signal) 
thus obtained is given as duty ratio to PWM 
Generator. The pulses generated by PWM Generator 
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are given to the MOSFET. According to the 
switching ON and OFF of MOSFET, desired output 
voltage is obtained. PI controlled simulink model is 
shown in Fig.9. The Output of PI controller, Signal 
generator, PWM generator is shown in Fig.10. 
 

 
Fig.9. Simulink model of PI controlled Buck Converter with 

input filter 
 

Fig.10. Output of PI controller, Signal generator, PWM 
generator 

 

 
Fig.11. Output voltage and Load current of PI controlled Buck 
Converter with input filter for step change in reference voltage 
 
The step change in input voltage from 30V to 48V at 
0.05 sec is applied as input to the Buck converter 
with input filter. The output voltage obtained is 15V 
for 30V input and 24V for 48V input with transients 
at the initial stage. The transients can clearly be seen 
in Fig.11. It can be observed from the Fig.11 that the 
output voltage has the raise time (t ) of 0.0003 sec, 
peak time t  of 0.00045 sec, settling time (t ) of 
0.0039 sec and peak overshoot of 40%. 

B) Control of Buck converter with input filter 
using FUZZY     controller: 

C)  

 
Fig.12. Structure of Fuzzy Controller used 

 
Table - 2  

Rules for the Fuzzy Controller 

 
 
In this model the error between the output voltage 
and the reference is measured. Obtained error and 
change in error are given as inputs to Fuzzy 
controller. Based on Membership functions, rules 
(Table-2), Defuzzification method etc.; the Fuzzy 
controller generates output. This output is given to 
relational operator which compares with signal 
generator (Sawtooth) and produces Boolean signal to 
PWM generator. Pulses produced by this generator 
are given to the gate terminal of the MOSFET. 
According to switching ON and OFF of MOSFET, 
desired output is obtained. The simulink model is 
shown in Fig.13. The Output of Fuzzy controller, 
Signal generator, PWM generator is shown in Fig.14. 

 

 
Fig.13. Simulink model of FUZZY controlled Buck 

Converter with input filter. 
 

 
Fig.14. Output of Fuzzy controller, Signal generator, PWM 

generator 
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Fig.15. Output voltage and load current of Fuzzy controlled 

Buck    Converter with input filter for step change in reference 
voltage. 

  
The step change in input voltage from 30V to 48V at 
0.05 sec is applied as input to the Buck converter 
with input filter. The output voltage obtained is 15V 
for 30V input and 24V for 48V input with less 
transient part at the initial stage. The transients can 
clearly be seen in Fig.15. It can be observed from the 
Fig.15 that the output voltage has the raise time (t ) 
of 0.0002 sec, peak time t  of 0.00053 sec, settling 
time (t ) of 0.0024 sec and peak overshoot of 6.67%. 
 
D) Control of buck converter using FUZZY-PI: 

In this model the error between the output voltage 
and the reference is measured. Obtained error and 
change in error are given as inputs to Fuzzy 
controller. Based on Membership functions, rules, 
Defuzzification method etc.; the Fuzzy controller 
generates output. This Fuzzy output is again given to 
the PI controller. Output from this PI controller is 
given to relational operator, where it compares with 
signal from signal generator. The Boolean output thus 
obtained is given to PWM generator. According to 
the pulses of the generator, MOSFET of Buck 
converter switches ON and OFF to produce required 
output voltage. The simulink model is shown in 
Fig.16. The Output of Fuzzy controller, Signal 
generator, PWM generator is shown in Fig.17. 
 

 
Fig.16. Simulink model of Fuzzy-PI controlled Buck 

Converter with input filter. 

 
Fig.17. Output of Fuzzy-PI controller, Signal generator, 

PWM generator 
 

 
Fig.18. Output voltage and load current of Fuzzy controlled 

Buck Converter with input filter for step change in 
reference voltage. 

 
The step change in input voltage from 30V to 48V at 
0.05 sec is applied as input to the Buck converter 
with input filter. The output voltage obtained is 15V 
for 30V input and 24V for 48V input with less 
transient part at the initial stage. No transients can be 
observed in voltage and current waveforms. It can be 
observed from the Fig.18 that the output voltage has 
the raise time (t ) of 0 sec, peak time t  of 0 sec, 
settling time (t ) of 0.0011 sec and peak overshoot of 
0%. 
 
VOLTAGE COMPARISION: 
 

 
Fig.19. Voltage Comparison of different controllers with 

reference 
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CURRENT COMPARISION: 
 

 
Fig.20. Current Comparison of different controllers with 

reference (1.5 A) 
 

Table - 3 
Performance Comparison: 

 
Controller 

 
Raise 
Time 

 
Peak 
Time 

 
Settling 

Time 

 
Peak 
Over 
shoot 

Without 
Controller 

 
0.0003 

 
0.00045 

 
0.0057 

 
30% 

With PI 
Controller 

 
0.0003 

 
0.00045 

 
0.0039 

 
40% 

With Fuzzy 
Controller 

 
0.0002 

 
0.00053 

 
0.0024 

 
6.67% 

With Fuzzy-
PI controller 

 
0 

 
0 

 
0.0011 

 
0 

 
From the Table-3 the values of Raise time, Peak 

time, Settling time, Peak Overshoot of Buck 
Converter with input filter using without controller, 
with PI controller, with Fuzzy controller and with 
Fuzzy-PI controller can be seen. It can be noticed that 
with the use of Fuzzy-PI controller, there is no Raise 
time, no Peak time and no Overshoot. The Settling 
time is also very less when compared with other 
controllers. 
 
CONCLUSION 
 
Fuzzy-PI controller is much better in overall 
performance in terms of rise time, peak time, settling 
time and robustness as compared to PI and Fuzzy 
controllers. Fuzzy logic controller is a nonlinear 
control scheme with piecewise linear proportional 
and integral gain to control the duty cycle of the 
system. Control of the duty cycle, in turn controls the 
output voltage of the system. The Fuzzy logic 
controller produced less voltage and current 
deviation. Small overshoot and sensitive to parameter 
variations results FLC in better dynamic 
performance. FLC has advantages of fast response 
with higher accuracy. In contrast, PI controller 
decreases the settling time. So a Hybrid Fuzzy-PI 
control model is proposed.  
The transfer function of buck converter with input 
filter has been obtained with state-space averaging 
method. The controller is designed according to the 

transfer function model of buck converter. Simulation 
study has been carried out and a comparison of output 
voltage and load current variations with the change in 
input and reference voltages has been made using 
without controller, PI controller, Fuzzy controller and 
Fuzzy-PI controller in feedback of DC-DC Buck 
converter with input filter. The performance 
characteristics are tabulated. From the Table-3 it can 
be inferred that using Fuzzy-PI Therese no raise time, 
any peak time, any peak over shoot in output voltage 
as well as load current and with a very little settling 
time, than that of PI and Fuzzy-PI.     
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