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Buck switching power supplies usually use a PWM voltage control to stabilize the output voltage at the reference voltage 
level. If a classical PWM control technique is used, than high EMI noise peaks appear at the switching frequency and its 
harmonics. Spreading of the output voltage spectrum can be done, for example, by chaotification of the PWM command 
signal. This kind of the switching power supplies with low EMI is utilize in electronics equipments from different domains: 
medical, aeronautics etc. The proposed nonlinear control is based on the opto-coupler nonlinear characteristic included into 
nonlinear circuit of the feedback loop. The feedback nonlinear circuit assures a symmetrical nonlinear characteristic using 
two opto-couplers and a differential amplifier. The nonlinear characteristic is designed to minimize output voltage ripple. The 
nonlinear characteristic is initially modeled by a look-up table for an easy designing by changing of the characteristic 
parameters using trial and error method. The feasibility and effectiveness of this new and relative simple method is shown 
by simulation. 
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1. Introduction 
 

The buck converter is a DC-DC converter used to 
obtain a stabilized output voltage from a given input DC 
voltage which is lower that input voltage using switching 
techniques and Pulse Width Modulation (PWM) control 
method [1-4]. PWM voltage control is usually used to 
control the buck output voltage at the reference voltage 
level (Fig. 1). 

 

 
 

Fig. 1. Proposed nonlinear control loop. 
 

The imposed output voltage ripple can be obtained by 
filtering the output voltage through an appropriate 
capacitor. The classical feedback produces u1 feedback 
signal: 

))(()(1)( 11 refoc Vtvgtutv −⋅== , 
 
where g1 is a gain factor.  

The )t(vc1  voltage is compared with saw-tooth 
voltage in order to obtain the PWM command for the 
IGBT switch (Fig. 2). The saw-tooth voltage, vr(t), is 
defined by relation:  

 

T
)T(modt)VV(V)t(v LHLr ⋅−+=  

 
and is a decreasing ramp voltage from a higher voltage 

HV  to an lower voltage LV  in a switching time T. 
 

 
 

Fig. 2. Buck converter structure. 
 

In the stabilized regime ( )LHc VVtv −<<)(1  and the 
buck converter operate at a fixed switching frequency, so 
high peak of the output power spectrum appear at the 
switching frequency f=1/T and its harmonics, generating 
high electromagnetic interference (EMI) [5-9]. Different 
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methods are proposed tot change the switching frequency 
in order to spreading output power [10-17].  

In this paper we propose an improved control 
technique, based on adding a feedback signal u2(t): 

 
)()()( 212 tututvc += , 

 
where u2(t) feedback signal has two gain parameters: gr fix 
the maximum output voltage ripple and gb is chosen as 
bifurcation parameters. 

Proposed control method is of bang-bang type and 
clearly is totally different by classical PWM control 
method: here the saw-tooth voltage has role of the 
chaotifying function for buck behavior. That new control 
method improves the EMI and minimize output voltage 
ripple. In this paper the nonlinear feedback controller 
characteristic is tested and designed for using in isolated 
switching power supplies, so the opto-coupler nonlinear 
characteristic is considered for practical implementation. 
The simulation results shows that, in comparison with the 
classical PWM control method, the nonlinear controller 
provides almost the same good voltage stabilization but 
with better dynamic response, robustness against system 
uncertainty disturbances and load pulses, and an implicit 
stability proof. The EMI level is low by spreading of the 
output power spectrum in large frequencies band, and 
output voltage ripple is minimize by a proper designing of 
the feedback nonlinear characteristic. 

The paper is organized in five sections, and first 
section was this introduction. In order to understand how 
to operate the nonlinear feedback control, in the second 
sections this are briefly explained using a look-up table. 
The influence of the nonlinear characteristic parameters 
and circuit parameters are estimated by simulation (the 
basic test set is: L=20mH, C=47µF, R=22Ω, Vref =10V, 
VL=4V, VH=8V, T=400µs, g1=8, gr=30, gb=2, and DC input 
source, E = 20V). The optimized nonlinear feedback 
control is implemented in next section using a differential 
amplifier that combine the nonlinear characteristic of two 
opto-couplers and a summing amplifier of the feedback 
signals, u1(t) and u2(t). Simulation and experimental 
results for a buck converter with this proposed feedback 
loop circuits are presented in the last section (using Matlab 
and Spice ®simulators), and finally some conclusions are 
given. 
 

2. Designing and modeling the feedback  
     nonlinear control circuit 

 
The used basic test set is: L=20mH, C=47µF, R=22Ω, 

Vref =10V, VL=4V, VH=8V, T=400µs, g1=8, gr=30, gb=2, 
and DC source, E = 20V. When a parameter value is 
changed that will be mention in every situation. The 
parameter sensitivity and influence on the control 
performances was estimated by simulation for all circuit 
parameters. Some design relations concerning the relations 
between the nonlinear characteristic parameters and circuit 
performances were obtained by trial and error method.  

First nonlinear characteristic is implemented by a 
look-up table and use in simulation following vectors (the 
vectors values are done in volts; see Fig. 3): 

Input vector:  
 
[-1,-0.6,-0.4,-0.3,-0.15,0.15,0.3,0.4,0.6,1]; 
 
Output vector: [-5, -5, -4.7, -4, -0.5, 0.5, 4, 4.7, 5, 5].  
 

 
 

Fig. 3. Nonlinear transfer characteristic implemented by 
a look-up table 

 
This look-up table approximates the control law of a 

fuzzy logic controller that uses a rules base which 
minimizes the output voltage ripple [18]. 

For vc2 control law the output power spectrum is less 
sensitive to g1 gain parameter: for a low g1 gain (figure 4 - 
top) the spectrum spreading band is a little bit higher than 
for high g1 gain (Fig. 4 - bottom).  
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Fig. 4. Output power spectrum for vc2 control law with 
basic parameters using different g1 gain values: 

g1=4 (top); g1=16 (bottom). 
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The output voltage ripple remains almost the same for 
different g1 gain values in range 4 to 16. 

The position of the output power spectrum can be 
modified by choosing the output filter capacity value. For 
a high filter capacity the output power spectrum is 
concentrate in the low frequencies band (Fig. 5 - top) and 
for a low filter capacity the output power spectrum is 
moved to the high frequencies band (Fig. 5 - down). 
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Fig. 5. Output voltage spectrum for different C values: 
C=470µF (top); C=4,7µF (bottom). 

 
The output voltage ripple remains almost the same for 

vc2 control law with basic parameters using different 
output filter capacity values in range 4,7µF to 470µF 
because that is more dependent by gr ripple gain.  

A low gr ripple gain gives a high ripple output voltage 
and the output power spectrum is concentrate at low 
frequencies. A high gr ripple gain gives a low ripple output 
voltage, but not smaller than a limit (about 

min)( ppov −∆ =40mV for basic test set) and the output power 
spectrum is more concentrate around of a frequency (about 
4kHz for basic test set).  

The saw-tooth voltage parameters, HV  and LV , must 
be designed in correlation with output range of the 
nonlinear characteristic (output vector of the look-up 
table).  

For a simple look-up table (as represented in Fig. 3) 
which are:  

Input vector: [-t,-p, -q, q, p,t], where t=1; p=0.6; 
q=0.15; 

Output vector: [-r,-r,-s,s,r,r], where r=5; s=0.5, the 
gain in different input zones are:  

a) In the inner gain zone [-q, q], for input x∈[-q, q] 
the gain is x

q
s

⋅ ; 

b) In the variable gain zone [-p, -q] and [q, p], for 

input x∈[q, p] the gain is ( ) sqx
qp
sr

+−
−
− ; 

c) In the limited gain zone [-r, -p] and [r, p], for 
input x∈[q, p] the gain is r. 

 
If we choose  

Hb Vgr >⋅  and Lb Vgs <⋅  
the system performance regarding the output power 
spectrum spreading remain almost the same. 

The output voltage ripple, 
)( ppov −∆ , can be limited at 

imposed range, 
min)( ppov −∆  to 

min)( ppov −∆ , choosing: 

qgv rppo ≈⋅∆ − min)(  and pgv rppo ≈⋅∆ − max)( . 
 
The saw-tooth voltage frequency f=1/T and output 

filter frequency, 
CR

fRC ⋅⋅
=

π2
1 , where C is filter 

capacity and R is the load, must be in relation 
fff RC <<⋅03,0  to assure a good spreading of the 

output power spectrum. For basic test set results f = 2,5 
kHz and ff≅1kHz. The load can have a large range for 
variation: from 5Ω (ff≅4,255 kHz) to 30Ω (ff≅0,7 kHz). 
For a given load in middle range the filter capacity can 
have a large range for variation, too (see Fig. 6). 
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Fig. 6. Output voltage spectrum for different C values: 
C=470µF (top); C=4,7µF (bottom). 
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3. Implementation of the feedback nonlinear  
    circuit  

 
There are many ways to implement a nonlinear circuit 

[18,19]. In this case the restrictions are: the electrical 
isolation between command part and input/output power 
part; simple implementation etc. To assure the first 
restriction, all proposed switching power supplies assure 
the electrical isolation for power flow between input 
power part and output power part by a transformer, and, 
usually, for feedback signal from output power part to 
command part by a circuit with opto-coupler. For the 
PWM control method the opto-coupler operate in the 
quasi-linear zone of opto-coupler characteristic with small 
feedback signal as input signal. For an improved dynamic 
in the feedback loop is inserted a tuned Proportional-
Integrator (PI) controller. The electrical isolation of the 
feedback signal can be made before or after the PI 
controller. The output signal of the PI controller is 
compared with saw-tooth signal in order to obtain the 
switching command signal (Fig. 7). 

For the proposed control method the feedback signal 
is output error voltage gained by two gain constants (gr 
and gb) and one variable gain (given by nonlinear 
characteristic function of output voltage ripple). The 
feedback signal is higher that classical PWM control case 
(comparable at peak to peak level with saw-tooth signal), 
so the switching times are dependent by loop global gain 
and saw-tooth signal parameters (chosen as chaotizing 
function for its simplicity in implementation).  

 

 
Fig. 7. PWM principle. 

 

 
 

Fig. 8. Proposed switching principle. 
 

The shape of the chaotifying function isn’t too 
important, but its periodicity must be correlated with buck 
time constants, which give the associate frequencies: 

 
LCfLC π2/1= , RCfRC π2/1= , LRfLR π2/=  

 
More important, but not critical, is the shape of the 

nonlinear characteristic, given by designing relations of 
the knee points, (p, r) and (q, s), in above section. 

To obtain a symmetrical characteristic like as 
presented in Fig. 3, two isolated channel are used. Last 
stage summing the channels output signals (Fig. 9). 
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Fig. 9. Feedback nonlinear circuit. 
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The resulting transfer characteristic of the nonlinear 

circuit from Fig. 9 is presented in Fig. 10. 
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(b) 
 

Fig. 10.a. Transfer characteristic of the nonlinear 
circuit;   (b) A   zoom of the transfer characteristic 

 in the inner zone. 
 

More sophisticated implementations of the nonlinear 
circuit can be imagined, but this simple implementation 
can assure well results both in the frequency-domain 
(power spectrum spreading) and in the time-domain 
(output voltage ripple minimization). The feasibility and 
usefulness of this quite simple control method is shown by 
simulation for a buck converter in the next section. 
 

 
4. Simulation results 

 
The complete Spice diagram of the buck converter, 

with proposed nonlinear control loop as in Fig. 1, is shown 
in Fig. 11. The same values are used for basic test: 
L=20mH, C=47µF, R=22Ω, Vref =10V, VL=4V, VH=8V, 
T=400µs, g1=8. The new designed parameters are: gr=4, 
gb=20. In both case (Matlab and Spice simulation) we set 
g1=0 in order to see if the nonlinear loop can only assure 
the buck control. 

Fig. 12 show in the top plot the feedback and the saw-
tooth signals, and in bottom plot the output voltage. The 
signals shapes lock as the same signals shape in Matlab 
simulation (see Fig. 8). Another time zoom of the output 
voltage is presented in Fig. 13 (top plot) and compared as 
shape with Matlab simulation of the output voltage error 
(bottom plot). 
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Fig. 11. Spice diagram of the buck converter with 
proposed nonlinear control loop as in Fig. 1. 

 

 
 

Fig. 12. Spice simulation results for buck converter. 
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Fig. 13. Output voltage (Spice simulation – top; Matlab 
simulation – bottom). 

. 
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Output voltage spectrum using Spice simulation is 
shown in Fig. 14, and this lock as shape and spreading 

band with output voltage spectrum using Matlab 
simulation (see Figs. 4, 5, and 15). 
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Fig.14. Output voltage spectrum using Spice simulation. 
 

 
 
 
The output voltage spectrums are represented in Fig. 

15 for control law vc2 with gr=2, gb=30, C= 47µF and 
Vref=10V, using different g1 gain: 0 (top); 10 (middle); 20 
(bottom). Power spectrum spreading can be measured by 
two performance indexes: 

 
 

COGf
f %10∆  and 

peakS
THD  , 

 
where 
 

• peakS  is the maximum spectral magnitude (% of 

DC component), 
• %10f∆  is the frequencies band where (spectral 

magnitude)/ peakS >10%, 

• COGf  is the frequency that is center of gravity of 
the power spectrum, and 

• THD is total harmonics distortion coefficient for 
output error voltage. 

The THD parameter is a measure of output voltage 
ripple (Fig. 16), too. Analyzing Fig. 15 we can conclude 
that spreading of the output voltage spectrum and output 
voltage ripple are less sensitive to g1 gain. This can 
simplify the control loop circuit: the amplifier with gain 
g1=0 can miss.  
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Fig. 15. Output voltage spectrum for control law vc2 with 
g4=2, g5=30, and Vref=10V, using different g1 gains: 

0 (top); 10 (middle); 20 (bottom). 
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Fig. 16. Output voltage ripple. 
 
 
 
5. Conclusions 

 
The proposed nonlinear controller based on opto-

coupler characteristic nonlinearity is quite simple and 
designing parameters are not strictly. The opto-coupler 
nonlinearity is used in feedback signal processing in order 
to minimize the output voltage ripple. 

Spreading of the power spectrum is obtained by a 
chaotizing function: a saw-tooth generator in this paper. 
An explanation of the proposed control proprieties is the 
increase of feedback signal frequency in nonlinear closed 
loop in order to maintain a small voltage ripple. Some 
design rules are obtained by a rigorous analysis of the 
many study cases.  

Applying the proposed control method to switch-
mode power converter improves the performance both in 
the frequency-domain (spectrum) and in the time-domain 
(ripple). The control performances are shown by Matlab 
simulation, and practical implementation is tested with 
Spice. The simulation results are almost the same as shape, 
and performance indices evaluation, respectively.  
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