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Abstract: Buck type DC-DC converter circuit topology is non-linear due to their switched circuit structure. Conventional control systems 

are insufficient to control non-linear systems. Neural Networks have important abilities such as learning, optimizing and adaptability. 

Fuzzy logic and neural networks are used as an adaptive structure based on the fuzzy logic controller. This adaptive structure adjusts the 

properties of the fuzzy rules and the characteristics of the control system so that the Neuro-Fuzzy controller can be adapted to all different 

system conditions. In this study, experimental studies were carried out on the dSPACE experiment platform to show the dynamic 

performance of the Neuro-Fuzzy controller, fuzzy logic controller and the conventional PI controller in different system conditions (such 

as reference voltage tracking and output load change) of buck type DC-DC converter. 
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1. Introduction 

DC-DC converters are power electronics circuits that change the 

voltage level depending on the state of the switching element in the 

circuit. Buck type DC-DC converter is a power electronic circuit 

that converts the circuit input voltage value into a circuit output 

voltage value lower than the input voltage value [1-2]. State-space 

model and system modeling are effectively used in converter 

designs. State-space modeling is used effectively in DC-DC 

converter circuit designs. The linear model of the buck type DC-

DC converter is obtained by the average state-space method using 

circuit state equations. Numerous studies are available in the 

literature to control buck type DC-DC converters [3]. Many studies 

showing the inefficiency of the PI controller have many 

disadvantages, such as slow controller response and large peak 

overshoot. In order to solve these problems, many researchers have 

proposed various control methods such as sliding mode control 

(SMC), predictive control (PC), artificial neural network control 

(ANNC), type 1 fuzzy logic control (T1FLC), neuro-fuzzy control 

(NFC) and linear quadratic regulator (LQR). Among the various 

control techniques based on artificial intelligence, the most 

commonly used technique in control systems is neuro-fuzzy. In 

recent years, neuro-fuzzy has emerged as one of practical solutions 

for complex control problems. However, the design of an effective 

fuzzy controller depends on the system predictions of the expert. 

Neuro-fuzzy control has nonlinear robust control structure based 

on fuzzy logic control and neural network [4]. This paper is 

organized as follows; state space modeling of buck type DC-DC 

converter is given in second section. The definition of neuro-fuzzy 

controller and the training algorithm are explained in the third 

section. PI controller and type 1 fuzzy logic controller designs are 

presented in the fourth section. Simulation results for the proposed 

controllers are presented in a comprehensively in the fifth section 

and sixth section. The results of this paper are given in last section. 

2. State Space Modelling of Buck Type DC-DC 
Converter 

The stability of a control system designed for power electronic 

converters depends on the analysis of a nonlinear model of the 

converter. Linearization of non-linear models using certain 

methods greatly simplifies the analysis of the converter. Linearized 

model defines small deviations resulting from nominal operation 

of the converter. The linear model of the buck type DC-DC 

converter is obtained by the average state-space method. The 

circuit model of a buck type DC-DC converter is shown in Fig. 1. 

The state variables of buck type converter are taken as inductor 

current L
i  and capacitor C

V  voltage. 

 

Fig. 1. Buck type DC-DC converter circuit 

The equivalent circuit in Fig.2 is obtained when (S) switch is 

closed. 

When S switch is closed, the equations defining the dynamic 

behaviour of the circuit are given in Eqs.1 and 2. 
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Fig. 2. Equivalent circuit of buck converter for the switch closed.  

 

Fig. 3. Equivalent circuit of buck converter for the switch open. 

The equivalent circuit in Fig. 3 is obtained when (S) switch is 

opened. The equations defining the dynamic behaviour of the 

circuit when S switch is opened are given in Eqs.3 and 4. 

0L
Vdi
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The relationship between the output and input voltage at steady 

state for an ideal buck type DC-DC converter is defined as given 

in Eq. 5. 

0 inV DV                                                               (5) 

The duty ratio for a buck DC-DC converter is given in Eq. 6. 

on on

on off

T T
D

T T T
 


                                                       (6) 

Ton denotes “Logic 1, On” duration of PWM, Toff is the “Logic 0, 

Off” duration of PWM, T represents the period of PWM, and D 

defines the duty ratio. For average state-space model, x(t) state 

variables and state equations with u(t) being control input signal 

can be given in vector matrix form using differential equations as 

shown in Eqs. 7-8 [5-6]. 

( )
( ) ( )

dx t
Ax t Bu t

dt
                                                        (7) 

( ) ( )y t Cx t                                                                      (8) 

When the switch is off (Son=D), the average state-space- form of 

the buck converter can be written as shown in Eq. 9. 
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       (9) 

When the switch is off (Soff =1-D), the average space-state form of 

the buck converter can be written as shown in Eq. 10. 
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When the switch is both on and off, the average value coefficients 

of average space-state model of the buck DC-DC converter are 

given in Eqs. 11-12-13. 

1 2on offA AS A S                                                          (11) 

1 2on offB B S B S                                                         (12) 

1 2on offC C S C S                                                         (13) 

Average state-space model of the buck DC-DC converter using A, 

B, C coefficients are given in Eqs. 14-15 [7-8]. 
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3. Design of Neuro – Fuzzy Controller 

As mentioned in the previous section, the DC-DC buck circuit has 

a non-linear structure. For this reason, it is more convenient to use 

intelligent controllers in the control of DC-DC buck converter 

circuits. Today, the use of intelligent controller structures is rapidly 

increasing with advancing technological developments [9]. In 

addition, the performance results obtained from these controllers 

are also quite satisfactory. As is known, classical controllers (PI or 

PID) are used in many applications due to their simple structure. 

However, these controllers cannot achieve the desired performance 

in nonlinear systems. In such a case, the selection of intelligent 

controllers becomes inevitable. In recent years, hybrid controllers, 

which are based on more than one intelligent controller, have been 

designed and proposed for many applications. One of these 

controller structures is neural fuzzy controller (NFC). NFC 

consists of a combination of fuzzy logic controller (FLC) and 

artificial neural networks (ANNs). The NFC is able to deduce by 

taking advantage of expert knowledge of the FLC and has the 

learning, generalization and adaptation properties of ANNs [10-
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11]. NFC structure used in the voltage control of the DC-DC buck 

converter is shown in Fig. 4. NFC has a first order Sugeno type 

structure and consists of two inputs, one output and six layers. In 

NFC, error and change in error are used as input variables. In 

addition, the information on the layers in the NFC structure is 

given below. 
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Fig. 4. Structure of NFC. 

Layer-1: Input variables of the NFC are defined in this layer. 

Error and change of error are selected as input variables. 

 1x e k                                                           (16) 

 2x e k                                                                    (17) 

Layer-2: This layer is the member function layer and the 

membership function grade for each input variable is calculated in 

this layer. Bell membership function has been preferred for two 

inputs. Fig.5 shows the fuzzy sets and corresponding bell 

membership function for two inputs. The fuzzy membership 

functions consist of five fuzzy sets: NB, NS, ZE, PS, PB as shown 

in Fig. 5.  

 

Fig. 5. Membership functions for two inputs 
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Here, the parameters d, f and g are also called input parameters of 

the NFC. 

Layer-3: The third layer of the NFC forms the rule base, and   

fuzzy rules are defined in this layer.  

3 2 1 2 9k ij
i

y y ,   k , ,...,                                             (19) 

Layer-4: This layer is called the normalization layer and calculates 

the degree of certainty of the fuzzy rules. 
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                                                                   (20) 

Layer-5: The fifth layer of the NFC is called the size of the firing 

degree of a rule. In this layer, fuzzy rules are normalized by 

multiplying the normalized rules by a linear function f. 

5 5

k k ky y f                                                                       (21) 

1 2k k k kf p x q x r                                                     (22) 

Where p, q, and r are the parameters of the function (f) and are 

called the result parameters of the NFC [12]. 

Layer-6: This layer is the output node of NFC. The output of this 

layer can be obtained by the following equation. 

6 5

k

k

y d y                                                          (23) 

In this study, back propagation algorithm is used for training of 

NFC. The square error value required to update the input and 

output parameters is found as follows [13]. 

 21

2
E e t                                                                   (24) 

If input and output parameters of the NFC are set to φ, the back 

propagation algorithm finds this parameter as follows: 
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                             (25) 

Where, α is the learning rate. 

Table 1 shows the corresponding rule table for NFCs. The top row 

and left column of the matrix indicate the fuzzy sets of the 

variables e and Δe respectively, and the output variable Δu are 

shown in the body of the matrix numerically. There may be 25 

possible rules in the Table 1. 

Table 1.  Rule table for fuzzy inference system 

 

u 

∆e 

NB NS ZE PS PB 

 

 
e 

 

NB NB NB NB NS ZE 

NS NB NB NS ZE PS 

ZR NB NS ZE PS PB 

PS NS ZE PS PB PB 

PB ZE PS PB PB PB 

4. Implementation of NFC based DC-DC Buck Converter 

Experimental setup and configuration of NFC based DC-DC buck 

converter are shown in Fig. 6 and 7. As shown in Fig. 6, the setup 

consist of four main parts which are battery, DC-DC buck 

converter and gate driver circuit, measurement probe and DSP 

controller card respectively. The capacity and output voltage of 

battery are 7.0 Ah and 12V. The neuro-fuzzy controller is 

implemented with dSPACE DS1104 control card that is supported 

Real-Time Interface. Output voltage of converter is measured with 

differential probe.  DC-DC Buck converter parameters used in the 

circuit are listed in Table 2. 
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Fig. 6. Experimental setup 

1) dSPACE DS1104 Controller 2) 25MHz 1000V Differential Probe 

3) DC-DC Buck Converter and Gate Driver 4) Battery 

 

Fig. 7. Configuration of NFC based DC-DC buck converter 

Table 2. DC-DC buck converter parameters 

Elements Type Details 

Inductor Toroidal Ferrite 

Core 

8.2 mH 

Diode Fast Diode MUR420 – 200V 4A 

Capacitor Electrolytic 

capacitor 

35V - 470µF 

Switching Discrete IGBT G4PC30U - 600V 

23A 

Load Resistance 120 Ω 

Input Voltage 12V 

Output Voltage 6V 

Duty Ratio 0.5 

Switching Frequency 24.4 kHz 

 

The gate of IGBT and DSP PWM output must be optically isolated 

to protect the output of the DSP controller card. The gate driver 

circuit is given in Fig. 8. As shown in Fig. 8, HCPL 3120 

optocoupler that has 2.5 A output current is used as gate driver. 

Also, this optocoupler is preferred because it has more stable 

output at higher switching frequencies. 

 

Fig. 8. Gate driver circuit 

5. Experimental Studies 

In this section, for the purpose of evaluating the performance of 

proposed configuration, experimental studies are also realized with 

three different operation conditions. This operation conditions are 

explained as follows: 

Case 1:  In this case, the output voltage of DC-DC Buck converter 

is set to 6V. Thus, steady state and transient performance of the 

proposed configuration (NFC) are evaluated for reference input. 

Case 2: In this case, output voltage of converter is decreased from 

8V to 3V. PI, T1FLC and NFC are compared in terms of reference 

tracking performance. 

Case 3: In this case, the load is decreased from 120 Ω to 51Ω. 

Output voltage of the converter is examined for stability against to 

load changes.  

6. Experimental Results 

Case 1:  

In this part of experimental studies, performance of proposed 

controller is examined for a steady-state condition. The steady state 

condition can be defined as design parameters of DC-DC buck 

converter. Battery voltage is measured 12V. Output voltage of DC-

DC buck converter is set to 6V. Experimental results are given in 

Figure 9. The reference voltage and measured voltage are marked 

to red and blue lines in the figure 10 respectively. As shown in 

figure 10, the proposed controller based DC-DC buck converter 

has an acceptable output ripple and output voltage of the converter 

is fixed 6V. In addition to this oscilloscope view of NFC based 

DC-DC buck converter for this case is shown in figure 10. Battery 

voltage, output voltage of converter and above mentioned 

DSP_PWM signal are marked to blue, red and green color lines in 

figure 10 respectively. As seen in fig. 10, average value of output 

voltage of converter is measured 6.04 V and the duty cycle of 

PWM signal is calculated 50.24%. All values obtained from this 

case have proved the accuracy of the converter and controller 

parameters. 

 

Fig. 9. Output voltage of NFC based DC-DC buck converter for steady 

state condition.  
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Fig. 10. Oscilloscope view of NFC based DC-DC buck converter for 

steady state condition.  

Case 2:  

In this case, the proposed configuration with NFC and PI controller 

is tested against to suddenly step down reference voltage. The 

reference voltage is decreased from 8V to 3V at t=2.5 s. The 

experimental results of PI, T1FLC and NFC for case 2 are depicted 

in Fig. 11.  As Fig. 11a is examined, output voltage in case of step 

down reference change for PI, T1FLC and NFC are 3.027 V, 3.014 

V and 3.002 V respectively. The control signal of this case is 

shown in Fig. 11b. The performances of all controllers in this case 

are presented in the Table 3. As a result of this case, when 

compared to NFC and PI, it has been observed that the NFC 

controller for DC-DC buck converter is superior than PI and 

T1FLC against to reference voltage changes and increases the 

stability of all system. 

Table 3. The performances of controllers in case-2 

Controller Settling Time Undershoot (%) 

PI 297 ms % 21.3 

T1FLC 696 ms % 0 

NFC 396 ms % 0 

Case 3: 

In this part of experimental studies, the stability of PI, T1FLC and 

NFC based converter is investigated against to change of load. The 

reference voltage of converter is selected 6V for this case. The load 

of converter is decreased from 120 Ω to 51.75 Ω at t=2.5 s. 

Experimental results are given in Fig. 12. Output voltages of PI 

T1FLC and NFC based DC-DC buck converter are shown in Fig. 

12a. and Fig 12b. The performances of all controllers in this case 

are presented in the Table 4. As clearly seen in this case, NFC 

controller is faster than the other controllers. In addition to this, 

examined to performance of controllers under the load change, 

NFC based buck converter is improved the dynamic response of 

all system. 

 

 

(a) 

 

(b) 

Fig. 11. Output voltages (a) and control signals (b) of PI, T1FLC and 

NFC for Case 2.  

 

(a) 

 

(b) 

Fig. 12. Output voltages (a) and control signals (b) of PI, T1FLC and 

NFC for Case 3. 

 Table 4. The performances of controllers in case-3 

Controller Settling Time Undershoot Voltage 

PI 1175ms 5.79 V 

T1FLC 764ms 5.812 V 

NFC 297ms 5.83 V 

7. Conclusion 

 In this paper, a DC-DC buck converter is controlled by NFC and 

performance of NFC based converter is compared to PI and T1FLC 

controllers against different system conditions. In order to assess 
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the performance of proposed controller, an experimental setup is 

developed by using dSPACE DS1104 real time interface. In order 

to demonstrate the stability and performance of proposed 

configuration, experimental studies are also realized for three 

cases. The performance results obtained from these cases show that 

the NFC ensures faster response. Also, NFC is increased to 

stability of all system under dynamic reference and load change 

conditions. 
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