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Abstract: This study introduces the use of arithmetic and logical hybrid controllers between proportional–integrative–derivative
(PID) controllers and adaptive neuro-fuzzy inference system (ANFIS) for voltage regulation with buck-type DC–DC converters
and proposes the novel product hybrid controller. The product hybrid controller combines the advantages of a PID controller and
ANFIS controller to obtain an improved response and light and heavy load efficiency for the buck converter. PIDs are known for
their good response and robustness but suffer due to non-optimal tuning for non-linear systems. ANFISs, on the other hand,
excel in varying and abnormal conditions. ANFIS controllers also can improve and adapt their response to the current load or
inputs with time. Simulation results are presented and analysed for all the controllers to validate the controller designs. The
controllers are also verified experimentally. It is observed that the hybrid controllers provide enhanced tracking and response
capabilities in comparison to classical PID controllers, with the novel product hybrid improving on the steady-state error, peak
efficiency, and overall light and load operation.

1 Introduction
Digital control techniques for DC–DC converters have gained
unparalleled dominance in the industry due to their numerous
benefits. These include ease of design, programmability,
portability, insensitivity to process variation and component
matching. The typical structure of the buck converter is shown in
Fig. 1 [1]. The indicated controller in the figure can be based on a
variety of control methodology. The most popular type of
controller used is the proportional–integral–derivative (PID)
controller that has gained widespread attention since the first
known work was done on it by Minorsky [2]. Conventional PID
controllers are based on exact mathematical models with pre-
determined and tuned constants. They have a certain fixed stability,
reliability and controllability based on the constants. 

In recent years, artificial intelligence (AI) based approaches for
control have started gaining in popularity. A newer type of
controller that has become popular recently is the adaptive neuro-
fuzzy inference system (ANFIS) controller. These are based upon
fuzzy controllers linked with artificial neural networks. They can
adjust their operating parameters based on the AI knowledgebase
possessed. This control technique is extremely general and can be
applied to more than buck-type DC–DC converters [3, 4]. Sliding
mode control is also popular as a robust non-linear control
technique for DC–DC converters but is avoided due to its complex
implementation and required knowledge of the system [5, 6].

Various hybrid structures currently exist and have been utilised
for various applications and not limited to buck converters.
ANFIS-PID hybrids are one methodology for creating PIDs that
are not tuned around a single operating point and hence more
suitable for non-linear systems. Though buck converters only have
a minor non-linearity and would not take full advantage of these
hybrid controllers, they provide a good starting point for the testing
of this new controller type.

The summing-type ANFIS-PID hybrid was first presented in [7]
for use in speed control of brushless DC motors where it was
shown that this controller could provide a better rise time while
sacrificing overshoot compared to more conventional solutions. A
selecting hybrid controller was also first presented in [7] for use in
speed control of brushless DC motors. It was shown that this
controller could give a better settling time and overshoot than the
previously mentioned summing ANFIS-PID hybrid. The
performance of the summing and selecting hybrids was further
investigated in [8]. Another hybrid structure is where the ANFIS is
used as an auto-tuning module for the PID as shown in [9]. Sarvi
and NamazyPour [10] show the same with a fuzzy-PID hybrid. A
similar selecting fuzzy-PI hybrid was covered in [11] for control of
parallel buck fed parallel buck converters and its robustness and
reliability demonstrated. This gain-scheduling hybrid type has been
applied to more than one power converter architecture as shown in
[12–14] and already implemented as a part of power converter
systems such as in [15–17]. More recently, a selecting hybrid was
used in [18] to control the suspension system of a car to reduce
vibrations.

ANFIS based controllers are computationally complex and
typically implemented on a field programmable gate arrays
(FPGAs) as in [19, 20]. A fuzzy-PID hybrid is implemented in
[21].

In this paper, a focus on non-gain scheduling hybrids will be
kept. An overview of the existing basic control structures will be
given in Section 2. The existing summing and selecting hybrid
control techniques will be covered for use with buck converters in
Section 3, and the novel product hybrid will be proposed. The
hybrid control techniques will be classified as arithmetic or logical.
In Section 4, the simulation and experimental results of all the
covered hybrid controllers will be discussed and results compared
to more classical control methods.Fig. 1  Typical digital buck converter with controller
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2 Digital control structures
2.1 PID controller

Discrete PID controllers, as mentioned previously, are the most
commonly used digital control method for buck converters. They
are highly preferred due to their ease of implementation and
robustness.

PID controllers consist of an error signal which is used to
generate proportional, integral, and derivative signals and summed
to generate the plant feedback. The mathematical model of the PID
controller is given in (1) [22]. Moreover, its discrete
implementation for digital systems is given in (2) [22]. Note that
Kp, Ki, and Kd are the proportional, integral, and derivative PID
constants, respectively. u represents the controller output, e the
controller input error signal and Ts the sampling time for the
discrete representation

u = Kpe + Ki∫ e dt + Kd
de
dt (1)

Un − Un − 1 = Kp(en − en − 1) + KienTs

+Kd(en − 2en − 1 + en − 2)
(2)

The PID controller's parameters are typically tuned using the
Ziegler–Nichols tuning method which allows for quick and
acceptable gains and controller response [22], though the obtained
coefficients are not optimal. Determination of optimal parameters
is quite difficult [23]. Furthermore, another drawback of PID
controllers is that they are inherently linear and their performance
with non-linear systems is variable.

2.2 ANFIS controller

ANFIS controllers are essentially an artificial neural network
linked to a fuzzy controller. It boasts the ability to automatically
tune the controller parameters and rules in real time for optimum
control. ANFIS controllers are highly capable of variable load
conditions. This control technique is extremely general and can be
applied to more than buck-type DC–DC converters.

For the ANFIS controller, the Sugeno model is utilised. Here,
the inputs are first fuzzified and then passed through a ‘product’
fuzzy operator. After they are defuzzified into constant values
(linear relation) based on its internal knowledge base of
relationship rules. Each rule has a weight determining its priority.
The rules and their weights are determined by training the artificial
neural network. The data used to train the ANFIS can be obtained
from the buck-converter's open loop response given a ramp input.
The training should be repeated until a sufficiently small error is
achieved. A first-order Sugeno model can be expressed as follows
[24]:

If inputse is A1, e is B1; then output is u1,
If inputse is A2, e is B2; then output is u2,
Then output u = w1u1 + w2u2

(3)

where A and B are the fuzzified inputs and w is the determined
weight.

The ANFIS controller processes error signal and its rate of
change to determine the required rate of change of the output
feedback. A simplified block diagram of an ANFIS is shown in
Fig. 2 [25]. 

3 Hybrid ANFIS-PID controllers
These are controllers obtained from combining PID and ANFIS
controllers. They can demonstrate selective characteristics of either
controller depending on the hybrid type.

Based on existing hybrids already presented in the literature and
those proposed and covered in this paper, hybrid ANFIS-PID can
be categorised into two branches:

• logical hybrids,
• arithmetic hybrids.

As the name suggests, arithmetic hybrids consist of a
mathematical operation being performed at the output of the two
control techniques [7]. This could be a simple linear operation or a
complex one such as a polynomial. Similarly, logical hybrids
consist of a logical (Boolean arithmetic) operation being performed
at the output of the two control techniques. Hybrids such as these
vary the locations of the zeros and poles of the PID to further
optimise the PID operation.

3.1 Logical hybrid: selecting type I

This hybrid outputs either one of the two controller outputs
depending on the magnitude of the error signal. Its logical
operation can be expressed in the Boolean expression given in (4).
The input C is true if the error signal is below a certain threshold or
false otherwise. This threshold can be determined iteratively

UHYBRID = (UPID ∧ C) ∨ (UANFIS ∧ C̄) (4)

This controller leverages the ANFIS's superior response during
transient operation of the controller and the PID's during the steady
state.

3.2 Logical hybrid: selecting type II

Like the previous logical hybrid, this controller also selects its
output based on the magnitude of the error signal. Its logical
operation can be expressed in the Boolean expression given in (5).
As before, the input C is true if the error signal is below a certain
threshold or false otherwise. This threshold can also be determined
iteratively

UHYBRID = (UPID ∧ C̄) ∨ (UANFIS ∧ C) (5)

This controller applies the PID during transient operation and the
ANFIS during the steady state.

3.3 Arithmetic hybrid: summing

In this hybrid structure, the output of the PID and the ANFIS is
passed through a digital full-adder before being outputted to the
plant through the Digital Pulse Width Modulator (DPWM). The
full adder should be set to saturate on overflow. The mathematical
representation of the controller output is given in (6). In theory,
such a hybrid should amplify the overall advantages and
disadvantages of the individual PID and ANFIS controllers

UHYBRID = UPID + UANFIS (6)

3.4 Arithmetic hybrid: product

This novel hybrid controller is like the summing type. Here, the
output of the two control structures is passed through a multiplier.
As before, the multiplier output saturates on overflow. The
mathematical representation of this arithmetic controller's output is
given in (7). If the individual responses of the controller are
substituted in, we get the expression in (8)

Fig. 2  Block diagram of an ANFIS controller
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UHYBRID = UPID ⋅ UANFIS (7)

uHYBRID = uANFIS e, de
dt ⋅ Kpe + Ki∫ e dt + Kd

de
dt (8)

ANFIS acts as an amplifier or as an attenuator for the PID
controller depending on the input error signal and its rate of
change. The magnitude of the attenuation or amplification of the
PID's constants is determined by the ANFIS's training.

Generally, if the operation is simplified, increasing the
proportional coefficient of the PID decreases the rise time and
increases the overshoot. Similarly, increasing the integral
coefficient decreases the rise time increases the overshoot and the
settling time. Increasing the derivative coefficient decreases the
overshoot and settling time [26].

As such, it is expected that the product hybrid will give better
rise times compared to the stand-alone controllers but reduced
overshoot and settling time (better) compared to the summing
hybrid. The block diagram of the controller can be seen in Fig. 3. 

4 Simulation and experimental results
To test the proposed controllers for buck converters, the system
was implemented in MATLAB/Simulink for the availability of
Adaptive Neuro-Fuzzy Modelling tools in the Fuzzy-Logic
Toolbox to implement and train the ANFIS controller. The
remaining components were modelled using typical Simulink
blocks.

The buck converter was implemented using an 8-bit flash
analogue-to-digital converter (ADC) model and a 9-bit DPWM. It
was designed to output a regulated voltage of 1.2 V and an input
voltage of 3.3 V thus targeting it towards embedded integrated
circuit applications. The power stage elements were designed to
operate at a switching frequency of 10 MHz. The overall system
specifications are given in Table 1. 

4.1 PID and ANFIS implementations

The discrete PID was implemented in Simulink and the coefficients
determined using the Ziegler–Nichols method. They were found to
be Kp = 3, Ki = 48 and Kd = 0.01.

The ANFIS was implemented to have the two determined
inputs of error and change in error. The output was the required
change in switching duty. Each input was divided into seven
triangular membership functions as illustrated as weight versus
input range in Fig. 4. The labels mentioned in Fig. 4 for the
triangular functions are arbitrary and do not hold any significance. 

Seven constants were utilised as the output membership
functions. This would result in a total of 49 (7 × 7 = 49) rules.
Training data for the ANFIS was obtained using the open loop
response of the designed buck converter. A ramp voltage input was
provided. The ANFIS was trained for a total of 20 epochs till the
root-mean-square (r.m.s.) error was below 0.001.

The same ANFIS and PID structures were utilised across all
hybrids.

4.2 Hybrid simulations

Using the designed ANFIS and PID controllers, the four hybrid
controllers were simulated in MATLAB/Simulink. They were
analysed for their transient and steady-state performance. A PID-
based buck converter was also implemented to compare the
obtained hybrid controller results against. The transient simulation
results can be seen in Fig. 5. 

From the obtained controller responses, a variety of parameters
were measured to quantify the hybrid's performance. These can be
seen in Table 2. 

As it can be seen in the tables, the switching hybrid type I has
no improvement when compared to the reference PID in either
simulation environments. The switching hybrid type II controller
showed improvements of ∼9% in terms of overshoot. The product
hybrid improved the steady-state error and the overshoot by 0.03 V
and 0.1%, respectively. Overall, the product and the switching
type-I hybrid demonstrate results most comparable to the PID and
better in some parameters.

Fig. 3  Block diagram of proposed product hybrid controller
 

Table 1 Buck converter specifications
Parameter Value
input voltage 3.3 V
target output voltage 1.2 V
inductor value 1 µH
inductor ESR value 20 mΩ
capacitor value 2 µF
capacitor ESR value 20 mΩ
switching frequency 10 MHz
ADC frequency 10 MHz
ADC resolution 8-bit
DPWM frequency 100 MHz
DPWM resolution 9-bit

 

Fig. 4  Membership functions for the two ANFIS inputs
(a) Error signal, (b) Delta-error signal

 

Fig. 5  Output voltage from the four controllers and the reference PID
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Although it can be said that most of these studied controllers do
not hold much improvement, if any, compared to a simple PID and
unnecessarily add complexity, the efficiency curves in Fig. 6 prove
otherwise. 

The efficiencies of each of the ANFIS-PID hybrid controller
were calculated in MATLAB and plotted with respect to the load
current. This can be seen in Fig. 6. Note that modulator power was
not considered. The novel product ANFIS-PID hybrid has the
highest peak efficiency at 96.5% and the largest spread allowing
for it to be ideal for both light and heavy load applications. The
product hybrid gives a light load improvement of ∼15%. The high
efficiency can be attributed to the product hybrid having reduced
overshoot and output voltage ripple compared to the other hybrids.
The switching type II hybrid also offered efficiency improvements
compared to the PID. Moreover, the summing and switching type-I
hybrid have better at very high loads (>1 A) compared to the
reference PID.

4.3 Experimental verification

The hybrid ANFIS-PID control techniques for buck converters
were verified experimentally on an FPGA. The Intel Cyclone III
LS Development Board was used for this purpose along with an
external MAX1426 pipeline ADC. Integrated switches on the
FPGA board were used. Results were captured using a connected
oscilloscope. An image of the experimental setup is shown in
Fig. 7. As previously, the buck converter was set to operate with
regulated output at 1.2 V and the input voltage of 3.3 V. The
system specifications used were the same as those specified in
Table 1. 

The output voltage waveforms obtained from the experimental
setup via oscilloscope are given in Fig. 8. The various transient and
steady state parameters obtained from these waveforms to
characterise the performance of the buck converter are given in
Table 3. 

Note that due to the presence of noise in the experimental
results, the output voltage ripple and the settling time were not
measurable and thus these results were not compared against the
simulation data. On investigation, it was seen that the noise present
was centred around 60 Hz, 2 MHz and 80 MHz. This is apart from
the noise attributed to the transistor switching and can be attributed
to sources external from the circuit and thus to the breadboard
implementation itself. To avoid this, the circuit would have to be
implemented with a proper noise isolating layout on a four-layer
printed circuit board.

As it can be seen in Fig. 8, the hybrid controllers including the
product hybrid, were successfully implemented experimentally and
tested on FPGA, with an only minimal difference was seen from
the simulation results which can be attributed to the stray coupling
capacitances and additional resistances typically involved with a
breadboard implementation, thus verifying the hybrid controller
operation.

Table 2 Performance of the simulated controllers
Parameter PID Selecting I Selecting II Summing Product
rise time, μs 1.06 1.04 1.16 1.02 1.07
steady state error, V 0.049 0.095 0.099 0.130 0.019
overshoot, V 49.4 49.7 40.7 120 49.3
settling time, μs 13.20 13.79 99.7 43.9 14.2
output voltage ripple, V 0.0043 0.0040 0.033 0.010 0.0041
peak efficiency, % 92.7 88.4 92.9 91.1 96.5

 

Fig. 6  Simulated efficiency versus load current for the four hybrid
controllers

 

Fig. 7  Photograph of the experimental setup used for hybrid controller
verification

 

Fig. 8  Output voltage from the experimental setup of the four controllers
 

Table 3 Experimental performance of the controllers
Parameter Selecting I Selecting II Summing Product
rise time, μs 0.981 1.23 1.075 1.024
steady state error, V 0.0749 0.120 0.0093 0.011
overshoot, V 52.4 40.1 49.9 50.8
settling time, μs 99.69 99.72 98.5 99.88
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Hybrid controllers covered in this paper are highly complex and
not limited to use with simple buck converters. They can be used
with other types of DC–DC converters, boost and buck–boost
converters, and even other system types with stronger non-
linearity.

5 Conclusion
This paper presented a novel product ANFIS-PID hybrid and
analysed existing arithmetic and logical hybrid control structures
for use with buck converters. These hybrids can combine the
performance and power benefits of the PID and ANFIS controllers.
The controllers were simulated in MATLAB/Simulink and then
verified experimentally on an FPGA-based implementation.

The switching type II showed improvements of ∼9% in terms
of overshoot. The novel arithmetic type product hybrid
demonstrated an improvement in steady-state error and the
overshoot of 0.03 V and 0.1%, respectively. Furthermore, the
product ANFIS-PID hybrid had the highest peak efficiency at
96.5%, even compared to the PID's 92.7%, and the largest spread
allowing for it to be ideal for both light and heavy load
applications.
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